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Abstract

Enamides are an important class of functional group commonly present in natural
products and drug candidates. In particular, enamides and dienamides are
common in many anti-parasitic and anti-cancer natural products and

pharmaceutical drug leads.
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The enamide moiety is strictly related to the biological activity of such compounds
as it is directly involved in their mode of action. Due to the great importance of the
enamide moiety in biological and medicinal chemistry, a deep interest has risen in
the synthetic community in the past two decades and a wide variety of
methodologies for the preparation of enamides have been developed so far.
However, current methods suffer from poor efficiency and stereocontrol, in
particular in the case of the thermodynamically unfavoured (Z)-enamides.

The work reported herein details the development of a new methodology for the
stereosel ect i ve aloretnhaensiidse so-dinatbeenamidds from which
it is possible to synthesise, via Pd-mediated cross-coupling reactions, more
compl ex st r uct-wreeamides, stareotefinads(E,4)-dienamides and
branched products. In addition, oxazoles can be achieved via basic treatment of b-

halo-enamides.
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The methodology has been successfully applied to the total syntheses of simple
enamide-containing natural products, such as lansiumamide A, lansiumamide B

and alatamide.
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The total synthesis of a more complex family of enamide-containing natural
products, such as the antifungal, antibiotic and cytotoxic crocacins, was also
explored. The attention was focused firstly on (+)-crocacin C that is the primary
amide and can be envisioned as the synthetic precursor of the other crocacins,
and secondly on (+)-crocacin D, that is the most active and promising of the family.

Two novel syntheses of (+)-crocacin C and (+)-crocacin D are therefore reported.
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The synthesis of simplified unnatural analogues with some promising insecticidal

activity is also described.
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1l ntroducti on

1.1 Enamides

Enamides show a good balance of stability and reactivity, a combination which
accounts for their increasing importance in organic synthesis and medicinal
chemistry. Enamides offer a wide variety of alternatives for the inclusion of
nitrogen-based moiety into organic systems. These compounds can be seen as
electron-deficient enamines, in which the alkene is substituted with a nitrogen
functionality containing an electron withdrawing group such as imidazolidinone,
oxazolidinone, lactam or amide. If we consider the cyclic systems the enamide
double bond is constrained within a heterocycle, but if we consider the acyclic
systems, where there is a b-substituted N-alkenyl side chain, both (E)- and (2)-
isomers can occur (Figure 1). In fact, one of the major problems associated with
the preliminary syntheses of enamides was the lack of configurational control,

together with low yields.

R1 r-X
>~ 1 .- (0]
R'.r X
\N/&o ?/\Q )J\
N~ O X~ "NR!
™
> L -
R2
(E)-enamide (2Z)-enamide cyclic enamide

X =CH,, NR3, O

Figure 1. Different types of enamides.

Enamides are an important class of functional group due to their high reactivity
which allows their use in the preparation of heterocyclic compounds.

Enamides show nucleophilic reactivity due to the enamine character (stabilised by
the EWG) (Figure 2) and often reactivity in similar fashion to simple C=C bonds,
behaviour which provides further options for the incorporation of N-functionality

into complex systems.
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_EWG EWG = C(O)R ENAMIDE
HN C(O)OR ENECARBAMATE
> SO,R ENESULFONAMIDE

Figure 2. Nucleophilic reactivity of enamides.
Enamides are also often present in natural products and drug candidates. In

particular, enamides and dienamides are common in a number of anti-parasitic

and anti-cancer natural products and pharmaceutical drug leads™*®! (Figure 3).

O (0]
W”WOH

RETINOIC ACID DERIVATIVE, 2

SALICYHALAMIDE A, 1

o o) OMe OMe
MeOJ\/N o) HNT NP NF ~ =
X =

CROCACINA, 3

HN LITUARINES, 4
LOBATAMIDE, 5

Figure 3. Enamides in natural and pharmaceutical products.

The enamide moiety is often responsible for the biological activity observed in
those compounds through direct involvement in their mode of action.
Mechanistically, it has been postulated that protonation of the enamide moiety

leads to the highly electrophilic N-acyliminium ion which, in turn, can undergo
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enzymatic nucleophilic attack to form the conjugated adduct responsible for
activity.

A typical example of the important role played by the enamide moiety in the
biological activity of natural products is represented by the comparison of the ICsg
of the potent anti-cancer agent salicylihalamide A 1, with two analogues 6 and 7.
In analogue 6, in which the enamide moiety is preserved, the biological activity
remains almost unaltered, while in the analogue 7 which lacks of the enamide
moiety the biological activity against human cancer cells is severely reduced®
(Figure 4).

H o H o
N~ N~
\ (@] (0]
OH O OH O
o OH o OH
Me Me
salicylihalamide A, 1 6 7
(IC50 < 1 nM) (ICg09 = 3 nM) (IC50 = 30 NM)

Figure 4. Importance of the enamide moiety for biological activity.
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1.2 Methods of synthesis of enamides

Three major approaches have been considered for the synthesis of enamides. The
most straightforward disconnection is through cleavage of the carbonyl C-N bond,
which implies N-acylation of an enamine, or its equivalent.

The second disconnection is across the double bond which can be obtained in
many ways including the elimination of either U- or b-substituents from saturated
starting materials, the condensation of amides and aldehydes, and transition-
metal-catalysed isomerisations of common N-allylated amides.

The third disconnection involves the scission of the N-C bond, which can be

formed by coupling reactions using transition-metal-chemistry (Figure 5).

N-acylation

N - - - - - - -
» _~--elimination, condensation, isomerisation

O // 4
/v R2
R1x)1"N’\ e

\

N - 3
« - - coupling reactions X =CHz, NR”, O

Figure 5. Three major disconnections in the enamides.

Reflecting their importance, a wide variety of methods for the synthesis of
enamides has been developed in recent years. The following is a selection of the
most common and representative approaches taken to date.??

Some of the methodologies are based on N-acylation reactions, such as the
acylation of imines; other strategies are based on cross- coupling reactions, such
as the palladium(ll)-catalysed amidation of alkenes and the copper(l)-catalysed
coupling of vinyl iodides and amides; finally, there are methods involving

elimination reactions such as the Peterson olefination.
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Copper(l)-catalysed coupling of vinyl iodides and amides (Porco)

Porco and co-workers, in 2000, proposed a copper(l)-catalysed coupling of vinyl

S’[3a,b

iodides and amides for the synthesis of enamide I'as shown in Scheme 1.

S

UCOZCU

o) Cs,CO3, NMP o
/\/\)kNH2 b N 90°C, 12h /\/\)J\N/\/\
8 9 69% 10 H
+
(0] Cs
S [ Cs HN)J\R S { . j\ i i 1
- ipso
(&) (1 o-Cu @AO,?U\IN R _P RSN R
i /H substitution H
(CuTC) [
I\}/\R‘]
(0] (0]
s S !
(B) \ / o-Cu . I\/\R1 oxidative addition | o—C“\/\R1
(@]
[e) Cs—HN R
i ducti 2 H\NJLR
S__R! reductive S )
R N/\/ -~ Cu_~
H elimination \_/ o \/\R1

Schemel.Por cod6s synt heand@opasdd mechaamisms.d e s

Through the application of this methodology, a large variety of (E)-enamides were

prepared in moderate to good yields. The most commonly used coupling agent for

this reactionis Li ebeskindobés copper (1) twhile the h e n

base of choice is cesium carbonate. The mechanism of the transformation has not
yet been proven, however two hypotheses have been proposed. The first
hypothesis is that the cesium carboxamide reacts with the CuTC to form a
cuprate-like intermediate which, in turn, interacts with the vinyl iodide to give, via
four-centered ipso-substitution, the final product. A second, more recently
postulated mechanism, involves the oxidative addition of the vinyl iodide unit to the

CuTC complex, followed by displacement of a copper iodide intermediate by the

cesium carboxamide and final reductive elimination (Scheme 1). Por co 6 s

methodology has proven suitable for the introduction of enamide moieties under
mild conditions, making it a very useful tool even during the late stages of a

6
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synthesis. This procedure was applied during the syntheses of the salicylate
enamide macrolides, a novel class of antitumor natural products such as
lobatamides A-F,***! oximidines I-111,**" and CJ-12,950.¢

| O
OMe o
0
HO
LOBATAMIDE A, 11 OXIMIDINE I, 12 CJ-12,950, 13
Figure6.Appl i cation of Porcobs procedur

Buchwald later reported a copper(l)-catalysed coupling for the synthesis of
enamides based on the use of vinyl iodides or bromides using N, Mimethyl
ethylenediamine as a ligand.”? Buchwal dds met hod was an
Porco procedure as it allowed for the generation of (Z)-enamides. A year later, Ma

and cowor kers developed a variation of Buc
use of a different ligand, N,N-dimethylglycine.[s] The most recent variation on this
approach was introduced by Batey and it is based on the use of potassium
alkenyltrifluoroborates, which are extremely stable salts and can be used in
copper(l)-catalysed cross-coupling reactions with amides to generate (E)-

enamides in excellent yields under mild, base-free conditions."

Palladium(ll)-catalysed amidation of alkenes (Stahl)

In 2003, St ahl 6s group introduced the first
oxidative amination of styrenes.*” Stahl method involves a palladium(ll)-catalysed
coupling in the presence of molecular oxygen as the stoichiometric oxidant,
compatible with a wide variety of nitrogen nucleophiles, such as oxazolidin-2-one,
pyrrolidinone and phthalimide. The catalytic activity can be enhanced by a catalytic
amount of Brgnsted base (EtsN) in the reaction, and, in addition, the

regioselectivity can be tuned as the base is believed to provide the driving force to

7
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achieve the Markovnikov product. Unfortunately, the mechanistic details of this
transformation have not yet been established. This methodology was used to
access 3-(1-phenylvinyl)oxazolidin-2-one in one step and in excellent yield
(Scheme 2).

i PACI(NEts),, CuCl,  Ph )OJ\

HN" 0 + pro. _DME.0;60°C,20h s
L 99% /
14 15 16

Scheme 2. St a hloxidatsre amination of styrenes.

Titanium(ll)-mediated coupling of ynamides and aldehydes (Sato)

In 2003, Sato proposed a novel synthesis of enamides via the titanium(ll)-
mediated coupling of ynamides and yne-sulfonamides with either carbonyl
compounds or alkynes. The stereochemical outcome of the transformation
depends on an intermediate ynamide-titanium complex, which couples with an
aldehyde in a regio- and stereoselective fashion so as to afford a single
stereodefined trisubstituted enamide!**! (Scheme 3).

Ph

) Ti(OiPr)4 Bn /Bn (Io,'Pr)2
NBnTs PrMgCl, Etz0 N. PhCHO  Ts"N~ T H* s ©OH
Z T s0c.3n Y T \MLO Ts.
5

(5 -50°C, 3 h T -50°C, 2 h 93% N
'PrO OPr Ph Bn
17 18 19 20

Scheme3.Sat o6s synthesis of enamid

Base-promoted elimination of substituted alcohols (Collier, Campbell)

Collier and Campbell developed a base-promoted elimination of substituted
alcohols for the synthesis of enamides.™ This method is based on the in situ
generation of a mesylate intermediate starting from the amino ester 21 and its

subsequent elimination (Scheme 4). Similar approaches have also been

8
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documented including the dehydration of free alcohols as well as eliminations
involving glycosides, esters, and several other derivatives. The Collier and
Campbell method proved to be a good strategy for the mild preparation of
enantiopure, non-p r ot e i n eagiroacids, poténtial building blocks in natural
and pharmaceutical products.

Ji Boc. JL
Boc. o MsClI, Et;N N~ >Co,Me

H CH,Cl,, 0°C, 2 h H
21 80% 22

Scheme4.Col | i er 6s synthesis of enai

Condensation of amides and aldehydes (Zezza, Smith)

In 1987, Zezza and Smith introduced a simple synthesis of (E)-enamides by
condensing lactams with aldehydes under mild conditions.”™ A large number of
solvents, acids and reaction conditions were investigated, however toluene and a
catalytic amount of 4-toluenesulfonic acid (with azeotropic removal of water)
proved to be the best conditions. This methodology is useful for both aryl and alkyl
aldehydes, which can easily undergo the condensation. In a typical example,
piperidin-2-one 23 can be condensed with phenylacetaldehyde 24 to afford
enamide 25 (Scheme 5).

(l i TsoH (l
+

N" 0 Ph\)kH N0
H

PhMe, A, 10-24 h
90% X

23 24 25 pp

Scheme 5. S mi t slnéhesis of enamides.
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Alkenation via Horner-Woodsworth-Emmons conditions (Hruby)

In 2002, Hr uby 6s gr oup, r eMadswortreEommons akendtom af 2 r
bromobenzaldehyde 26 with phosphorylacetate 27, which provided enamide 28 in

high yield and good stereocontrol in favour of the (Z)-adduct™ (Scheme 6).

Br Br

(6]
CHO || DBU, CH,CI CO,Me
P COsMe RT 50 Ny
¥ (o) |\r ,
O I EEE—— NHCbz
~~ NHCbz 96%
26 27 (Z:E > 95:5) 28

Scheme 6. Hr u b gybtisesis of enamides.

This methodology was exploited in the total syntheses of (+)-sinefungin®*® 29 and

azinomyzin A" 30 (Figure 7).

(+)-SINEFUNGIN, 29 AZINOMYZIN A, 30

Figure 7. Targets accessed via HWE chemistry.

Hetero [4+2] cycloaddition (Hong)

In 2004, Hong proposed an inverse-electron-demand hetero-Diels-Alder approach

for the synthesis of enamides. Hong 6 s initial approach
between N-sulfonyl-1-azabuta-1,3-diene 32 and dimethylfulvene 31, to generate

the cyclic enamide 33. The process was particularly high yielding when promoted

by microwave irradiation.”! The reaction was both regio- and stereoselective and
provided an efficient route to the cyclopenta[b]pyridine 33 (Scheme 7).

10



A. E. Pasqua 2013 Chapter | Introduction

CO,Et chlorobenzene

X microwave irradiation P
/ . 30W, 30 min
N7 96% I
SOzPh SOZPh
31
PhOZS Ph028 PhOZS
- 5 H/ , H/
3\ Ot
2 ?\5, 4
3 \ /
endo, head-to-head exo, head-to-head endo head-to-tail
(Favoured) (Disfavoured) (Disfavoured)

Scheme 7. H o n gn¥yegse-electron-demand hetero-Diels-Alder.

Mechanistically, the cycloaddition occurs via an endo-head-to-head transition
state. The endo transition state is aided by the presence of secondary orbital
interactions between the azadiene and the C5-C6 double bond of the fulvene
which stabilises the transition state. A second stabilising interaction between the
ester carbonyl moiety and the C1-C2 double bond of the fulvene further reinforces
the endo transitional bias. These orbital interactions are not feasible in the

disfavoured exo-head-to-head and endo-head-to-tail transition states, respectively.
Acylation of imines (Funk)
In 2001, Funk reported the N-acylation of imine 34 with benzoyl chloride to afford

the enamide 35M® in reasonable yield (Scheme 8). A variety of 2,2-dimethyl-1,3-

dioxane-derived enamides were obtained using these conditions.

BzCl, 2,6-lutidine

IT%Z
<oj©/yN\\E\o 0°CtoRT, 12h <OI>NN\KO
o o/‘/ 64% o] o/\/
34 35

Scheme 8. F u n ladylation of imines.
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Dyotropic rearrangement (Danishefsky)

In 2004, Danishefsky reported a novel rearrangement of silylated amides into (Z)-
enamides.™ This rearrangement is a beautiful example of a formal, stepwise,
thermally promoted 10-electron double-sigmatropic, or dyotropic, rearrangement.
The transformation is based on a key, 1,4-silyl shift in which the triethylsilyl group
is transferred from C to O. This TES migration leads to the formation of the allyl
carbanion species 37 which then undergoes a 1,4-hydrogen shift to afford
intermediate 38. A final N-protonation affords the desired cis-enamide 39
(Scheme 9).

o_ TES OTES 5 OTES o}
) -
n
Ph)J\N)ﬁ PhMe Ph)\\ﬁﬁ Ph)\\N/ﬁ H,O Ph)J\N/ﬁ
Ho 110 °C, 10 h r'u‘/| 81% H
37

36 38 39

Scheme 9.Da ni s h edfjordpig r@asrangement.

Despite the high temperature required, this methodology proved to be highly
suitable for the introduction of cis-enamide moieties in complex targets.
Danishefsky went to apply this methodology during the syntheses of the
proteasome inhibitors TMC-95A 40 and TMC-95B 41 (Figure 8).1'°

TMC-95A, 40 TMC-95B, 41

Figure8.Da n i s h epfoedsgme mhibitor targets.
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Amide additions to alkynes (Jacobi)

In 1996, Jacobi proposed a 5-exo-dig cyclisation promoted by tetrabutylammonium
fluoride, leading from an acetylenic amide such as the alkynylated amide 42, to the

monocyclic enamide 5-methylenepyrrolidone 43 (Scheme 10).%

(0]
TBAF
BnHN N o
THF, 65 °C, 3.5h
X

Bn
100%
42 43

Scheme 10.J a ¢ o $yntless of enamides.

This kind of cyclisation is particularly useful for highly substituted substrates,
particularly those containing geminal dimethyl substituents, which cause the
Thorpe-Ingold effect to take place. The gem-dimethyl substitution, leads to angle
compression and reduction in the entropy of rotation in the open-chain compound,
and subsequent increased strain, thus facilitating the cyclisation.

Cyclic enamides are useful intermediates for the synthesis of naturally occurring
chlorins, isobacteriochlorins and corrins. Considering its mild conditions, the
Jacobi methodology was applied to the syntheses of natural products such as the

corrin cobrin acid 44, which is a precursor of vitamin B12?% (Figure 9).

H,NOC
H,NOC

B OZCJ

CONH,
COBRIC ACID, 44

Figure 9. Cobric acid precursor of vitamin B1, (corrin).
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Synthesis of enamides by a Peterson reaction manifold (Firstner)

In 2001, Farstner reported the stereoselective synthesis of enamides under mild,
aprotic and basic conditions. Furstnerdé methodology is based on a silicon-directed
epoxide ring opening with sodium azide, followed by reduction of the resultant
azide to the corresponding amine, N-acylation and Peterson elimination to afford
enamide 47. This methodology offers great stereocontrol and broad scope, but

has the disadvantage of requiring a multi-step sequence.?!

i) mCPBA, Na,HPO4, i) LiAIH,, Et,0
CH,Cl, OH ii) R2COCI, THF, Et;N H
r1~Xx-SiMe; i) NaNg, NH,Cl, MeOH/H,0 R1J\{N3 iii) KOtBu, -35 °C to RT RV\P’NTRZ
SiM 56-85% o)
1viez
45 46 47

Schemell.F¢r st nerdés synthesis of
Rhodium-catalysed carbozincation of ynamides (Lam)

I n 2008, Lamdés g approaph topthecsynthesis df maltisubstituted
enamides via carbometalation of cyclic ynamides using Rh(cod)(acac) as the
catalyst and Me,Zn, Et,Zn or nBu,Zn as reagent. The reaction proceeds smoothly
in generally good yields and regioselectivity, but has a limited scope. In fact, when
acyclic systems were considered there was loss of regiocontrol, leading to the

formation of regioisomeric mixtures. 2!

)OL 1 R2,Zn (2 eq) 0
R" Rh(cod)(acac) (5 mol%)
=
X" °N B > XN R?
THF, 0 °C to RT, 15 min N
/ 49-85% }1/
48 49

X = 0, CH,, NMe

Scheme 12. Lamd sarbometalation of ynamides.
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Titanium-mediated conversion of ketones into enamides with ammonia and

acetic anhydride (Reeves)

In 2012, Reeves introduced an unconventional Ti-mediated synthesis of N-acyl
enamides with ammonia. R e e v stratégy is based on condensation of a ketone
with ammonia to give either an imine or enamine, followed by N-acetylation with
acetic anhydride. This has proven to be a reliable approach for the specific

synthesis of N-acyl enamides.?

o NH3/MeOH NHAc
R R Ti(OiPr), R/K(R
R? PhMe, RT, 24 h R2
Et3N, ACZO
50 18-80% 51

Schemel1l3.Reevesd6 synthesis of en
Organometallic addition to isocyanates (Taylor)

In 2000, Taylor and co-workers exploited Grignard additions to vinyl isocyanates
for the preparation of unsaturated enamides. The sequence began with the Curtius
rearrangement of acyl azide 52 to afford the corresponding vinyl isocyanate 53
which, in turn, was subjected to Grignard addition to generate the desired enamide
54 (Scheme 14). This procedure guaranteed good (E)-stereocontrol but was,
however, a multi-step sequence which suffered from moderate to low overall yields

from commercially available starting materials. "

o)
I
x_Ph H
/\)?\ $NI: Bng/\/ Ph/\/N\[(\/Ph
P~ N, PhMe, A, 1h |Ph" X~ 42% o
52 53 54

Scheme 14. T a y | addit@drsto isocyanates.
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Hydroamidation of alkynes (Gool3en)

One of the most convergent and atom-efficient syntheses of enamides was
proposed by Goolen and is based on the ruthenium-catalysed anti-Markovnikov
hydroamidation of terminal alkynes.® The choice of ligand determines the
stereochemical outcome of the reaction with bulky ligands favouring the (Z)-isomer
(Scheme 15).

(0] _ Ru(cod)(met), O (0]
2
AL L deypb, Yb(OT)s Al AR, R1JLN N
R NH, R RN
DMF/H,0, 60 °C, 6 h H Ho 2
55 56 31-99% 57 58

Scheme 15. Go o C ehydiommidation of alkynes.

Wittig-type olefination reactions (Marquez)

Previous work in the Marquez group focused on the exploitation of N-formyl imides
as pseudoaldehydes. N-Formyl imides were found to easily undergo Wittig-type
olefination reactions for the generation of enamides and dienamides in moderate

to excellent yields and with fair to good stereocontrol.[!

0O O 0
2
RAN)LH Phep” COR L~ coRr
i PhH, 80-95 °C 52
R? i R
59 37-98% 60
£ 8, merron K
PhP”” CO,R
RTONTH — 2. RUONTY
2 2Clp, A 2
R 35-97% RN
59 61
CO,R

Scheme 16. Ma r q u syatliess of enamides and dienamides.
The project began in 2007 with the development of an efficient approach to the
stereocontrolled synthesis of enamides starting from lactam and amide units

through the use of intermediate imides.'*! The formylation-olefination sequence
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was initially applied to cyclic systems with fair overall yields and complete
stereocontrol in favour of the (E)-isomers (Scheme 17).

Q CO,Et
0 o} CHO o} =~/ "2
NH )J\O/CHO N’ PhyP” “CO,Et N
), 60°C,15h )n PhH, 80 °C, 18 h )n
56-87% 37-77%
62 63 64

Scheme 17. Ma r q u syathiess of cyclic enamides.

Subsequently, the methodology was applied to acyclic amides to afford the
desired enamide products in fair overall yields and E/Z stereocontrol. The
reduction in selectivity observed in the acyclic systems could potentially be
explained by the starting imide geometry, however, the precise reason for this

stereochemical outcome is so far not completely understood.

(0] N o o
/ 2N
K, G2 K oo enptcom (oo
nBuLi, THF H PhH, 95 °C H
65 49-64% 66 87.98% 67 E>Z

Scheme 18. Ma r g u gyathiess of acyclic enamides.

The same Wittig olefination was applied to the synthesis of trisubstituted acyclic
(E)-enamides. Significantly, an increased selectivity was observed with respect to
the disubstituted enamides, suggesting that the final E/Z product ratio arises due
to the olefination transition state, rather than by the conformation of the starting

imide alone (Scheme 19).

o) @,\,C\}/HO o) &J\ )
% _.CHO CO,Et
R)J\NH2 R)J\N _PhsP” COEt R)J\N/\{ 2
nBuLi, THF H PhH, 95 °C H
65 49-64% 66 65-88% 68 E>>Z

Scheme 19. Ma r q u syathess of trisubstituted acyclic enamides.
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In 2009, the work was extended to the one-pot synthesis of dienamides starting
from N-formyl imides and conjugated ylides. In all cases, the procedure afforded

the (Z,E)-isomer as the major or sole isomer (Scheme 20). !

(0] 0] o

NN
_CH Ph,P CO,Me
R)J\N CHO 3 R)J\N/\NJ"\)J\OR
H CH,Cl,, A H
66 35-97% 69 ZE>>EE

Scheme 20. Ma r q u syathess of dienamides.

The generation of the (Z,E)-isomer was a surprising result as the major isomer
was expected to be the (E,E)-dienamide, due to the use of a stabilised ylide which
usually leads to the preferential formation of the thermodynamically stable (E)
double bond. While no modeling studies have been carried out, there are some
considerations that can be made. It was postulated that the presence of nitrogen in
the starting imide could affect the transition state of the olefination leading to a
different stereochemical outcome with respect to the typical result predicted for a
traditional aldehyde/ylide system. The most plausible hypothesis, thus far, is that
the nitrogen can be involved in hydrogen bonding interactions with the carbonyl

oxygen of the ylide so to affect the transition state (Figure 10). *®

3 0
/:\/\(OMe )J\ N
PheP?” | | RN
. X
&7 AH
R

(Z,E)-dienamide

Figure 10. Ma r g u pr@gpdsed transition state for the synthesis of (Z,E)-

dienamides.

18



A. E. Pasqua 2013 Chapter | Introduction

1.3 The chemistry of enamides!?”

Enamides can be considered as functionalisable enamines, and for this reason

they can participate in a wide variety of interesting transformations with
electrophiles. Kobayashi 6s group was t he first
enantioselective use of enamides as nucleophiles in copper(ll)-catalysed reactions

with aldehydes.?”*" This preliminary work suffered from low to medium levels of
enantioselectivity. On the other hand, the same group optimised the methodology

with the use of imine electrophiles, which allowed the formation of b-amino imines
under similar chiral copper(ll)-catalyst systems that failed with simple aldehydes.

The reaction proceeded with excellent yield and high enantioselectivity (Scheme

21).

Cu(OTf), (10 mol %)

Ph~ Ph
Etozc\7NT(c11H23 RHN  NHR
d R= 3,5-di-BuCgHs EtO.C | Ph Et0,C Ph
70 ) (10 mol %) O NH No_ HsO" OYNH o)
0,
CH,Cly, 0°C CyiH 92% CyqH
NHCbz 11171238 72 111123 73

Ph
71

Scheme2l.Kobayashi 6s usafnudebphilesaami des

Kobayashi s procedur e prydovteedsynthesis df eptically r o b
active 1,3-diamine derivatives, which are useful building blocks for the synthesis of
natural products and drug candidates. The detailed mechanism for the
transformation has not been established yet, but the most plausible hypothesis
involves an aza-ene type pathway.

Subsequently, in 2008, Terada proposed the use of enamides as excellent
nucleophiles for chiral Brgnsted acid promoted enantioselective additions to
glyoxals.”® The following is an example of the methodology applied to the
organocatalytic synthesis of b-hydroxy ketone 77 using a Binol-based phosphonic

acid catalyst (Scheme 22).
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Co,
0.0

oPoH
_CO,M OO _CO,M
o HN 20 Ph OH N 2Vie OH O
5 mol% H;0*
Etoch\H . /I\Ph ( 2 EtOzc/'\)\Ph 3 EtOZC/l\)J\Ph
CH,Cl,, 4 AMS, 1h 95%
74 75 76 77

Scheme 22. T e r a e@ramidtisselective addition to glyoxals.

The high enantioselectivity of the reaction is strictly dependent on the two
hydrogen-bonding interactions between the glyoxylate and the phosphoric acid. As
a result, one enantiotopic face of the aldehyde (Re face) is shielded by a phenyl
substituent while the opposite face (Si face) is completely free (Figure 11).

si face

Figure 11. Nucleophilic attack from the Si face.

These initial studies have been optimised and expanded so to generate an
impressive enantioselective synthesis of piperidines using aldimine 78 and
enamide 79. In this case, after the initial Mannich reaction of enamide 79 and
imine 78, the resulting b-amino imine product undergoes subsequent nucleophilic
attack by a second equivalent of enamide 79, followed by cyclisation to form the
final piperidine 80 rapidly and in excellent yield and enantioselectivity® (Scheme
23).
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oW
0,0 _Cbz
O e A
NI,Boc HN’CbZ Ph Boc\)N\))
o /kH ) /\H (5 mol%) o o

CH,Cl,, RT, 0.5 h 80 Cbz
95%, trans:cis = 86:14

78 79

Scheme 23. T e r a @yatbesis of piperidines.

Enamides can also be considered as good electrophiles. For example, Zhou in
2007, reported the use of chiral Brgnsted acids to promote the conversion of
enamides to chiral iminium ion electrophiles, which in turn, can participate to
Friedel-Crafts reactions for the construction of quaternary carbon atoms?®
(Scheme 24).

o

0.0
oPoH

LI, e, NHAC

R = 2,4,6-(I-Pr)3-CgH, \(S)
y L
@E} . Ar” “NHAc (10 mol%) N
H
81

PhMe, 4 A MS, RT H
82 98% 83

Ar = 4-Br-CGH4

Scheme24.Zhoud6s use asfelecaaplalesi d e s

The chiral Brgnsted acid catalyst creates two hydrogen bond interactions with
indole 81 and enamide 82. The enamide is in equilibrium with the corresponding
ketimine, which is activated upon protonation, so to accept nucleophilic attack of
the indole from the Re face to afford the (S)-configuration of the stereocentre.

Enamides are also considered very useful substrates in a variety of transition
metal mediated alkene transformations. For example, Bennasar demonstrated that

enamides can participate in ring closing metathesis reactions, by proposing a one-
21
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pot Petasis-methylenation of 84 followed by ring closing metathesis to afford the

final dihydroquinoline 85 (Scheme 25).13

1. CpyTiMe, (1.5 eq)

1) PhMe/C5HgN (100:1) m
)J\ 2. Grubbs Il (6 mol%)
N°Me PhMe, 80 °C, 4 h N° Me
Boc 80% Boc

84 85

Scheme25.Bennasaro6s use of enami de s

Bennasar 6s haveopnoden o becextremely useful and have formed part of

key strategies towards the syntheses of complex natural products, such as
paliurine and pal au o6 an?NandOvarmanflegspectitely d b
(Figure 12).

PALAU'AMINE, 86 PALIURINE F, 87
Figure 12. Evano and Overman targets accessed via B e n n a slemistry.

Hsung and co-workers have been pioneers in exploring the synthetic utility of
enamides as substrates in organic transformations. In one of their initial studies,
Hsung reported the treatment of oxazolidinone-derived enamide 88 with mCPBA
to afford the corresponding epoxide, which subsequently underwent opening with
m-chlorobenzoic acid to generate mono-acylated diol 89.24 Hsung has also been
actively studying the cyclopropanation of chiral oxazolidinone enamides using a
variety of conditions (i.e. Simmons-Smith), to generate the desired cyclopropyl

adducts in high diastereoselectivity (Scheme 26).2%%"!
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o
o= LPh
N,]’ H
o) o) F=n
oJ{ m-CPBA, RT OJ{ o) H ¥
LA CH,Cl,-MeOH \\/Ni o) e
z n-CsHyq 44% 2 n-CgHay b:<
Ph trans:cis =1.3:1.0 Ph OH Ar
88 89
o
o) Et,Zn (5 eq) o 0= }Ph
//< ICH,CI (10 eq) //< N™ H
?\/N \ CI(CH,),Cl RN /=N
2)2 \V4 H V'R
/NG 0%, dr > 955 ~ n-CsHs U
Ph 4 AMS, RT, 48 h Ph Hy
88 90 | ZnEt
o)
o) Rh,(OAC), (2 mol%) o }Ph
o=
N,CHCO,Et (2 e
oéw \ o AT °J<N-VC°2H iy
2v12, "/
Z _\_”'CsHH 66%, dr > 95:5 k/ 111n-CsHyq4 H /R
Ph trans:cis =2.5:1.0 Ph EtOZC“‘VV:ML”
88 91 H

Scheme26.Hsungo6és use of enami
Recently, the use of enamides in pericyclic reactions has become an important
area of research. Often, pericyclic reactions result in the transformation of the
enamide Csp®N bond into a Csp®-N bond, which allows the formation of new
nitrogen containing stereocentres, and in an increase in the overall molecular
complexity.

Rawal studied the use of enamides in Diels-Alder reactions as reactive dienes.
The reaction was found to be highly endo selective, with no evidence of exo
adduct. The process is catalysed by a Cr(lll)-salen complex, which is also
responsible for the stereochemical outcome of the reaction. Mechanistically, initial
coordination of the chromium complex with the aldehyde unit 93 results in
dienophile activation. At this point, diene 92 approaches dienophile 93 from the
more readily accessible surface of the scaffold, (i.e. over the imine moiety and
away from the bulky tert-butyl groups). The large steric bias results in single

product formation (Scheme 27).5¢
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78BSO t-Bu ol tBu  TBSO
< 0 @\Me
)J\ t-Bu t-Bu \ \CHO
N CHO (5 mol%)

Bn/ \CO2Me + / N .
CH,Cly, 4 AMS, -40 °C, 48 h Bn” “CO,Me
92 93 95%, 95% e.e. 94

R3
728 3
N\ , )
0 \/>/OTBS N
oo | 0O
: J\/\ _CO,R?

t-Bu RZOZF/N‘R1 TBSO é1
! t-Bu !
tB/@\I Lo Ot
-Bu N/Cr\\O +-Bu Cr, t-Bu
= t-Bu --N" "o t-Bu
XN N
N
(Favoured) (Disfavoured)

Scheme 27.Rawal 6 s us e imDliels-Aldeareactidns.s

Meyer and Cossy proposed the first sigmatropic rearrangement which
incorporated an enamide moiety. As part of their work, enamide 95 was converted
to amino alcohol 96 by means of a [2,3]-Wittig rearrangement. Mechanistically, in
order to understand the stereochemical outcome of the reaction, the envelope
conformation of the five-membered ring transition state model, in which the alkynyl

group occupies an exo orientation, must be considered (Scheme 28).[37]

PMB., TS
Ts TIPS N P TIPS Ts TIPS
N / LDA (2 eq) \/\/ N (\@ /
. _LDA(Zeq) .
PMB L THF, 78 °C I PMB™ Y,
0 93%, d.r. 24:1 (, O,
95 96

PMB TIPS | *
4 / - i
TS . o
Scheme 28. Meyer and Cossy [2,3]-Wittig rearrangement of enamides.
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In 2008, Carbery reported the use of enamides in the Ireland-Claisen [3,3]-
rearrangement. I n Car ber ye@side®Op was al@eanhhrearranged into
the desired allylic amine 98 in good yield and with very high diastereoselectivity
(Scheme 29).58

0o i) LIHMDS (2 eq) o
o Ph A TMSCI (2 eq), THF 04/\3
)k o) -78 °C to RT, 90 min N O
N ii) TMSCHN,, MeOH, RT :
O N/\/k ) 2 WOMG
— 69%, d.r. > 95:5 Ph
97 98

Scheme 29. C a r b elrelgnd-€laisen rearrangement of enamides.

Enamides have also proven to be highly valuable substrates in electrocyclic
transformations. Funk subjected 2,3-pyrroline 99toa t h e r -glectrocy6li¢ ring
closure, which provided trikentrin alkaloid indole framework 100. Mechanistically,
the process consists of two steps: the first is an electrocyclic closure to give a
diene intermediate, which subsequently undergoes aromatisation with concomitant

oxidative desilylation to afford the indoline aldehyde 100 (Scheme 30).

TIPSO 9
i) xylene, A, 2 h
74 ii)DDQ (2.5eq),0°Cto RT, 2 h
N 61% ’/\1
Boc‘f Boc
99 100

Scheme30.Funkdés use io&d € ha meateosyblicring closure.

The versatility of F ustr&tedl svhem ip oas appliedhto thea s
syntheses of complex natural products such as welwistatin®® 101 and
dragmacidin E*Y 102.

DRAGMACIDIN E, 102

WELWISTATIN, 101

Figure 13. Targets accessedviaFunkdés chemistry
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Recently, enamides have also been used in radical transformations. One of the
most significant examples in this area was proposed by Ishibashi during his
synthesis of the alkaloid lennoxamine 105. I s h i b aysthesi$ @oceeds via a
radical 7-endo cyclisation followed by a homolytic aromatic substitution (Scheme
31).142

O OMe
o) OMe @) (@]
< :E:(\’tK@/ MegSn, (2 eq), hv < :@\/)N OMe
¢ L CI(CH,),Cl, A o) /
OMe
103 104

o o)
{ N
(0]
1% OMe
105 O
OMe

Scheme 31.1 s h i b systlesistoklennoxamine.

In recent years, enamides have gained importance as useful tools in the synthesis
of heterocycles. In 2007, Movassaghi pioneered the use of enamides in the
synthesis of pyridines (Scheme 32). In Mo v a s s asfrdtegyy enamides are
converted to the corresponding N-vinyl iminium triflates, via activation by
trifluoromethanesulfonic anhydride in the presence of 2-chloropyridine, to generate
the putative iminium intermediate, which undergoes condensation with electron-

rich hetero-substituted alkynes or alkenes to form substituted pyridines.!**!

y o
e Me  Me
@
X Me Me H. X Me
NS Tf,0 (1.1 eq), N7 NS :
OEt  2.CiPyr (1.2 eq) g | @ _TfO
o +« & OEt NS
CH,Cl,, -78 °C t0 0 °C P
83% cl
106 107 108

Scheme 32. Mo v a s s asyntmnasié af pyridines.

In the same year, Buchwald proposed a novel synthesis of pyrroles starting from
bis-Boc-hydrazine. The process is based on two sequential copper(l)-catalysed
vinylations to afford the resulting hydrazine bisenamide, which, in turn, undergoes
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a [3,3]-sigmatropic rearrangement, followed by cyclisation and final aromatisation
(Scheme 33).[*4

i) Cul (10 mol%)
Boc 1,10-phenantroline (20 mol%) n-Pr h

° N
Pr N‘N’H Cs,COs, DMF, 80 °C, 24 h »
E/ \ N 1-0ct
Boc n-Pr

n-Pr ii) xylene, 140 °C, 24 h n-Oct
iii) p-TSOH (2 eq), RT, 3 h 1
109 65% 0
R:__I
| B B Boc,  Boc
oc Boc
S B | NN
R._N. .H R
]/ N Cu-catalysed j/ \[
R? Boc amidation R2 R3
[,300 Boc
|
cyclisation \ aromatisation M
R? R4 R? R4

Scheme 33. B u ¢ h w asynithasis of pyrroles.

Enamides have also been utilised in photochemistry, particularly as substrates in
the Paterno-Blchi reaction. Using this approach, in 2001, Bach utilised
enecarbamate 112 to form amino oxetanes 113 in good yield and with reasonable

diastereocontrol (Scheme 34).[4!

Q B
Ph)J\H JL hv (300 nm) OoC
+
Me™ NBnBoc  —GceNRT N/Bn

46-71°
111 112 % 113 Boc

cis/trans = 29:71

Scheme34.Bac hodés us e infthe RateraosBilahieesction.
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1.4 Halo-enamides

Halo-enamides are extremely versatile and useful enamide derivatives which can
be utilised for the generation of highly functionalised intermediates in materials,
synthetic and medicinal chemistry. However, despite their great potential to play a
key role in the synthesis of more elaborated enamide derivatives, there remains a
lack of reliable approaches and methods available for their efficient and practical

synthesis.?
U-Halo-enamides

Most of the work on halo-enamides reported in the literature revolves around the
synt hes i-mmlo-emamidesU Amongst the pioneers in the synthesis of
halogenated enamides is Hsung who, in 2003, highlighted yet another synthetic
utility of ynamides by reporting their unexpected hydrohalogenation in mild
conditions with magnesium halide salts.[® As part of attdreptsnogéheve
the [2+2]-cycloaddition of ynamide 114 with cyclohexenone, MgBr, was added as
Lewis acid catalyst. Although the reaction failed to afford the desired cycloadduct
115, it generated the corresponding U-halo-enamide 116 in reasonable yield albeit

with poor stereoselectivity (Scheme 35).

Br.
o~_) =
E>:O o} >/\n'C6H13

N N
MgBr, (1 eq)
W 114 CH4CN, 60 °C, 12 h (E)-116
n-CsH13 600/0
N
Br n-CgHq3
o)
o) O N
\[\;) (2116
N
115 n-C6H13 (E)(Z) =3:1

Scheme 35. Hsungo6s Umlegepaton of gndmides.
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Hsung reported that in situ generation of HX from the magnesium salt MgX, with
serendipitous trace amounts of water in the reaction was responsible for the
unexpected hydrohalogenation. Hsung was able to optimise the procedure as to
g e n e r #aloeenabhides in good yield and with excellent (E)-selectivity. No -b

halo-enamides could be detected in Hs u n gfuiliss (Scheme 36).

0 O X (e} X

1

R4 i MgX, RJkN)§vRi RVKNA\] X =Cl,Brorl
N—==—R" cH,Cl,, 20-60 °C ) !
R? 2Ll2, R2 RZ2 R3

37-99%
117 118 119

Scheme 36. H's u n g-lial®-endmide synthesis from ynamides.

Interestingly, although Hsungés met hodol ogy was effici
chlorides, bromides and iodides, it was never used to achieve hydrofluorination.
However, in 2012, Evano and co-workers introduced a new methodology for the
regio- and stereoselective generation of (E)-U-fluoro-enamides via

hydrofluorination of ynamides using anhydrous HF (Scheme 37).1*"]

RS

Rl_— N,R2 anhydrous HF R1>:<N_R3
e o
120 121

Scheme37.Evanoés hydrofluorination of

Another example for the preparation of U-halo-enamides via hydrohalogenation of
ynamides was recently reported by Flynn.

FI ynnds a pasedooa the useé ef HBr formed in situ from TMSBr and
methanol (Scheme 38).14¢!

O\\T/O TMSBr O\\l,o
N\) MeOH N\)
/ A 100% B /
7 Pn | Ph
Ph Ph
122 123

Scheme38.FI ynnés hydrobromination of
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b-Halo-enamides

| n ¢ o nt +halosehamitles, there have been only a small number of efficient
methods for the s y nt h e s-hato-enamidesbreported in literature. A typical
example of the great difficulties involved in the preparation of these functionalities
was presented by Smith in his synthesis of the lateral chain of the lituarines. The
synthesis began with cis-2 iodomethylacrylate 124 which was converted into
enamide 127 through a copper mediated coupling. Ester hydrolysis followed by
i ododecar boxyl at i o niodo-dnamde BV in @mpabe 1% yidide b

over the non-trivial 3 step sequence (Scheme 39).1*"!

o o) o

(e} | HZNJ\n-Pr O HN n-Pr LiOH O HN n-Pr
MeO)J\/ cul, MeOM CH4CN, H,0 HOJ\/

124 MeHN  NHMe 125 62% 126

(collidine),IPFg
52%

Scheme 39.Smi t hds s y-odotermamidesl270 f b

Then, in 2003, Trenkle reported a single example fort he pr eparhald-i on
enamide 131 based on the Thorpe condensation of difluoro-enamine 130. The
transformation required two steps and proceeded in good overall yield (Scheme
40).%

F<_CN

o P CN
Fo_CN base jl/\/ BzNCO, Py BZ\NJ\NI/F
THF,0°C,0.5h | N F| CH.Cl,, RT,12h NN

0,
129 130 8% 131

Scheme40. Tr enk | e 6 s -flsojorertamidesldls of D
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One year later, Ferreira and co-workers reported their studies on the antimicrobial
benzo[b] t hi eny | dehydrophenyl al anines, {
bromo-enamide 133 as a reactive intermediate. The halo-enamide was prepared

by means of a three step sequence with moderate stereocontrol (Scheme 41).5%

BOC |) TFA
CO,Me ) NBS CO,Me CO,Me
|||) _iii) EtsN
CH.Cl,
RT, 17 h
83%
(E:Z = 1:6)

(E)-133 (2)-133

Scheme4l.Ferrei r abds -brgmoramideil33. of D

I n 2004, Tur ner e-kaplemamided astrehctive intermediatés fob

the prepar at i on of branched amino aci Jdith .

dehydration of L-threonine methyl ester 134 to afford the enoate intermediate 135
which, in turn, was halogenated to afford the corresponding enamide 136 in
moderate yield. Unfortunately, Turner s appr

with no stereocontrol (Scheme 42).%?

OH

ve. S H i) Ac,0, NaOAC  Me. _H i) NXS, CH,Cl, X_ _Me
:t ii) EtsN, MeOH I ii) Et;N I
N"7"COzMe AcHN™ ~CO,Me 48% (E:Z=1:1) AcHN” ~CO,Me
134 135 X =Br, | 136

Scheme42. Tur ner 6 s s yhald-edmamsdess of b

In 2008, Grela reported the first successful example of olefin cross-metathesis with
chloroalkenes. Using this approach, Grela reported a single example of (Z)-b-halo-
enamide formationu s i ng Gr el BH8.&red atd a1 ypas bean dgssribed
as t he boosted version of Hoveydads
complete stereocontrol, however, in poor yield and suffers from poor substrate

scope (Scheme 43).53
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MesN__NMes

Y
RU=

Ccl i
'Pro NO,
(0]
~ o O 139 N
N7 (10 eq) 50 3%,0/30h /\
Cl

137 138 140

Scheme 43.Gr el a6 s s y-hatoleramides. of Db

Daoust, on the other hand, took advantage of copper promoted conditions to
couple trans-1,2-diiodoethene 142 with both cyclic and acyclic amides to yield (E)-
b-iodo-enamides 145 and 146 (Scheme 44). Unfortunately, Daoust 6 s me t
requires the use of 1,2-diiodoethene 142, for which only the synthesis of the trans-

isomer has been reported.

0}

N Ph
X NH N.
\ or Ac” "H
143 144
1 Ph
Iy, Al,O3 N Cul, Cs,COs . |
H——H I , X N\ N
" 33% Ligand \__/N/\/l PN
_0A49,
141 142 40-94% 145 146

X= O, CHQ, CH20H2
Scheme 44. D a o gyrghiesis ©f (E)-b-iodo-enamides.
In conclusion, until now, the existing met hodol ogi es f o-halo-t he

enamides are characterised by a series of drawbacks such as poor yields, lack of

flexibility and stereocontrol, low substrate scope and often require multi-step

procedures.
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b ,-bBihalo-enamides

Although gem-dihalo-olefins have long been considered important and versatile
building blocks in palladium-catalysed tandem reactions, nitrogen-substituted gem-
dihalo-olefins did not receive great attention from the scientific community in the
past. However, in the last two decades there has been a rise of interest in the
exploitation of nitrogen-containing cyclic and acyclic systems and, thus far, some
valid exampl es of tdihado-emamidep baveabeen oeportea in b, f
literature. The first example of dihalo-enamide formation was reported in 2000 by
Br ¢ ¢ kdarieg his synthesis of N-ethynyl-tosylamides. Br ¢ c ks era p pis oac
based on the use of Ramirez olefination conditions on N-formyl-tosylamides to

generate dichloro- and dibromo-vinylamides in high yields (Scheme 45).[55]

147

Cl Cl
|
PPh, CCI R. j/
e N

o |
THF, 60 °C Ts
_0Q0,
81-99% 148

Br Br
|
PPh,, CBr, R. j/
a4 N

CH,Cl,, 60 °C Ts
0,
92% 149

Scheme 45. B r ¢ c & aysthmesis of b , -dihalo-enamides.

A few years later, Cossy used b ,-dihalo-enamides for the preparation of
branched enamides and ynamides. Co s s y 0-dihaldbendmides were also
accessed via Ramirez olefination conditions. Unfortunately, Cossy found the
presence of an electron-withdrawing group on the nitrogen to be absolutely
necessary for the success of the methodology, which somewhat limited the scope
of the reaction (Scheme 46).5%
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R2B(OH), R2 R!
X = Br | cat. Pd(0) ]/
70-80% Rey
fe) X X X R! IIEWG
! PPhj, CX R ]/ R'BOH), R I( 153
R‘N) 3, CX4 N 2 N
Ewg  THF, reflux Ewg  cat Pd(0) EWG
-929 _0Q0,
150 81-92% 151 65-98% 152 .
X =Cl, Br B P
EWG = SO,Ar, COAr x=cl| base , R‘N/
50-89% |
EWG
154

Scheme 46. Co s s ysé&d b , -dihalo-enamides.

In 2010, Lautens and co-wor ker s al so studi eddbrbnmoe sy
enamides 156 through the Ramirez protocol and explored their reactivity. This led

to the generation of 2-oxazolones 157 i n moder ate to ex-cell
aminoketones 159 in poor to good yield. Lautens corroborated that the Ramirez
olefination is applicable only to N-protected N-formyl imides. Furthermore, only
carbonyl derived protecting groups have proven suitable during the transformation
(Scheme 47).F7

Ao CBwpens - Ao

R N~ S0 R = OtBu, tBu
' CH,Cl,, 14 h '
1 2Vl2, 1 1=
R 0°C to RT R Br R"=Bn, Ph
155 25-100% 156
Pd catalyst Pd catalyst

ligand, base O ligand, base

0
Yf”‘ ArB(OH), N/\/ ArB(OH), R)J\NWAr
R' O

dioxane, 100 °C dioxane, H,O
54-94% 36-85%
157 R = OfBu 158 R = tBu 159

Scheme 47. Lautensd methodol ogy.

I n conclusi on, t hdhalosryamities evia iRamirea folefirfatjol
proposed by B r ¢ ¢ kC@ossy and Lautens proved to be an efficient methodology
for the generation of specific gem-dihalo-enamides, but lacked a suitably wide
scope due to the necessity of an electron-withdrawing protecting group on the

nitrogen.
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2Resul ts and Di scussi

2.1 The Marquez group approach

Enamides, dienamides and en-ynamides are highly reactive and important building
blocks in synthetic, biological and medicinal chemistry as well as materials
science. Despite this extensive chemical breadth, there is the lack of a simple,
high yielding and efficient method able to deliver these units quickly, and as single
components.

The number of different approaches reported for the synthesis of enamides and
dienamides reflects their importance and relevance as target units and
functional intermediates in materials, synthetic, and medicinal chemistry.
Unfortunately, the synthetic methodologies developed thus far enjoy varying
degrees of success, particularly concerning the yield and control of double
bond geometry. In a number of cases, no control over the geometry of the
doubl e bond gener alawegnamides, enxtinei other hand, are
extremely versatile units, which provide a viable synthetic platform from which
to generate elaborated enamide and dienamide structural units. Hence, reliable
and effective methodology able to stereoselectively deliver (E)- and (Z)-b-halo-
enamides would allow their widespread use. To date, synthetic approaches
t owar ds t he shglorgndnedssi have been very limited with scarce
flexibility, and have been focused on the synthesis of the (E)-isomers largely
due to the availability of starting materials. Access to the corresponding (Z)-b-
halo-enamides has proved to be highly challenging as there are no
stereoselective synthetic methods currently available for their synthesis.

In the past few years, the Marquez group studies on the synthesis of enamides
and dienamides have focused on the exploitation of N-formyl imides as reactive
intermediates capable of undergoing Wittig-type olefination reactions for the
generation of the desired products. On this basis, previous members of the group
have developed reliable methodologies for the synthesis of (E)-enamides and
(Z,E)-dienamides.®*?® However, despite the efficiency of such methods, in some
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cases the stereocontrol of the double bond geometry was unsatisfactory, obtaining
mixtures of double bond isomers.

Therefore, in order to address these issues, our project focused on the
stereosel ect i vlalo-esngnmdeshas seliable sgnthetid platforms from
which to generate more elaborated moieties without problems related to
stereocontrol (Figure 14).

Lo Yoo Sl

N‘)O<—> R14\/N \O<—>R1\N \O

R? R? R
PN
PhsP” 0027 Phep? 7 “coRr
o}
0
R1 JJ\ N /\/COQ R‘l ’}l AN
I
R2 O R2 \

R1J\N/\pr X dienamides CO2R
R?2

B-halo-enamides
Figure 14. Marquez exploitation of N-formyl imides.
The project began with the generation of N-formyl imides, which can be readily

prepared via simple formylation reactions starting from the corresponding lactams

or acyclic amides (Figure 15).

R” “NH,

H
o= A A =
)
NH ‘ NN\ X
) h N-formyl imides

Figure 15. N-formyl imides as reactive intermediates.
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2.2 N-Formyl imides from cyclic lactams

In order to explore the scope and limitations of our methodology, we took into
consideration the use of both cyclic and acyclic amides. Lactams were chosen as
the cyclic model units due to their affordability and availability in varying ring sizes.
For the acyclic systems, a selection of aliphatic and aromatic, primary and
secondary amides was considered. The formylation of the lactams was
straightforward with the use of acetic formic anhydride as formylating agent. The

anhydride was easily prepared by acetylating sodium formate (Scheme 48).1:¢!

0 0 Et,0 o o
o M 130°C AN
160 161 162

Scheme 48. Preparation of acetic formic anhydride.

Direct treatment of the lactam with the freshly prepared anhydride, afforded the
desired N-formylimide. The formylation was straightforward and efficient, required
minimum purification effort and provided the desired cyclic N-formyl imides, ready

to be utilised in the subsequent halo-olefination reactions (Table 1).

gy

0 o}

H o)k
NH 162 N-CHO
)n  60°C,12h i

163 2% 166

(@]
N
(0] (e}
NH N’CHO
33 75% 167
(e} (e}
N N,CHO
164 81% 168

@”
o)

_CHO
@Hms 85% @ 169

Table 1. Preparation of N-formyl imides from lactams.
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2.3 Formylation

In contrast to the cyclic amides, which were easily formylated by treatment with

acetic formic anhydride, the acyclic amides, due to their non nucleophilic
character, required the use of stronger formylating conditions. For this reason, a
series of formylating agents and experimental conditions were evaluated.

The for myl group Iitself has deep roots i
derives from the Latin Af or dcisaonadfthe magpa ni n
components of ant fluids and tissues. The formyl carbonyl group shows a great
polarisability due to its two components: a hard donor oxygen (hard base) and a
reasonably hard acceptor carbon (hard acid). If the formyl group is attached to a
heteroatom with a lone pair of electrons (like a nitrogen) the carbonyl carbon
becomes softer. There has consistently been significant interest in the formyl
moiety in organic synthesis with the aim to improve one carbon extension
reactions. For such reasons, formylation is an integral part of organic, medicinal

and biological chemistry both in industrial and academic settings. A reflection of

this importance is the number of approaches and reagents that have been
developed to achieve it (Figure 16).P%

However, most of the formylating reagents developed to date suffer from a number

of severe disadvantages which has drastically curtailed their use.

CHO O

/ H
o o o o o N Cl L.Cl R
SR 5 SR 05 SR S A
F”H H” 0" H 0" H N OCHj R
170 171 162 172 173 174
CHO
0 0 Q CHO G N
N-N
M R JL R Noy-eHo ()
- - NS0 / N
CI” N H™ N \ /QS Oxg I
R R CHO
175 176 177 178 179 180
X >N
oo  vearo Ll oo T o
N-CHO O N-cHo L _cHo A, .CHO N
s/ N" N NN
| | ome |
181 182 183 184 185

Figure 16. Traditional formylating agents.
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The most common formylating agents, for example, formic halides and formic
anhydrides tend to suffer from stability issues and degrade easily upon storage.
Cyanomethyl formate is a very useful, however, difficult to prepare formylating
agent.® Isopropenyl formate, on the other hand, is also a very fast and efficient
reagent, but its synthesis requires a multi-step sequence. The ozonolysis of
oxazoles also leads to formyl compounds but requires the use of ozone.
Commercially available N-formylimidazole is a valuable formylating agent but is
also very hygroscopic. Great instability also characterises N-formyl-4-pyridone and
N-formyl-2-pyridone.'®*4 Finally, coupling agents have also been used in
conjunction with formic acid to achieve N- and O- formylation, however, the
removal of the resultant side products is often labour intensive.®! Among the
ot her s, Kldotmylbenzbtyadote has proven to be a valuable, efficient,

stable and easy to handle formylating agent.!?

2.4 N-Formylbenzotriazole

In 1994, Katrizky developed N-formylbenzotriazole 186 (Figure 17) as a stable
and convenient formylating agent to achieve N- and O- formylation quickly and

efficiently.

186
Figure 17. N-Formylbenzotriazole 186.

N-Formylbenzotriazole has become, in a large number of cases, the reagent of

choice to achieve the mild and selective formylation of alcohols, amines and even

ami des. Katrizkyods me tNafamdylbenamtriazote Istarts siithn t h e
benzotriazole which is coupled with formic acid in the presence of N, N &

dicyclohexylcarbodiimide (DCC) in anhydrous dichloromethane (Scheme 49).

' cHO
N\N + HoooH —2C . N‘N
’\i’ CH20|2 '\i’
RT, 15 h
187 188 71% 186

Scheme 49. Katri z ky 6 sN-Rormglqerszotreazole ©86. o f
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Unfortunately, while the coupling proceeds quickly and efficiently, the separation of
the desired N-formylbenzotriazole from the urea side product is non-trivial and
requires repeated and lengthy purification by recrystallisation which severely
decreases the isolated yield. Furthermore, even after repeated recrystallisation
and trituration, the N-formylbenzotriazole obtained is often contaminated with urea
by-products making the yields highly variable and often irreproducible. Efforts in
our group to reduce the amount of urea side products by switching to N, N o
diisopropylcarbodiimide (DIC) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDCiI) failed to yield pure N-formylbenzotriazole in significant amounts and with
the necessary purity. To solve such issues, a fast, efficient and environmentally
friendly method for the synthesis of N-formylbenzotriazole had to be developed for
the successful completion of this project.

It was hypothesised that acetic formic anhydride 162 might effectively formylate
benzotriazole 187 under mild conditions without the need for coupling agents
and/or reaction additives. Thus, acetic formic anhydride was formed efficiently
from acetic anhydride and formic acid, both under normal heating at 55 °C or at 80
°C under microwave conditions. The newly formed mixed anhydride was then
treated with neat benzotriazole 187 at 55 °C. In our initial studies, the reaction
mixture was dissolved in ethyl acetate, and the organic layer washed with water.
Removal of the solvent under reduced pressure gave a white solid in 60% vyield
which consisted of N-formylbenzotriazole 186 and N-acetylbenzotriazole 189 in a

6:1 ratio, but most importantly, without any other side products (Scheme 50).

pt
0" H
N, 162 N, N,
/N o H /N + ’N
H 55 C, 45 min N N
60% CHO o
187 186 6:1 189

Scheme 50. Preliminary synthesis of N-formylbenzotriazole.

Optimisation of the transformation by lowering the temperature of formylation to O
°C shifted the ratio to 44:1 in favour of the formylated adduct 186. Further
lowering of the temperature to -10 °C increased the selectivity and specificity of

the reaction to afford N-formylbenzotriazole in a 160:1 ratio and with no detectable
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side products. The lower reaction temperatures favour the preferential

benzotriazole attack on the formyl as opposed to the more hindered acetyl

carbonyl unit. This results in the selective ejection of acetate over a formate

leaving group. Additionally, the yield was significantly improved (94%) by

eliminating the workup procedure and simply removing the acetic acid by-product

under reduced pressure (Table 2).

o o
O — @E @E
N
H
187 189 o
Conditions Yield Ratio (186 : 189)
55 °C, 45 min’ 60%"" 6:1
0 °C, 45 min’ 77%" 44 :1
-10 °C, 45 min’ 94% 160 : 1

i) Benzotriazole was added neat; ii) Benzotriazole was added as a 1M solution in THF;
iij) Water was added as part of the workup procedure

Table 2. Optimisation of the synthesis.

Faced with such a dramatic improvement, the optimised mixed anhydride

formylation conditions were also applied to a number of differently substituted

benzotriazoles. In all cases, the formylation took place in excellent yield (Table 3).

JL
\\ 162 \\N . \\
10 °C, 45 min
o
Entry Substrate Yield Ratio
Me N
1 \C[\\N 190 99% 43:1  191a':191b
/
N
H
Me N
2 D:\:N 192 94% 1936:1 193a:193b
N
Me H
3 \C[\:N 194 99% 23:1 195a: 195b
N
H
N
4 | N 196 96% 54:1 197a:197b
N N
H
O,N N
5 \<>L\:N 198 90% 45:1 199a" : 199b
N
H

i) Obtained as a 1.6 : 1.0 mixture of regioisomers. ii) Obtained as a 2.5 : 1.0 mixture of regioisomers. jii)
Obtained as a 12.0 : 1.0 mixture of regioisomers. iv) Obtained as a 5.7 : 1.0 mixture of regioisomers

Table 3. Synthesis of substituted N-formylbenzotriazoles.
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As expected, formylation of unsymmetrical, 5-substituted benzotriazoles results in
the formation of various ratios of formylated regioisomers depending on the
electronic nature of the substituent group. The structure of the major regioisomer

was established through selective NOESY studies (Figure 18).

NOE
NOE /*,——--\\observed
not observed Y H%O
'.\ N
Sou
H,C N

191

Figure 18. Selective NOE confirmation of the regioselectivity of the reaction.

Interestingly, the presence of electron withdrawing substituents on the
benzotriazole unit resulted in a decrease in the formylation selectivity, presumably
due to the lower reactivity of the benzotriazole core unit.

Acetic formic anhydride also formylated effectively the azo-analogue 197 (entry 4)
in excellent yield and with good selectivity relative to the acetylated product.
Interestingly, a 12:1 ratio of N-formylated regioisomers was obtained (Scheme
51).

P
0~ H
SN, 162 NN NaeN
N ————— [ N+ [ N
NN -10 °C, 45 min N~ N N
81% CHO CHO
196 197a 197a'

Scheme 51. Synthesis of the azo-analogue 197.

NOE studies show that formylation takes place preferentially on the same side as

the pyridine ringdés nitrogen. l ndeed,

the formyl proton and any ring protons, indicating the presence of the formyl group
adjacent to the heteroatom (Figure 19). The observed regioselectivity can be
explained through a zwitterionic intermediate analogous to that proposed by

Carpino for 1-hydroxy-7-azabenzotriazole (HOA1)®® (Figure 20).
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NOE
not observed

H H\Fo
XN
| N

7

N N

Figure 19. NOE confirmation of the regioselectivity of the reaction.

N,
| | N
N
i Co

Figure20.Car pinobés zwitterionic i

Having explored the scope of the reaction conditions to formylate other
benzotriazole systems, the feasibility for scaling the process up was then
assessed (Table 4). We were pleased to see that increasing the scale of the
reaction had minimal effect on the yield and the purity of the N-formylbenzotriazole
186 obtained. Most importantly, there was no product purification required
regardless of the reaction scale. The volume of THF used was also significantly
decreased by increasing the concentration of benzotriazole in THF up to 1.8 M
without any significant drop in yield, purity or selectivity. Furthermore, preliminary
results suggest that it might be possible to use non-anhydrous conditions during
the formylation.

CEN\\N 162 @[N\\N
H/ -10 °C, 45 min N/

187 186 CHO

Entry Amount Yield Purity
1 2.98 ¢ 94% 99+%
2 4169 96% 98.5%
3 13.09 ¢ 98% 99+%
4 29.00 ¢ 99% 99+%
5 64.29 ¢ 98.5% 98.5%

i) Added as a 1M soln in THF; ij) Added as a 1.8 M soln in THF.

Table 4. Scale-up of the reaction.
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In summary, a fast, efficient, and environmentally friendly procedure for the
synthesis of N-formylated benzotriazoles was developed. This method required
very small amounts of organic solvent and produced acetic acid as the only
significant side product. The THF used in the reaction mixture can be recovered
during the evaporation step, thus causing minimal environmental impact and
minimising costs. As a whole, this procedure represents a great improvement
compared to other methods currently available for the synthesis of N-
formylbenzotriazole in terms of cost, yield and overall efficiency.

Attention was then focused on the synthesis of the tetrabromo-derivative 204 and
the dinitro-derivative 202. It was expected that the symmetry of their structure
would avoid the formation of mixtures of regioisomers and of special interest was
the inductive and electronic nature of their substituents which should increase the
reactivity. Disappointingly, while the synthesis of the starting materials 201 and

203 proceeded smoothly, their formylation was unsuccessful (Scheme 52).

H O.N H
/@[NHZ NaNO, /@EN\ H,SO,/HNO; 2 QN\
—_— N ———————~ N

i 115°C, 12 h i

ON NH, CH3COOH/H,0 ON N , ON N

2 88% 56%
200 198 201
0O o
ho AN, CHO
O2N N, 162 ON N,
N N
O,N N -10°C,45min  O,N N
201 202
o o
Br PPN Br  cHo
H H 0~ H 5 ¢
N, Br, Br N 162 r N,
N N 77 > N
N HNO; (conc.) o N  -10°C,45min  Br N
80%
187 Br 203 Br 204

Scheme 52. Efforts towards the synthesis of new N-formylbenzotriazoles.

44



A. E. Pasqua 2013 Chapter | Results and Discussion

2.5 N-Formyl imides from acyclic amides

Thanks to the development of this novel efficient procedure for the synthesis of
highly pure N-formylbenzotriazole, it was possible to successfully subject a series

of acyclic amides to our previously used formylation conditions.*®

CHO
N
5O R
N _CHO
R”™ “NH R”™ °N
- nBuLi, THF, 12 h R

\,
w
N
o)
o)

:zﬁo ;U_
z
I
N
::%Egc
Iz
\
@)
I
O

205

N
-
N

60%

44%

P4

T
N

P4

X,

(<]

N
T
N
-
H

e ; X

48%
208

.CHO

P4
T
N

75%

I-z

209 216

Rt 4

81% .CHO

210 217

Q.9
.

22% .CHO

\

\, 7
Z
I
N

\

\, 7

Ir-=z

211 218
Table 5. Synthesis of acyclic N-formyl imides.
Apart from a few exceptions, the transformation was satisfactory and afforded the

desired N-formyl imides in high purity, ready to be used in the subsequent step of

halo-olefination.

45



A. E. Pasqua 2013 Chapter | Results and Discussion

2.6 Halo-enamides via Takai olefination

With the N-formyl imides in hand, we focused our efforts towards the development

of an efficient approach t ehalo-dnanideseagwelh s e |

as a demonstration of their practical synthetic potential.

The first attempt was based on the Takai olefination to afford the respective b-
iodo-enamides. This olefination reaction was introduced by Takai and Utimoto in
1987 and describes the simple and stereoselective conversion of an aldehyde to
the resulting (E)-alkenyl halide, after treatment with a haloform-chromium(ll)-
chloride system. The organochromium species can be generated from iodoform,
bromoform or chloroform and an excess of chromium(ll) chloride (Scheme
53)_[64a,b]

O
J‘J\ CHX3, CrCI2 R1/\/X . R1/\|
R' "H
THF X
R'=alkyl, aryl, X=Cl,Br,| (E)-alkenyl  (Z)-alkenyl
alkenyl halide halide

major minor

Scheme 53. Takai-Utimoto olefination.

The E/Z ratio depends on the haloform used (CI>Br>l), with best selectivity
observed when X = Cl. The rate of the reaction is also correlated to the haloform
used: I>Br>Cl. lodoform reacts rapidly at low temperatures (0 °C) while the other
haloforms require higher temperatures to react.

The mechanistic details of this transformation are not yet completely known,
however, a plausible hypothesis is that the reaction proceeds via geminal-
dichromium intermediates, that are nucleophilic and attack the carbonyl compound
t o f o rorycheomium intermediate, which then evolves towards the desired
(E)-alkene (Figure 21).

o CRe
X

X X
Xﬂ/x% X\kCr(”')Xz e X,r__criny, | R yH %%a/H R X
: H T H (;)R1 (E)-alkenyl halide
CriX, major

Figure 21. Mechanism of the Takai-Utimoto reaction.
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Our initial studies began with valerolactam 33, which was efficiently N-formylated
using acetic formic anhydride 162 to generate the desired N-formyl imide 167
under our previously reported conditions.®° Treatment of N-formyl imide 167
under standard Takai conditions using commercially sourced chromium(ll)chloride
af forded t hiedoemhmidei 21%id varfable yields, and as inseparable
mixtures of (E)- and (Z)- isomers. Unfortunately, the reaction proved to be highly
dependent on the quality of the commercially sourced chromium(ll)chloride
employed. In a number of cases, the iodoolefination failed to yield any of the

desired b-iodo-enamide adduct (Scheme 54).

A2, ;
_CHO NG

ij‘“* 15 N CrCly, CHI5 ij“

33

75% THF
167 0-20% 219

Scheme 54. Takai olefination of N-formylimide 167.

Faced with such an erratic procedure, a more reproducible and reliable method
was sought. Gratifyingly, treatment of N-formyl imide 167 according to Auge 6 s
modification of the Takai reaction, in which chromium(lil)chloride hydrate is
reduced in situ using zinc, yieldedt h e d e doda-eeammideb219 in moderate

yield, and significantly, as a single (E)- double bond isomer (Scheme 55).[°®!

CrCly»6H,0 4 crcl; Nal.zn_ crcl,
vacuum
i )?\ i i CHO 1 1 Joiaore
. |
@H 15 N CrCly+6H,0, CHIg ij“)\/
75% Nal, Zn, THF H
33 167 46% 219

Scheme55.Augedbds modi fication of Takai

The assignment of the double bond geometry of the newly formed b-iodo-enamide

219 was confirmed by both *H NMR and crystallographic analysis (Figure 22).
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Figure22. Cr yst al sotloremamidei2d% of D

Using the optimised conditions, a library of lactams were formylated and the
resulting N-formyl imides 166-169 wer e treated under Auge
conditions to (e n-edo-aramided 212222 ie moderated yielt
(Table 6). In all cases, only the (E)-isomer was detected both in the *H NMR of the

crude reaction mixture and after purification by column chromatography.

o o
o HJ\o 0 CrClgeH,0 @
NH 162 N,CHO Zn, Nal, CH|3 N/\/l
)a  60°C,12h i THF iLJ)n

O
e}

(o] / |
NH N-CHO éN///
220

163 2% 166 51%

|

O /|(
_.CHO

N
167  46% 21
|
0 J/
_.CHO
N
81% 168 40% 221

o J/
NH CHO
165  85% 169 42% N 222

Table6. Sy nt h-eodoesamialds frdm cyclic N-formyl imides.

75% 9

o (e
z
Z I
> w
D w
o (o (O
J z

Cr

Having shown the ability of cyclic N-formyl imides to undergo iodoolefination, we
became interested in exploring acyclic N-formyl imides as Takai olefination

substrates. The idea of having an unprotected imide is very appealing as this
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would avoid the need to subject the often unstable enamide derivatives to the
generally incompatible conditions required for the removal of nitrogen protecting
groups.

Thus, acyclic amides 205, 206 and 209, were N-formylated using N-
formylbenzotriazole/nBuLi. The quality and the purity of N-formylbenzotriazole are
essential for obtaining pure N-formyl imides in reproducible yields.

lodoolefination of acyclic imides 212, 213 and 216 under Augeods C
however, yielded some very interesting and intriguing results. N-Formylbenzimide
216 and N-formylbutyrimide 216 yielded mixtures of (E)/(Z)-iodo-enamides 223
and 224 in which the (E)-iodo olefin was the major isomer. In the case of the
dioxolane substituted N-formyl imide 212, on the other hand, a nearly equal
mixture of (E)/(Z) iodo-olefins 225 was obtained in which the (Z)-isomer was
slightly predominant. Interestingly, the dioxolane derived (E)-iodoenamide 225E
proved to be unstable to normal separation conditions and underwent

decomposition during the purification procedure (Scheme 56).

CrCI3°6H20 0]

) nBul i Zn, Nal, CHI
i) N- i _.CHO Zn, Nal, I
NH, i) N-Formylbenzotriazole N 3 N/\"’d
THF H THF H
75% 41%

209 216 223 (E/Z =3.0:1.0)

o . : o} CrCly*6H,0 o
i) nBulLi 3°0M;
/\)kNH i) N-Formylbenzotriazole /\)J\N/CHO Zn, Nal, CHI3 /\)J\N/\,ﬁl
2 THF H THF H
206 60% 213 21% 224 (E/Z =5.0:1.0)
o] i) nBuLi 0 CrClz+6H,0 o
NH, i) N-Formylbenzotriazole MN,CHO Zn, Nal, CHI3 MN/\NI
2 >
THF H THF H
o.__0O o__0O o.__0O
>< 205 73% > 212 32% <\ 225 (£/2=1.0:1.1)

Scheme 56. Sy nt h @odoresamidds frdm acyclic N-formyl imides.

We believe that the marked difference in behaviour during the iodo-olefination
between the lactam derived imides and the acylic cases can be attributed to the
geometry of the N-formyl imide. In the lactam cases, the cyclic nature of the imide
unit severely restricts the conformational flexibility of the imide unit, which in turn

translates into the generation of a single (E)-iodo-olefin isomer.
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In the case of the acyclic N-formyl imides, the situation is more complicated.
Crystallographic data for N-formyl imides 216 and 212 suggest that the N-formyl

carbonyl adopts a similar conformation within the two imides!® (Figure 23).

/‘?/\\____"

- "y A ¥ & 0
./ \"--.;/ ; N
= \

Figure 23. N-formylbenzimide 216 and dioxolane derived N-formylimide 212.

This would imply that it is the rotational freedom of the imide unit along the bond
between the internal carbonyl and the acyclic unit that determines the selectivity of
the reaction. This would be consistent with the results observed in which the alkyl
group in imide 212 exerts a slightly greater influence on the imide conformation
than the flat aromatic substituent in imide 216.

The geometry of N-formyl imide 212 on the other hand, is influenced by the
conformation of the dioxolane ring as well as the potential interaction of the imide

unit with the proximal oxygen of the ketal unit.
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2.7 Sonogashira coupling

Having gener at ehdlo-endnmedesdveesvere iaterestbd in their utility

in combination with other methodologies (for example, metal mediated couplings)

to generate novel, and diverse building units.

It was initially deci de dodotepamides tlundargoe t |
palladium-me di at ed Sonogashira couplings-ywith
enamide units. It was reasoned that structurally constr a i n-gndenainides could

have applications as reactive intermediates in both synthetic and medicinal
organic chemistry. Furthermore, their defined molecular shape makes them
potential candidates for the development of molecular tweezers and other
structurally defined units in materials and supramolecular chemistry.

The Sonogashira coupling was introduced for the first time in 1975, when
Sonogashira and co-workers reported the copper-palladium catalysed coupling of
terminal alkynes with aryl and vinyl halides to give enynes (Scheme 57).

RI-X ., H—R? Pd© or Pd" (cat.) / ligand RI—=— R2
Cu(l)-salt (cat.) / base / solvent
R' =aryl, alkenyl, RZ?=H, alkyl, aryl, coupled product
heteroaryl alkenyl, SiR3

X=Cl,Br, |, OTf

Scheme 57. Sonogashira coupling.

The copper(l) salt can be commercially available Cul or CuBr and is only needed
in catalytic amounts (0.5-5 mol%) with respect to the halide or alkyne, often the
base serves as the solvent, but occasionally a co-solvent is used. Crucially, the
reaction does not require rigorous drying. The coupling is also stereospecific as it
preserves the stereochemistry of the substrates in the products. The order of
reactivity for aryl and vinyl halides is I~OTf>Br>>CI. Although, almost all functional
groups are tolerated, alkynes with conjugated EWG tend to rearrange to allenes.
The large functional group tolerance has rendered the Sonogashira coupling
extremely useful in the late stages of total synthesis. There are only few limitations
to this methodology, such as the use of high temperatures for unreactive or bulky

substrates and the potential side reactions of alkynes at high temperature.
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The mechanism of the Sonogashira coupling follows the traditional pathway of
oxidative addition and reductive elimination, however, some mechanistic details
such as the catalytically active species remain unknown. The sequence begins
with the generation of the Pd® species from a Pd"’ complex by reduction with the
alkyne or with a phosphine ligand. The Pd® species is then subjected to oxidative
addition with the aryl or vinyl halide, followed by transmetallation by the copper(l)-
acetylide. Reductive elimination affords the desired coupled product and the cycle

ends with the regeneration of the catalyst (Figure 24).1°®

Cu
| | [amine base]H*X"
R’
- 2
R-X L,Pd I R
X
H——R?
oxidative transmetallation . .
addition amine base
1
LnPd(”)’R
Pd© or Pd") complexes | —— pgOL,
(precatalysts) | |
R2
P reductive
R'—— elimination
coupled product
Figure 24. Sonogashira couplingds mec

Il ni ti al S o0 n o g a sitdbd-enamide 219 with pheny! acetylené afforded
t he d e gn-enamile 226 in excellent yield and as a single isomer (Scheme
58) . The struct ur al-ynemwmideR6mancorrolmfatedtbiz X- b

ray crystallography (Figure 25)."!

=
L O
S Sl
(PhgP)4Pd, Cul, Et;N

219 DMF 226
93%

Scheme 58. Sonogashira coupling.
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Figure 25. Crystal structure of compound 226.

The excellent yield observed in the Sonogashira cross-c o u p | i -fodp-emamideb

226 and phenyl acetylene was then reproduced with a number of phenyl
substituted acetyl enes usadoepamlestohgenergte | i ¢
t h eyn-bnamides 227-232. However, when alkyl substitued alkynes were used in

the crossscoupl i ng, a significan-yn-emamidep 231 and t he
232 obtained was observed. We believe that this difference in yield between the

al kyl substituted and jyrhemamdé proslucts s duettout e d
the greater st ab-ynlenamige adductstolitagnedpatherrthan dueb

to the Sonogashira coupling itself (Table 7).

R
(o) 2
Py =z
R N/\/

(PPhs),Pd, Cul, Et;N

R)J\NM
DMF

@ng T

227 92% 230 99%

it dw

228 94% 231 33%

o} OTBS
/\/\/
N™ N
H || 229 85% H 232 40%

Table 7. -yb-enamides.
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The custom alkynes 235 and 238 used for the Sonogashira coupling were easily
prepared following the traditional Corey-Fuchs procedure, while the alkyne 240
was prepared via TBDMS protection (Scheme 59).

O PPh3 CBr4 |
H nBuLi
CHZCIZ THF
60%
233
o PPh3 CBl"4 |
/©)k nBuLi
CH CI THF
Ze 50%
OH TBDMSCI OTBDMS
// EtsN //
4 CH,Cl, V4
239

63%

AN

\

235

|

‘%

by 238

Scheme 59. Custom alkynes for Sonogashira coupling studies.

Furthermore, preliminary evidence demonstrated that it is possible to selectively
reduce the recent | vy o byh-enammdesd to belectively generate (E,Z)-

dienamides in excellent yield through catalytic hydrogenation (Scheme 60).

R
o _ Pd, BaSOy, H,
ij“ NP Quinoline

EtOAc, RT, 1.5 h
_ R =H 99%
226 R =H R = Me 70%
227R=Me 22R=Me R

Scheme 60. R e d u c tymn-enamidesfto (B,Z)-dienamides.

The stereochemistry of the dienamides obtained was confirmed via *H-NMR
studies together with NOE studies. The observed J values of 14 Hz and 11 Hz are
a clear indication of the geometry of the two double bonds in the (E,Z)-dienamides.
In addition, NOE correlations were observed between the lactam ring and the
aromatic ring, as well as between the protons of the dienamide moiety; those
correlations are possible only in the presence of a cis double bond (Figure 26).

54



A. E. Pasqua 2013 Chapter | Results and Discussion

H"\' J=11.0 Hz
S H

R NOE interactions g

Figure 26. NMR observations.

In conclusion, we have developed a fast and efficient method which takes
advantage of the pseudo-aldehyde behaviour of N-f o r my | i mi dehalo-t o ¢
enamides in a single step, in moderate-good yields and without the need for
nitrogen protecting groups. The b-halo-enamides can be easily functionalised into
b-yn-enamides and dienamides in excellent yields and with complete selectivity.

We believe that this route complements and expands the methodologies currently
available for thhaleenami¢ @ $ Jyreehamedes arfd diéhamides,

and can be easily modified for the generation of novel structural motifs with
potential applications in synthetic, biological, medicinal, supramolecular and
materials chemistry.!®®

Despite these promising results, this route required the use of toxic chromium salts
and was limited to the synthesis of (E)-halo-enamides. As a result, we next
focused our attention on the development of a synthetic method for the (2)-

selective generation of b-halo-enamides.
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2.8 Stork-Zhao olefination

Our initial approach to the synthesis of (Z)- b-halo-enamides was focused around
the Stork-Zhao modification of the Wittig olefination.

The reaction of a phosphorus ylide with a carbonyl unit was introduced by Wittig
and Gessler in 1953, and is considered the most widely recognised method for
carbonyl olefination. The Wittig reaction is a syn elimination, driven by the strength
of an oxygen-phosporus bond. The elimination step occurs from an in situ
generated intermediate, which decomposes spontaneously.

Mechanistically, the reaction begins with a phosphonium salt that is deprotonated
by a moderately strong base to form the corresponding ylide. The ylide is the
nucleophilic species which attacks the carbonyl group to generate the intermediate
betaine, which, in turn, evolves to the 4-membered ring oxaphosphetane
intermediate. This species is very unstable and evolves spontaneously towards
the desired alkene and the phosphine oxide as a by-product via elimination. The
formation of the phosphorus-oxygen double bond is responsible for driving the

reaction equilibrium towards product formation (Figure 27).[69""]

+ - base + -
PhsP-CH,X + X —_— [PhaP-CHX‘—’ PhzP=CHX

R

o

H

H x H x

X R PhsP PhsP

— 3 - 3
PhsPO + Y= ~—— O_LH o—H
H H R - R

oxaphosphetane betaine
Figure 27. The Wittig-type olefination reaction.

The stereochemical outcome of the reaction depends on the nature of the ylide
employed. In fact, the stabilised ylides (so called because the negative charge is
stabilised by an adjacent EWG) evolve towards (E)-alkenes and the unstabilised
ylides, on the other hand, towards (Z)-alkenes. The (Z)-selectivity in Wittig
reactions of unstabilised ylides can be explained through the stereoselective

formation of the syn oxaphosphetane intermediate, followed by a stereospecific
56



A. E. Pasqua 2013 Chapter | Results and Discussion

elimination. The syn oxaphosphetane is favoured because the large substituents
tend to orientate themselves as far as possible in the transition state (Figure
28).[69b]

large substituents

keep apart
B e N P@
3 . 3
O:/\ |
R H Otl__’<-—/
PhsP=CHX ———— XJ\H R — > R

ylide and carbonyl < H
approach perpendicularly X

PhsP—~——0 0 H W
B — \)( - > Ph/Fl)\Ph + >:<
Ph X R
X R (2)-alkene

Figure 28. Stereoselectivity of the Stork-Zhao olefination reaction.

Our Stork-Zhao olefination studies began with the caprolactam derived N-formyl
imide 168 which was treated under classic Stork-Zhaods ol ef i n@t i or
using bromomethylenetriphenylphosphorane!™®”! and NaHMDS. Unfortunately,
the reaction failed to generate the desired (Z)-bromo-enamide. After extensive
experimentation, with a number of different bases and varying amounts of
phosphonium salt, the desired (Z)-bromo-enamide was detected only in poor
yields. However, using a 10-fold excess of phosphonium salt and switching the
base to tBuOK, cleanly converted the N-formyl imide 168 into the unexpected

dibromo-enamide 243b in excellent yield (Table 8).

o % o] o} Br
N>\\H " B N/Q‘?’ N/k<
Br PhzPCH,Br Br Br
THF, 12 h or
168 243a 243b
Base Br Ph,PCH,Br T Yield
NaHMDS (2 eq) (2eq) RT No Reaction
NaHMDS (10 eq) (10 eq) reflux No Reaction
NaHMDS (10 eq) (10 eq) RT 243a 10% (E/Z 1:0)
KHMDS (70 eq) (10 eq) RT 243a 30% (E/Z 1:1)
LiIHMDS (70 eq) (10 eq) RT No Reaction
LiIHMDS (10 eq) (10 eq) reflux No Reaction
KOtBu (5 eq) (5eq) RT 243b 20% (60% brsm)
KOtBu (10 eq) (10 eq) RT 243b 93%

Table 8. Synthesis of b , -dibromo-enamide 243b.
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Dibromo-enamides are well-known synthetic intermediates which have been
previously accessed through the use of a Ramirez olefination.®5%®
Unfortunately, the Ramirez conditions are limited to the dibromo-olefination of
tosyl-, Piv- and Boc- imides, and are not applicable to unprotected imide
systems (Scheme 61). Indeed, Lautens reported that the gem-dibromination of
formamides only works when an N-carbonyl protecting group (Boc or Piv) on

the formamide is present.l®”

(0]
Alkyl PPh., CBr, Alkyl Br
\N)]\ H 3 4 'Tl /\/

I‘? R =Ts, Boc, Piv R Br
(0] (6]
PPh,, CBr,
R1J\NLH 3 4 No Reaction
| R =H, alkyl
R R' = alkyl, aryl,
alkenyl, etc

Scheme 61. Previous s ydibtomeenamsdesof b, b

Hence, the unexpected and high yielding imide dibromo-olefination reaction
could provide a viable synthetic alternative for the synthesis of structurally
di v e r sdidrombo;ebamide units. Significantly, consistently, excellent results
were obtained when the same bromo-olefination conditions were applied to a

wide variety of N-formyl imides (Table 9).
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- +
Q i BrPhsPCH,Br o
JC cHo : Py Br
R THF, RT, 12h R Br
o 0
y-CHO -
0,
166 94% 246 Br
0 0
N,CHO N/\/Br
91% Br
167 247
o 0
@,CHO C)N/\(Br
0,
168 93% 243b Br
o 0
_CHO B
N N/\( r
90% Br
169 248
0 o
A~ ero P NN
) 99% |
H 213 249 H Br
Pt °
_CHO
N A Br
CH, 99% NS
244 250 CHs Br
? o
©)J\N,CHO o
l N/\(
H [
216 9% 251 H  Br
o o
N'CHO Br
H, 85% N

i)All reactions were conducted using 1 eq of N-formyl imide, 10 eq of salt and 10 eq of base in dry THF (0.33 M) at

RT for 12 hours.

Table 9. Effect of imide substitution on dibromo-olefination.

Faced with such satisfying yields and scope for the synthesis of dibromo-
enamides, we were curious to discover whether similar results could be
obtained using iodomethylenetriphenylphosphorane. Initial iodo-olefination of
N-formyl imide 168 matched the results obtained during the bromo-olefination,
yielding diiodo-enamide 253 in excellent yield (Scheme 62).
The structure of the diiodoenamide 253 was corroborated by crystallographic
analysis (Figure 29).
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o] o)
T /~(
N | PhyPCH,l N
KOtBu, THF, 12 h
0,
168 99% 253

Scheme 62. Synthesis of b , -diiodo-enamide 253.

v

Figure 29. Crystal structure of diiodo-enamide 253.

Currently, the only other report i n t kieodot i t e
enamides is that of Ferreira and co-workers, who reported the generation of
b ,-diiodo-enamides in highly variable yields by treatment of amino acid

derived enamides with I, at 80 °C (Scheme 63).17%2"!

H i H
1 i) Boc,O, DMAP 1
R \[(N\[COZCHS i) TMG R \H/N\H/COZCH3 I, KoCO3 \H/ CO,CH;
O 50-71% O THF, 80 °C I

OH 40-53%

Scheme 63. Ferreirads -diodorgndinedses. s of b, b

Application of identical iodo-olefination conditions to the model group of N-
formyl imides previously used demonstrated that the iodo-olefination is
substrate dependent (Table 9), a fact previously noted by Ferreira in his
enamide iodination studies. For instance, iodo-olefination of N-formyl imide 169
under the same conditions yielded the diiodo-enamide 254 together with traces
of the unexpected (E)-iodo-enamide 221. The iodo-olefination of the N-formyl
imides 166 and 167on t he ot her hand resulted-in
iodo-enamides 220 and 219 respectively. In both instances, the reaction

proceeded in good vyield and with complete (E)-double bond selectivity.
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Interestingly, aromatic N-formyl imides (216, 245) proved inert under the
reaction conditions affording only starting materials, while the same N-formyl
imides proceeded cleanly to generate the dibromo-enamide products.
Furthermore, the steric environment surrounding the N-formyl group seems to
influence the iodo-olefination significantly; for instance, whilst the butyramide
derived imide 213 was diiodo-olefinated in working vyields, N-methyl

propionimide 244 failed to react under identical conditions.

0 C ohoo o) o)
i 1| PhgPCHbl
_CHO
R)J\N _ tBuOK RXN/\KI . RAN/\P’JI
R THF, RT, 12 h R R
o
_CHO NG
N gy,
166 220 (E/Z:1/0)
o
N/\/l
80%
219 (E/Z: 1/0)

O

.CH |
CHO N/\(
168 I 253 99%
o] o]
_CHO | S
N N/\( N/\/
| +
169
o]

o (e (o -
z Z\ zZ
(@]
N T
> (@)
:

254 89% 221 10%
(E/Z: 1/0)
(@]
_CHO
/\AN /\)J\N/\/I
H 213 255 40% 1 |
(@]
N cHo
’}‘ No Reaction
CHs 244
(e}
_.CHO
’Tl No Reaction
H 216
(0]
_CHO
'Tl No Reaction
CHj
245

i)All reactions were conducted using 1 eq of N-formyl imide, 10 eq of salt and 10 eq of base in dry THF (0.33M) at RT

for 12 hours.

Table 9. lodo-olefination of N-formyl imides.
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This result was unexpected, as dihalo-olefins are seldom detected as side
products during the olefination of ketones and aldehydes. The closest literature
precedence for the formation of dibromo-enamide 243b is the dibromo-

olefination of lactones reported by Chapleur and co-workers (Scheme 64).1"%

Br
- +

0] Br Ph3;PCH,Br
0 3 2 O—= " pr
R tBuOK _ R
R3 THF, reflux R3

R2 32-87% R?

Scheme 64. Chapleuré s d i -blefioatiom of lactones.

Mechanistically, t he f-dibbrom@enamodas  usirfg
bromomethylenetriphenylphosphorane could follow two potentially competing
reaction pathways as proposed by Chapleur in explaining the lactone
dibromoolefination. Initially, deprotonation of the phosphonium salt yields ylide
A which then reacts with a second equivalent of the phosphonium salt to
generate the dibromo-phosphonium unit B and methylene ylide C.
Deprotonation of the dibromo phosphonium salt by either ylide C or tert-
butoxide then yields the dibromomethylenetriphenylphosphorane D that can
subsequently react with the N-formyl group of imide 168 to generate the

observed dibromo-enamide 243b (Figure 30).

+ (N Br
PhsP”™ "Br -
+ 3 Br PPh3
Ph3P/\Br tBuOK t
Br
PhP” B
A

PhyP” Br
B lf Cc
Br .
168 _
243b ~—— Ph3P¢I\Br * PP
D

Figure 30. Chapl eur 6 s imgtedereraiionoh f or

dibromomethylenetriphenylphosphorane D.

62

t



A. E. Pasqua 2013 Chapter | Results and Discussion

Alternatively the initial olefination of N-formyl imide 168 with
bromomethylenetriphenylphosphorane A would yield bromo-enamide 256,
which then undergoes a second bromination to generate the observed dibromo-

enamide intermediate 243b (Scheme 65).

(e} (0]
N/\ + Br N/\/Br
( PPh3
Br
168

243b
Scheme 65. Stepwise mechanism for synthesis of dibromo-enamides.

From a mechanistic point of view, the high yield isolation of iodo-enamides 219
and 220, would suggest a different mechanism from that proposed by Chapleur,
and would indicate that a step-wise process is taking place, and that the rate
for the iodination step is highly dependent on the structural nature of the iodo-
enamide intermediate generated. Alternatively, it could imply that N-formyl
imides with very closely related structures have very different rates of reaction
with ylides A or D and that the iodo-enamide products obtained from the
reaction with ylide A are not intermediates in the pathway for the synthesis of
diiodo-enamides. Circumstantial evidence for a stepwise process was provided
by control experiments in which valeraldehyde generated the expected mono-
halogenated olefin when subjected to the same reaction conditions,
demonstrating the enamide nitrogenos
Further indication that a stepwise pathway is taking place was provided by the
fact that none of the N-formyl imides reacted with the dibromo ylide D
generated through Ramirez olefination conditions (Scheme 66).

Br
j\ JOJ\H PPhs, c:Br4 THF )J\ j/

| R = H, alkyl
R' = alkyl, aryl,
alkenyl, etc

R

Scheme 66. Failed attempts of Ramirez olefination.

Additional mechanistic evidence for a step-wise process was provided by

treatment of the pantolactone derived N-formyl imide 212 under the same
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iodoolefination conditions, which resulted in the formation of diiodo-enamide
257 and oxazole 258 in good overall yield (Scheme 67). The structures of both
diiodo-enamide and oxazole units were corroborated by crystallographic

analysis (Figure 31).

O Ph3PCH2 3
CHO
- tBuOK
S0 Pﬁ* ek Pﬁ*
o><) H TTHF,RT, 12h
212 257 258

32% 16%

Scheme 67. lodo-olefination of pantolactone derived N-formyl imide 212.

Figure 31. Crystal structures of diiodo-enamide 257 and oxazole 258.

The oxazole unit was presumably generated through the intramolecular
cyclisation of the iodo-enamide intermediate, in a process akin to that reported
by Ferreira through the basic treatment of amino-acid derived b-iodo-enamides
(Scheme 68).1722"]

P

Scheme 68. Ferreira cyclisation o-fodofenamides.

i) Boc,0, DMAP CO,CH,  1)l2: KoCOg

o}
ntT™Me T J/ _i)DbBU I />_R
H3CO,C

CO,CH,

Further evidence that ylide A is the reactive species was provided by the
bromo-olefination of pantolactone derived N-formyl imide 212, which yielded
oxazole 258 in near quantitative yield under the same reaction conditions
(Scheme 69). This would strongly suggest that the N-formyl imide 212 is first
converted to a putative bromo-enamide intermediate which then undergoes

cyclisation to generate oxazole 258.
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—_ —+ O
o Br PhsPCH,Br /\>
MN/CHO {BUOK Pﬁ/]\N
|
o><o H THF, RT, 12 h o><o
212 99% 258

Scheme 69. One-step synthesis of oxazole 258.

These results imply that, at least in the case of di-halo-enamide formation, a
different mechanism is taking place from that proposed by Chapleur for the
dibromo-olefination of lactones. Having successfully achieved a high yielding,
flexible and reliable synthesis of b ,-dihalo-enamides, the key steroselective
dehalogenations were attempted. Both for mechanistic reasons and for the
stability displayed previously by (E)-b-iodo-enamides, it was decided to initially
focus our attentions on the selective de-halogenation of the diiodo-enamide
units. We were pleased to find that treatment of the diiodo-enamides with a Zn-
Cu couple[”] proceeded cleanly to stereoselectively generate the (E)-b-iodo-
enamides 221 and 222 in good yield (Table 10). Interestingly, in the case of the
pantolactone derived iodo-enamide 257, the (Z)-product was the sole isomer
obtained. We believe that the opposite double bond geometry obtained in iodo-
enamide 225 is the result of electronic interactions between the tetramethyl
dioxolane ring and the enamide unit affecting the reactive conformation of

diiodo-enamide 225.

THF/MeOH 1:1 !

i Zn-Cu couple
i
| AcOH |
R JJ\ N /\( R k N/\,\yv
I

R2 R2
o} o)
I ~ !
@N ” @N
|
253 221(E/Z : 10/1)
o I o I
N/%( NN
| 77%
254 222 (E/Z: 1/0)
o} o)
|
sy o OO
o__0 H | o__0 H I
e 257 P 225 (E/Z:0/1)

i)All reactions were conducted using 1 eq of diiodoenamide,30 eq of Zn-Cu couple and 100 eq of AcOH at 0 °C for
0.5 hours.

Table 10. Selective de-iodination of diiodo-enamides.
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Crucially, having access to both the diiodo-enamide 257 and (Z)-iodo-enamide
225 provided the opportunity to further probe the mechanism of the halo-
olefination taking place. It was proposed that if the step-wise mechanistic
hypothesis was valid, basic treatment of iodo-enamide 225 should result in
oxazole formation.

Gratifyingly, treatment of (Z)-iodo-enamide 225 under basic conditions yielded
oxazole 258 together with traces of the de-halogenated enamide 259. On the
other hand, treatment of diiodo-enamide 257 under identical conditions gave
only unreacted starting material (Scheme 70). This would support the theory
that iodo-olefination of N-formyl imide 212 initially yields an iodo-enamide
intermediate, which can then either undergo a second iodination to generate

the diiodo-enamide 257 or a deprotonation-cyclisation to generate oxazole 258.

e} o/\> 9
MN o« s Pﬁ/g“ MNA\
o o Fm TR RT ' '
X 225

(0] (0] H
THF, RT o) (e} ><
258 259
33% 52%
(e}
|
M N /\( tBUOK i
| ——— > No Reaction
fe) le) H | THF, RT
X 257

Scheme 70. Synthesis of oxazole 258 from iodo-enamide 225.

In addition to these mechanistic observations, there was also the support
deriving from control experiments. The same reaction conditions were applied
to simple aldehydes rather than N-formyl imides and the outcome of the
reaction in these cases was, as expected, the generation of monohalo-olefins.
This suggests that the nitrogen present in the N-formyl imides is involved in the
mechanism of the dihalo-olefination reaction. Also the Ramirez olefination (in
which it has been proven that the reactive species is D) was applied to the N-
formylimide substrates, however without success, suggesting again that is not
species D but species A which participates in our novel dihalo-olefination

reaction (Figure 32).
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X
H
+ =
TN x Ph3P/kX * =PPhy
+ o~ _tBuoK [Py X | XTTPPhy B C
Php ~x BUOK } o j
X - X
PhsP” X _t
T A Phep”x * TPPhs
o D
AN -CHO %
H
0 X X
/\> N
-~ Xy, ——> AN
R/Q\N R H“f( R H/\x(

Figure 32. Suggested pathway of the dihalo-olefination reaction.

Final mechanistic observations, that again supported our hypothesis of a step-
wise mechanism, derived from 3'P-NMR experiments in THF, which showed the
presence of speciesA( 0 ~ 13 g£pm) ~ad® ppm) in t
but not D. In view of this evidence acquired, we have tentatively excluded
Chaupl eur 6s me c himfavous o¢f a step-wiseareachanerh.

Having demonstrated the feasibility of carrying out selective dehalogenations
on diiodo-enamides, analogous debromination, with the aim of accessing (Z)-b-
bromo-enamides, was investigated.

Initial debromination attempts on dibromo-enamide 246 using Zn-Cu couple
resulted in a 6:1 (E:Z) product ratio of b-bromo-enamides 260E/260Z in
quantitative yield (Scheme 71). Although this provides a highly efficient
approach to the synthesis of (E)-halo-enamides, it did not provide us with the
complete selectivity observed in the diiodo-enamide series. Crucially, however,
treatment of dibromoenamide 246 using tributyltin hydride/palladium tetrakis!™!
afforded the highly desired (Z)-b-bromo-enamide 260Z in excellent yield and

with complete diastereoselectivity (Scheme 71).

Pd(PPh3),

O (0] O
Zn-Cu couple BU-SNH
AcOH uzSn
N/\,\,\ Br N7 X\, Br N7
THF/MeOH 1:1 EtOAc
Br Br
246

>99% 88%

260E/260Z (E/Z: 6/1) 260Z

Scheme 71. Initial debromination attempts.
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In order to ascertain the efficiency and selectivity for the synthesis of (2)-
bromo-enamide units, the reproducibility of the debromination conditions was
assessed. We were pleased to find that in all cases, the reduction resulted in
the desired (Z)-bromo enamides 256Z and 260-264 in high yields and with

complete stereocontrol (Table 11).

. - + (e}
i i BrPhyPCH,Br ji i Pd(PPhg)y )i
R1 N,CHO tBuOK R1 N/\rBr BU3SI"IH R1 N/\
RZ THF R2 Br EtOAc R2 Br
0 0] 0
.CHO Br X
¢ N 94% N™S 88% N
166 246 Br 260Z Br
o) o) 0
CHO Br
. X X
ij\' 91% N 70% ij"/\
167 247 Br 261 Br
0 0 0
_.CHO Br X
@ 93% N 75% N
Br Br
168 243b 2562
CHO Br
- 99% N 63% A
N g NS ¢ NN
H 213 249 H Br 262 H Br
_.CHO Br o
N 99% ’T‘/\/ 72% 'T'N
CHs  paq 250 CHg Br 263 CH; Br
o) o) o)
_.CHO Br
N 85% N 86% '}‘/\
CH3 CH3 Br CH3 Br
245 252 264

i)The reactions were conducted using 1 eq of N-Formyl imide, 10 eq of salt and 10 eq of base in dry THF (0.33 M) at
RT for 12 hours. ii)The reactions were conducted using 1 eq of dibromo-enamide, 1.2 eq of BuzSnH and 0.1 eq of
catalyst in dry EtOAc (16 mM) at RT for 12 hours.

Table 11. Stereoselective synthesis of (Z)-b-bromo-enamides.

To complete our halo-enamide s t u d i-ehlerp-endmides were also taken into
consideration. In all cases, the methodology efficiently converted the N-formyl
imides into halo-olefins, however, while in the case of the acyclic starting materials

the only reaction products were the (Z)-b-chloro-enamides (Scheme 72), the
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lactam systems afforded mixtures of (Z)-b-chloro-enamides, (E)-b-chloro-
enami des -dahto-erfamifles (scheme 73).
Further studies are necessary for the optimisation of the methodology.
- +
o Cl PhsPCH,CI o
_CHO tBUOK
S0 o P
| THF, RT, 12 h I
212 - + 265
o] Cl PhyPCH,CI o
/\)J\N/CHO tBuOK /\)]\N/\
|1| THF, RT, 12 h |1| Cl
213 100% 266
Scheme 72. Synthesis of (Z)-b-chloro-enamides.
o cl Ph3PCHZCI
tBuOK
N—CHO uo ol +
THF, RT, 12 h
166 267 traces 268 traces 269 98%
— +
o} Cl Ph3PCH,CI
_CHO tBuOK Cl Cl
N u N/\/ . N/\ N/\/
THF, RT,12h
Cl
167 270 74% 271 5.3% 272 4.4%
— +
o Cl PhsPCH,CI o ol o o o
CHO =
N/ tBuOK N/\/ . N/\( . N/%\
THF, RT, 12 h cl Cl
168 273 52% 274 11% 275 10%

Scheme 73. Synthesis of cyclic chloro-enamides.
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29Pot ent i al and -halomnamelési ons of

Thus far, we have described two nhwe-el [
enamides as stereodefined reactive intermediates to be exploited in cross-
coupling reactions for the generation of more elaborated enamide units. By using
the Takai olefination reaction, we have shown the selective synthesis of (E)-b-
iodo-enamides, which are robust and useful substrates in Sonogashira cross-
couplings for tymenamgidesand exentuallynE,Z)-fiendmides.
On the other hand, by using the Stork-Zhao olefination reaction, we have explored
the synthesis of gem-dihalo-enamides. Such species have the potential to be
flexible substrates for the synthesis of branched or unbranched products via
Suzuki-Miyaura cross-coupling reactions. Indeed, reaction of both cyclic and
acyclic dibromo-enamides, under Cos sy 6 s  pf vieldeddthe desired cross-
coupled adducts. Significantly, there was no need for nitrogen protection in the
acyclic substrate (Scheme 74).

o Pd(PPhj),, NaOH

Sne v Jon

Br THF, 70 °C, 3 h
246 93% 276

Pd (PPh3)4 K,COj

OMe
i Meo B(OH)2 /\(©/
Br
N™™ N7 N A

251 277 55% (75% brsm) 278 12%

Scheme 74. Synthesis of branched and unbranched products.

Additionally, bdihdlo-enamides can also be exploited for the generation of

aminoketones, foll oWi(3cheme@5ut enso6 protoco

Pd(PPh3)4 052C03

C)y )viom, CYQ

I THF, 70 °C, 12 h
253 51%

Scheme 75. Synthesis of aminoketones.
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Finally, we have also observed the potential for acyclic b-halo-enamides to be

useful substrates for a novel generation of oxazole products (Scheme 76).

—_ —+ O
o Br PhsPCH,Br /\>
MN/CHO {BUOK Pﬁ/]\N
|
o><o H THF, RT, 12 h o><o
212 99% 258

Scheme 76. Synthesis of oxazoles.

For such reasons, we -haloaenn a o d e b u diibalo-t hba,t
enamides have great potential as key intermediates from which a series of
important transformations can be developed. These substrates have shown a
good reactivity in Csp®-Csp and Csp®-Csp? cross-couplings, with retention of the
double bond geometry. Importantly, this methodology represents a protecting
group-free strategy, an attractive feature not present in the existing examples

reported so far in the literature (Figure 33).

i £ " 2
Z
é»] R1 R‘I R2
B-yn-enamides (E,Z)-dienamides
O (0]
R)J\ N XX R)J\ N

R’ R" X
(E)-B—halo-enamides \ / (Z)-B—halo-enamides
(0]

(e}
)J\'T‘/\/X —_— R)J\’}‘N/m
R' R?

0
R)kmﬁ/R3 —= R
R' X

R'  X(H)
unbranched products / \ branched products
O/\> O
R)\\N R )J\N /ﬁfRz
R’ R'" O
oxazoles aminoketones

Figure 33. Synt het i c-hapleenandesi a | of b
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Thus far, we have explored thhal@enamides in dCsp?-Csph e f
(Sonogashira) and Csp®Csp?® (Suzuki) cross-couplings. The next step, was to
consider the r e a chaldaenantdgsinatHe moreichallenging Edp>- b
Csp?® cross-coupling reactions, which could be very useful in the total synthesis of

natural products containing complex enamide moieties (for example, crocacin D as

will be elucidated in the next chapter). To the best of our knowledge, there are no
examples in the literature so far of Csp®>-Csp®cross-c oupl i ng reacti on
halo-enamides. In our preliminary studies, we took into consideration the use of
(2)-b-bromovinyl-benzamide 281 as a model system and we attempted the Stille
coupling with a custom lateral chain 282, initially following Ec havarr er
protocol.ml A series of catalysts, additives, solvents and temperatures were
explored, however, disappointingly, the reaction was unsuccessful in all cases,

giving decomposition or in some cases (entry 1 and 2) a collateral dehalogenation

to afford the undesired terminal olefin by-product 280 (Table 12).

(0] o 0
X Y —> A
281 282 283 3
X =Br R=H Y = SnBuj OR
entry  catalyst time (h) additives T (°C) solvent product
O
1 Pd(PPhg), 3 . 60 °C (MW) DMF  PhN"S
oH 280
2 Pd(dppf)Cl, 4 } 100 °C (MW) DMF PhUNS
H 280
3 Pd(PPhj), 12 Cul 100 °C DMF  decomposition
4 Pd,(dba); 12 CsF, P(nBu); 80 °C (MW) dioxane decomposition
5 PdCl(r-allyl) 48 TBAF, P(nBu)s 20°C THF  decomposition

Table 12. Efforts towards the Stille coupling.

After the first unsuccessful attempts, Negishi coupling was also explored under
Li pshut zds8 agaid,ithe icross-soupling was unsuccessful, yielding
either unreacted or isomerised starting material. In an additional case formation of

the by-product 280 was also observed (Table 13).
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(0] o (0]
X Y —mM8M > X
281 284 285 3
X =Br R=SEM Y=znl OR
entry catalyst time (h) additives T (°C) solvent product
1 Pd(PPh3),Cl, 48 TMEDA 20 °C THF isomerisation
0]
2 Pd(PPhy),Cl, 72 TMEDA  20°C THF PhANS 280
H
3 Pd(PPh3),Cl, 12 NMI 20°C THF unreacted SM
4 Pd(PPh;),Cl, 24 NMI 50 °C THF/NMP isomerisation

Table 13. Efforts towards the Negishi coupling.

Finally, a preliminary attempt to apply
coupling to our model system was, likewise, unsuccessful, as generating only the
undesired by-product 280 (Scheme 77).l"®

o Pd(PPh;),
Q Cs,CO5
N M~ BRk 2 N
@H B K PhMe/H,0 Ho L o
65°C,2h 3
281 286 R = Gly-OMe 287 R

Scheme 77. Preliminary attempt of Suzuki coupling.

Thus, w e have -salbewa mitdeast -@vald-enamidds are
excellent substrates for Csp>Csp? and Csp?-Csp bond formation reactions to yield
the desired enamides in good yield.

Unfortunately, successful Csp®Csp® cross-c o u p | i n-balo-endmideB has

proven rather elusive and remains a significant challenge.
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2.10 Synthesis of Lansiumamides and Alatamide

Once our met hodol ogy f or t h-baloenamideb easi s
developed, a practical application of this novel procedure was explored. The
methodology appeared to be particularly suitable for the total synthesis of three
stereodefined enamide-containing natural products, namely lansiumamide A 288,
lansiumamide B 289 and alatamide 290 (Figure 34).

(0]
Q o OMe
X 'T' X R N /\/@/
H | N
H
288 289 290

Figure 34. Lansiumamide A 288, B 289 and alatamide 290.

Lansiumamide A 288 and B 289 are two cinnamamide derivatives isolated from
the seeds of Clausena lansium, which is a plant native to China and Taiwan.
Some parts of this plant have been used in traditional Chinese medicine as
remedies against a variety of diseases and, in particular, the leaves are used for
the treatment of asthma and gastro-intestinal diseases, while the seeds can also
be used for the treatment of ulcers and acute or chronic gastro-intestinal

inflamations (Figure 35).[%%

Figure 35. Clausena lansium fruits and seeds.

74



A. E. Pasqua 2013 Chapter | Results and Discussion

In our retrosynthetic analysis, we envisioned lansiumamide B as deriving directly
from lansiumamide A by direct methylation. Lansiumamide A, in turn, could be
derived from the (Z)-b-bromo-enamide 292, via Suzuki coupling with benzylboronic
acid 293. Enamide 292 could be easily obtained via the Pd/BusSnH-mediated
stereoselective debromination of b ,-dbromo-enamide 291. The latter could be
accessed through our dibromo-olefination methodology starting from N-
formylimide 294, which, in turn, could originate from trans-cinnamamide 295 via N-

formylation (Figure 36).

Suzuki coupling

SN N/\
LANSIUMAMIDE B é LANSIUMAMIDE A

Stereoselective

O
B debromlnatlon B(OH)
Nt X X 2
VT NN
" Br H Br
293

U \‘ Dibromo-olefination 292

o) N-formylation

L o

Figure 36. Retrosynthesis of lansiumamide A 288 and B 289.

Our synthesis began with trans-cinnamamide 295 which was formylated with N-
formylbenzotriazole to afford the N-formylimide 294 in good yield.

Treatment of imine 294 with (bromomethyltriphenylphosphonium bromide and
potassium tert-butoxide, cleanly afforded b , -dibromo-enamide 291 in good yield.
Stereoselective debromination of 291 yielded the (Z)-b-bromo-enamide 292 with
complete stereocontrol. Coupling of halo-enamide 292 with phenylboronic acid
293 under Suzuki-Miyaura conditions gave lansiumamide A 288 in good yield and
more importantly as a single double bond isomer. Methylation of lansiumamide A

288 afforded lansiumamide B 289 in quantitative yield (Scheme 78).
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nBuLi, o PhsPCH,Br,

O
N-formylbenzotriazole CHO
SN NH, AN N KOtBu
THF, 12 h H THF, 12h
70% 1%

294

O O
Br Pd(PPhs) Pd(PPhjs),, K,CO
X X 3)4 AN 3)4, KoLO3
r r

EtOAc, 12 h THF, 12 h, 70 °C

291 64% 292 62%
(0]
X N
NaH Mel |
THF 70°C,3h
100% 289

Scheme 78. Synthesis of lansiumamide A 288 and B 289.

Alatamide 290 i s -phenfilethylamine-derived amide isolated from the aerial
parts of the plant Piper guayranum, originating from both Trinidad and Tobago and
Venezuela (Figure 37). Thus far, there have been no reports of medicinal uses of
this plant.®”!

Figure 37. Piper guayranum.

The retrosynthetic analysis of alatamide 290 began with a Zn-Cu
couple/CH3;COOH-mediated debromination of intermediate 277. The latter, in turn,
could be accessed via st ereosel ective S u z u kdibromo-o u p |
enamide 251 with boronic acid 297. The gem-dihalo-enamide 251 could be

derived from the corresponding N-formylimide 216 via dibromo-olefination.
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N-Formylimide 216 could be accessed via formylation of benzamide 209 (Figure
38).

o OMe
/\/@/ Debromination . /©/
©)J\ ©)kN/\(\‘

! N___  Suzuki
H Br coupling
ALATAMIDE 277
. N-formylation U
o 7 o
<
.CHO -~ _Br B(OH),
o = ol O
H \\\ r MeO
216 251 ' 297

Dibromo-olefination
Figure 38. Retrosynthesis of alatamide.

Following our synthetic approach, benzamide 209 was successfully formylated to
afford N-formylbenzimide 216 in good vyield. N-Formylimide 216 was then
subjected to our optimised dibromo-olefination conditions to yield the desire d b, b
dibromo-enamide 251 in good yield. Suzuki cross-coupling of the dihalo-enamide

251 with boronic acid 298 afforded the desired enamide 277 in 55% yield (75%
brsm) together with the undesired by-product 278 in 12% vyield. Dehalogenation of
enamide 277 with Zn-Cu couple/acetic acid yielded alatamide 290 in 90% yield
(Scheme 79).

o} nBulLi, (0]
N-formylbenzotriazole CHO Ph?(POCtgaBrz Br
NH N~ _
? THF, 12h ! THF, 12h /Y
75% H 79%

209

251
OMe
Pd(PPh3)4, K2003 /\/©/ AN
PhB(OH), N7 . N
THF, 12 h, 70 °C
277 55% (75% brsm) 278 12%
OMe
Zn-Cu couple O
CH3;COOH X
N
H
290

THF/MeOH, 24 h
90%

Scheme 79. Synthesis of alatamide 290.
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I n conclusion, our met hodol ogy f o+halot he
enamides, allowed the completion of the syntheses of three enamide-containing
natural products in a simple and efficient fashion. The strategy compares
favourably with the previous examples reported in the literature[®212+2581abl paih

for availability of the starting materials, costs, number of steps and overall yield.

78



A. E. Pasqua 2013 Chapter | Results and Discussion

2.11 Summary and future work

In summary, an efficient and environmentally friendly procedure for the synthesis
of N-formylbenzotriazole 186 and its derivatives has been developed. This method
is considered green as it requires relatively small volumes of organic solvent and
produces acetic acid as the only significant side product. The THF used in the
reaction mixture can be recovered during the evaporation step, thus causing
minimal environmental impact and minimising costs. The procedure represents a
great improvement compared to other methods available currently for the
synthesis of N-formylbenzotriazole in terms of cost, yield and overall efficiency
(Scheme 80).

(@] (@]
R R
)J\O)J\H
N, 162 N,
N — N
1 55 °C, 45 min N’

Iz

-999, I
90-99% CHO

Scheme 80. Synthesis of N-formylbenzotriazoles.

Subsequently, the N-formylbenzotriazole so obtained has been exploited for the
synthesis of N-formyl imides starting from acyclic commercial amides, while cyclic
N-formyl imides have been prepared starting from commercial lactams and easily

available acetic formic anhydride 162 (Scheme 81).

CHO
N
L
o) N o)
R i R
RA’T‘ nBuLi R)L’Tl
THF, RT, 12 h
H 22-81% CHO
o) o o o)
H A éN/CHO
I 60 °C, 12 h I

72-85%

Scheme 81. Synthesis of N-formyl imides.
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With the N-formyl imides in hand, we then developed a fast and efficient method,

which takes advantage of the pseudo-aldehyde behaviour of N-formyl imides, to

a c c e shalo-ebamides in a single step, in moderate-good yields and without the

need for nitrogen protecting groups. The approach hinges on the ability of N-formyl
imides to undergo olefination reactions to generate enamides in good yield and
most significantly without the need for
halo-e nami de s, in turn, can bym-enamides dngy(E,Z)unct

dienamides in excellent yields and with complete stereoselectivity (Figure 39).

/lk .H — /%
R N — R)J\N A —) R)J\N/\/\
R1 ! 1 . 1 2
R R R
B-yn-enamides (E,Z)-dienamides

Figure39. Sy nt hgrsaenanidesfandE,Z)-dienamides.

We have also developed a novel, protecting group-free, efficient and
stereoselective approach to the generation of b-dihalo-enamides through the use
of modified Stork-Zhao olefination conditions. Our results have shown that this
methodology provides a robust synthetic platform from which (Z)- or (E)-enamides

can be generated in good yields and with complete stereocontrol (Figure 40).

A x = oo — R)LN/\
H H Ho)
T oo ﬂPdO
X X
AR
R H R' = alkyl, aryl, alkynyl R H/\W

Figure 40. Proposed s-lyalo-erfamides fsom dNffornfyl imides.

The synthetic utility of the methodology has been proven through the efficient and
stereoselective syntheses of three simple enamide-containing natural products,
lansiumamide A 288, B 289 and alatamide 290 (Figure 41).

80



A. E. Pasqua 2013 Chapter | Results and Discussion

O
5 steps 4 steps
X NH,
20% 20%
overall yield overall yield

commercial

LANSIUMAMIDE B trans-cinnamamide LANSIUMAMIDE A
O 4 steps /\/©/
NH,
29%
overall yield
commercial ALATAMIDE
benzamide

Figure 41. Synthesis of lansiumamide A, B and alatamide.

We have also obtained very promising results for the synthesis of oxazoles,
however optimisation of these results is still necessary to expand the scope of this
transformation (Figure 42).

o basic treatment O/\>
M AuLx s
R N/\,,J~ ) R N
H
B-halo-enamides oxazoles

Figure 42. Co n v e r -hdloeenamidds inth oxazoles.

Finall vy, as all t h e -haa-enaenitgs twish alkybc substratgs| e
have proven unsuccessful thus far, hence, new efforts will be required to address

and solve these issues (Figure 43).

0 Csp?-Csp? o
cross-couplin
RJ\N/\; g oupling RJLN/\;
R! X Negishi, Stille, Suzuki.... IIR1

hR2

Figure 43. New efforts towards the Csp3-Csp? cross-coupling.
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SExperi ment al

All reactions were performed in oven-dried glassware under an inert argon
atmosphere unless otherwise stated. Tetrahydrofuran (THF), diethyl ether, toluene
and dichloromethane were purified through a Pure Solv 400-5MD solvent
purification system (Innovative Technology, Inc). Anhydrous dimethylformamide,
N-methylpyrrolidone, ethyl acetate, methanol and dioxane were purchased from
Sigma-Aldrich. All reagents were used as received, unless otherwise stated.
Solvents were evaporated under reduced pressure at 40 °C using a Bichi
Rotavapor. IR spectra were recorded neat using a JASCO FT/IR410 Fourier
Transform spectrometer. On | y significand) are bepatedpin i
wavenumbers (cm™). Proton magnetic resonance spectra (*H NMR) and carbon
magnetic resonance spectra (**C NMR) were recorded using a Bruker DPX
Avance400 instrument. Chemical shifts () are reported in parts per million (ppm)
and are referenced to the residual solvent peak. The order of citation in
parentheses is (1) number of equivalent nuclei (by integration), (2) multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, m = multiplet, b = broad, dm = doublet
of multiplet, dd = doublet of doublet, dt = doublet of triplet) and (3) coupling
constant (J) quoted in Hertz to the nearest 0.1Hz. High resolution mass spectra
were recorded on a JEOL JMS-700 spectrometer by electrospray (ESI), fast atom
bombardment (FAB), electron impact (EI) and chemical ionisation (CI) mass
spectrometer operating at a resolution of 15000 full widths at half height. Where a
100% peak was not observed in low resolution mass spectra the highest peak was
taken to be 100%. Flash chromatography was performed using silica gel (Apollo
Scientific Silica Gel 60, 40-63 mm) as the stationary phase. TLC was performed

on aluminium sheets pre-coated with silica (Merck Silica Gel 60 F254). The plates

were vVvisualised by the qguew@3inm)gandifby UV

staining with either anisaldehyde or potassium permanganate followed by heating.
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N-Formylbenzotriazole, 186

A solution of commercial grade acetic anhydride (4.72 mL, 50.0 mmol) was treated
with 100% formic acid (3.80 mL, 100 mmol) at O °C and the resulting mixture was
stirred at 80 °C for 45 minutes under microwave irradiation. The resulting crude
anhydride mixture was then analysed by *H NMR and the yield of mixed anhydride
162 was obtained (42%, 21.0 mmol). The mixed anhydride was cooled down to -
10 °C and the benzotriazole 187 (0.9 eq based on the amount of anhydride 162
generated, 2.25 g, 18.9 mmol) was added as a solution in anhydrous THF (25
mL). The resulting mixture was then stirred at -10 °C until complete as indicated
by TLC analysis (45 minutes). The solvent was removed under vacuum to yield
the desired N-formyl benzotriazole 186 without the need of purification in
quantitative vyield (i 810% 17231 80491595 oo 't
'H NMR (400 MHz, CDCls) : 4 986 (1H, s, CHO), 8.26 (1H, d, J 8.0 Hz, CHa),
8.18 (1H, dd, J 1.0, 8.0 Hz, CHp), 7.71 (1H, ddd, J 1.0, 7.2, 8.2 Hz, CHa/), 7.59
(1H, ddd, J 1.0, 7.2, 8.2 Hz, CHa/); *C NMR (100 MHz, CDCl5) : ¢ 159.7 (CO),
146.5 (Car), 130.7 (CHpp), 129.8 (Car), 127.0 (CHa/), 120.4 (CHar), 113.6 (CHap);
HRMS (CI+/ISO) calc. for C;HsN3O [M]*: 147.0433. Found 147.0435; m.p. 78-80
°C.

The characterisation matches with the data reported in literature:
Katrizky A. R.; Chang H. X.; Yang B. Synthesis 1995, 503.

5-Methyl-N-formylbenzotriazole and 6-Methyl-N-formylbenzotriazole, 191

CHO CHO
% N
H3C N N

A solution of commercial grade acetic anhydride (4.72 mL, 50.0 mmol) was treated
with 100% formic acid (3.80 mL, 100 mmol) at 0 °C and the resulting mixture was

stirred under argon at 55 °C for 3 hours. The resulting crude anhydride mixture
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was analysed by 'H NMR and the yield of mixed anhydride 162 was obtained
(47%, 23.3 mmol). The mixed anhydride was then cooled down to -10 °C and the
5-methyl-1H-benzo[d][1,2,3]triazole 190 (0.9 eq based on the amount of anhydride
162 generated, 2.80 g, 21.0 mmol) was then added as a solution in anhydrous
THF (25 mL). The resulting mixture was stirred at -10 °C until complete as
indicated by TLC analysis (45 minutes). The solvent was removed under vacuum
to yield the desired product without the need of purification. The methyl substituted
N-formylbenzotriazole 191 was obtained as a 1.6.:1.0 mixture of regioisomers in
99% yield (3. 36 (g(filmZB5982924,mM690,)1617, 1481, 3440,
1372, 1349, 1300, 1062 cm™; HRMS (ESI+) calc. for CgH;N3O [M]": 161.0589.
Found 161.0592; m.p. 70-71 °C.

Major isomer (5-Methyl-N-formylbenzotriazole): *H NMR (400 MHz, CDCls) :y
9.82 (1H, s, CHO), 8.04 (1H, s, CHa/), 7.99 (1H, dd, J 0.5, 8.5 Hz, CHa,), 7.38 (1H,
dd, J 1.1, 8.4 Hz, CHp,), 2.58 (3H, s, CH3); **C NMR (100 MHz, CDCls) : ¢ 1%9.9
(CO), 145.1 (Ca), 142.0 (Car), 130.3 (Cay), 128.9 (CHpp), 119.7 (CHar), 113.1
(CHar), 22.1 (CHjy).

Minor isomer (6-Methyl-N-formylbenzotriazole): *H NMR (400 MHz, CDCls) :y
9.82 (1H, s, CHO), 8.10 (1H, dd, J 0.4, 8.4 Hz, CHa), 7.91 (1H, s, CHa,), 7.52 (1H,
dd, J 1.0, 8.3 Hz, CHa,), 2.56 (3H, s, CH3); **C NMR (100 MHz, CDCls) : ¢ 1%9.7
(CO), 147.1 (Car), 137.4 (Ca), 132.5 (Car), 128.2 (CHar), 119.5 (CHar), 112.9
(CHar), 21.6 (CHjy).

5,6-Dimethyl-N-formylbenzotriazole, 193

A solution of commercial grade acetic anhydride (4.72 mL, 50.0 mmol) was treated
with 100% formic acid (3.80 mL, 100 mmol) at 0 °C and the resulting mixture was
stirred at 80 °C for 45 minutes under microwave irradiation. The resulting crude
anhydride mixture was analysed by *H NMR and the yield of mixed anhydride was
obtained (42%, 21.0 mmol). The mixed anhydride 162 was then cooled down to -
10 °C and the 5,6-dimethyl-1H-benzo[d][1,2,3]triazole 192 (0.9 eq based on the

amount of anhydride 162 generated, 2.84 g, 18.9 mmol) was added as a solution
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in anhydrous THF (25 mL). The resulting mixture was stirred at -10 °C until
complete as indicated by TLC analysis (45 minutes). The solvent was removed
under vacuum to yield the desired 5,6-dimethyl-N-formyl benzotriazole 193 without
the need of purification i n Q@#® 3304, 2946]
2918, 2358, 1727, 1714, 1587, 1478, 1463, 1448, 1203, 1060 cm™; *H NMR (400
MHz, CDCls) : 4 980 (1H, s, CHO), 8.01 (1H, s, CHp,), 7.88 (1H, s, CHp,), 2.47
(3H, s, CHs), 2.45 (3H, s, CH3); *C NMR (100 MHz, CDCl3) : ¢ 150.8 (CO), 145.6
(Car), 141.4 (Car), 136.9 (Car), 128.7 (Car), 119.6 (CHay), 113.2 (CHap), 20.9 (CHsy),
20.5 (CH3); HRMS (ESI+): calc. for CoHgN3O [M]*: 175.0746. Found 175.0747;
m.p. 110-111 °C.

5-Chloro-N-formylbenzotriazole and 6-Chloro-N-formylbenzotriazole, 195

CHO CHO

/

Ly “C
‘, //N
Cl N N

A solution of commercial grade acetic anhydride (4.72 mL, 50.0 mmol) was treated
with 100% formic acid (3.80 mL, 100 mmol) at 0 °C and the resulting mixture was
stirred under argon at 55 °C for 3 hours. The crude anhydride mixture was
analysed by *H NMR and the vyield of mixed anhydride 162 was obtained (42%,
21.0 mmol). The mixed anhydride was cooled down to -10 °C and the 6-chloro-1H-
benzo[d][1,2,3]triazole 194 (0.9 eq based on the amount of anhydride 162
generated, 2.88 g, 18.8 mmol) was added as a THF solution (25 mL). The
resulting mixture was stirred at -10 °C for 45 minutes. The solvent was removed
under vacuum to yield the desired product without the need of purification. The

chloro substituted N-formylbenzotriazole 195 was obtained as a 2.5:1.0 mixture of

(3

regioisomers in 99% yi elqd(flmM331BBE3019,,2954,8 . 6

2834, 1910, 1759, 1732, 1608, 1586, 1460, 1367, 1220 cm™; HRMS (ESI+): calc.
for C;H4sN;0%Cl [M]*: 181.0043. Found 181.0036; m.p. 88-90 °C.

Major isomer (5-Chloro-N-formylbenzotriazole): *H NMR (400 MHz, CDCls) :y
9.82 (1H, s, CHO), 8.28 (1H, d, J 1.8 Hz, CHa), 8.08 (1H, dd, J 0.5, 8.8 Hz, CHp)),
7.55 (1H, dd, J 1.9, 8.8 Hz, CHa); *C NMR (100 MHz, CDCls) : ¢ 189.5 (CO),
145.0 (Cay), 137.5 (Car), 130.5 (Car), 128.1 (CHay), 121.2 (CHar), 113.7 (CHay).
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Minor isomer (6-Chloro-N-formylbenzotriazole): *H NMR (400 MHz, CDCls) : y
9.83 (1H, s, CHO), 8.20 (1H, d, J 1.8 Hz, CHa), 8.15 (1H, dd, J 0.6, 8.7 Hz, CHp),
7.68 (1H, dd, J 1.8, 8.6 Hz, CHa); **C NMR (100 MHz, CDCls) : ¢ 159.4 (CO),
143.5 (Car), 132.8 (Car), 131.5 (Car), 128.6 (CHar), 120.0 (CHar), 114.3 (CHay).

N-Formyl-4-azabenzotriazole and N-Formyl-7-azabenzotriazole, 197

CHO CHO
N\ N\ X N\

| N | N
Z N N

A solution of commercial grade acetic anhydride (4.72 mL, 50.0 mmol) was treated
with 100% formic acid (3.80 mL, 100 mmol) at O °C and the resulting mixture was
stirred at 80 °C for 45 minutes under microwave irradiation. The resulting crude
anhydride mixture was analysed by *H NMR and the yield of mixed anhydride 162
was obtained (50%, 25.0 mmol). The mixed anhydride was then cooled down to -
10 °C and the 1H-[1,2,3]triazolo[4,5-b]pyridine 196 (0.9 eq based on the amount of
anhydride 162 generated, 1.85 g, 22.5 mmol) was added as a solution in THF (25
mL). The resulting mixture was stirred at -10 °C until complete as indicated by TLC
analysis (45 minutes). The solvent was removed under vacuum to yield the
desired product without the need of purification. The N-formyl-aza-benzotriazole
197 was obtained as a 12.0:1.0 mixture of regioisomers in 96% vyield (3.20 g, 21.6
mmol). IR 3max (film) 2680, 1728, 1594, 1584, 1399, 1376, 1259, 1060 cm™; HRMS
(CI+/1SO): calc. for CgHsN,O [M+H]": 149.0463. Found 149.0472; m.p. 103-105
°C.

Major isomer (N-Formyl-7-azabenzotriazole): *H NMR (400 MHz; DMSO-dg): Uiy
10.03 (1H, s, CHO), 8.91 (1H, dd, J 1.5, 4.5 Hz, CHa,); 8.65 (1H, dd, J 1.4, 8.2 Hz,
CHa), 7.86 (1H, dd, J 4.5, 8.3 Hz, CHp,); *C-NMR (100 MHz; DMSO-dg): tic 172.1
(CO), 163.1 (Cay), 149.7 (Car), 144.8 (CHp(), 125.4 (CHap), 123.3 (CHa).

Minor isomer (N-Formyl-4-azabenzotriazole): *H-NMR (400 MHz; DMSO-dg): U
9.98 (1H, s, CHO), 8.87 (1H, dd, J 1.6, 4.4 Hz, CHa,); 8.64 (1H, dd, J 1.5, 8.3 Hz,
CHa), 7.81 (1H, dd, J 4.5, 8.3 Hz, CH,,); *C-NMR (100 MHz; DMSO-dg): tic 172.0
(CO), 163.0 (Cay), 149.5 (Car), 144.7 (CHpy), 125.4 (CHap), 122.9 (CHay).
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5-nitro-1H-benzo[d][1,2,3]triazole, 198

To a suspension of 4-nitro-1,2-phenylendiamine 200 (10.0 g, 65.0 mmol) in 15.7
mL of glacial acetic acid and 650 mL of cold distilled water, it was added dropwise
and slowly a solution of sodium nitrite (4.50 g, 65.0 mmol) while stirring. The hot
mixture was neutralised with a 5% solution of ammonia (117 mL) and cooled to
allow the precipitation of the product. The product was filtered, washed with cold
water and dried under vacuum at 80 °C overnight to afford the pure product 198 as
a yellow solid in 88% yield (9.38 g, 57.2 mmol). *H-NMR (400 MHz; CDCls): U
8.95 (1H, bd, J 1.2 Hz, CHa), 8.39 (1H, dd, J 2.4, 9.2 Hz, CHp,), 7.92 (1H, d, J 8.8
Hz, CHa); *H-NMR (400 MHz; DMSO-dg): Uiy 8.95 (1H, dd, J 0.6, 1.7 Hz, CHa),
8.33 (1H, dd, J 1.7, 9.1 Hz, CHa), 8.12 (1H, dd, J 0.6, 9.1 Hz, CHa,); HRMS (El+):
calc. for CgHsN40, [M]*: 164.0334. Found 164.0337.

The characterisation matches with the data reported in literature:
Larina L. I.; Milata V. Magn. Reson. Chem. 2009, 47, 142.

5-Nitro-N-formylbenzotriazole and 6-Nitro-N-formylbenzotriazole, 199

CHO CHO
/) ,/N
O,N N N

A solution of commercial grade acetic anhydride (4.72 mL, 50.0 mmol) was treated
with 100% formic acid (3.80 mL, 100 mmol) at 0 °C and the resulting mixture was
stirred under argon at 55 °C for 3 hours. The resulting crude anhydride mixture
was analysed by *H NMR and the yield of mixed anhydride 162 was obtained
(44%, 21.7 mmol). The mixed anhydride 162 was cooled down to -10 °C and the
6-nitro-1H-benzo[d][1,2,3]triazole 198 (0.9 eq based on the amount of anhydride
162 generated, 3.20 g, 19.5 mmol) was added as a solution in anhydrous THF (25
mL). The resulting mixture was stirred at -10 °C until complete as indicated by TLC

analysis (45 minutes). The solvent was removed under vacuum to yield the
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desired product without the need of purification. The nitro substituted N-
formylbenzotriazoles 199 was obtained as a 5.7:1.0 mixture of regioisomers in
90% yield (3.37 gx(film FL7363098,M3511,)1742, L6RS, B520,
1339, 1205 cm™; HRMS (ESI+): calc. for C;HsN4O3 [M]*: 192.0283. Found
192.0284; m.p. 210-211 °C.

Major isomer (5-Nitro-N-formylbenzotriazole): *H-NMR (400 MHz; CDCls): iy
9.90 (1H, s, CHO), 9.09 (1H, d, J 1.7 Hz, CHa), 8.64 (1H, dd, J 2.0, 9.0 Hz, CHp)),
8.42 (1H, d, J 8.9 Hz, CHa); *C-NMR (100 MHz; CDCls): Uic 159.2 (CO), 146.0
(Car), 132.8 (Car), 125.7 (CHar), 117.2 (CHa(), 116.9 (Car), 114.2 (CHa)).

Minor isomer (6-Nitro-N-formylbenzotriazole): *H-NMR (400 MHz; CDCls): iy
9.91 (1H, s, CHO), 9.05 (1H, d, J 1.8 Hz, CHa), 8.56 (1H, dd, J 2.0, 9.0 Hz, CHy),
8.45 (1H, d, J 9.5 Hz, CHp); *C-NMR (100 MHz; CDCly): tic 159.0 (CO), 146.5
(Car), 125.3 (Car), 122.1 (Cpy), 121.4 (CHar), 117.2 (CHar), 110.3 (CHa)).

5,6-Dinitro-1H-benzo[d][1,2,3]triazole, 201

ON N

T Ly

O,N N
To a solution of 5-nitro-1H-benzo[d][1,2,3]triazole 198 (2.50 g, 15.0 mmol) in 30
mL of concentrated H,SO,4 at 0 °C, 30 mL of HNO3 (70%) were added dropwise in
a period of 20 minutes. Stirring was continued for a further 15 minutes at 0 °C and
then the resulting mixture was stirred at 115 °C overnight. The solution was cooled
to room temperature and poured over ice to give a precipitate that was washed
with distilled water and dried under vacuum at 80 °C overnight to afford the pure
product 201 as a pale yellow solid in 56% yield (1.76 g, 8.40 mmol). *H-NMR (400

MHz; DMSO-dG) le 9.00 (2H, S, 2 X CHAr), HRMS (EH‘) calc. for CGH3N504 [M]+:
209.0185. Found 209.0182.

The characterisation matches with the data reported in literature:
McHugh C. J.; Tackley D. R.; Graham D. Heterocycles 2002, 57, 1461.
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4,5,6,7-Tetrabromo-1H-benzo[d][1,2,3]triazole, 203

Br
Br H
N
Br N
Br

To a solution of benzotriazole 187 (1.20 g, 10.0 mmol) in concentrated HNO3 (20
mL), bromine (3.33 mL, 65.0 mmol) was added dropwise and the resulting mixture
was allowed to stir at reflux for 12 hours. The solution was allowed to cool to room
temperature and the precipitate was washed with petroleum ether (20 mL), filtered
and dried to afford a light yellow solid as pure product 203 in 80% vyield (3.50 g,
8.00 mmol). *C-NMR (125 MHz; DMSO-dg): Uc 143.1 (Ca), 138.8 (Ca), 124.7
(Ca), 113.4 (Cp), 111.0 (Ca)); HRMS (EI+): calc. for C¢HN3*Br, [M]*: 430.6904.
Found 430.6887.

The characterisation matches with the data reported in literature:
Borowski P.; Deinert J.; Schalinski S.; Bretner M.; Ginalski K.; Kulikowski T.; Sugar
D. Eur. J. Biochem. 2003, 270, 1645.

2-Oxo-pyrrolidine-1-carbaldehyde, 166

O

é\l,CHO

Sodium formate (30.0 g, 0.44 mol) was dried under vacuum at 130 °C for 24
hours. The dry sodium formate was suspended in dry diethyl ether (30 mL), and
acetyl chloride (31.4 mL, 0.44 mol) was added quickly. The resulting solution was
then stirred at room temperature under argon overnight. The reaction mixture was
treated with the neat lactam 2-pyrrolidinone 163 (3.74 g, 44.0 mmol) and the
solution was stirred at 60 °C overnight. The reaction mixture was cooled down to
room temperature and concentrated under reduced pressure to give a white solid
which was taken up into dichloromethane (150 mL) and filtered to remove the
insoluble salt by-product. The filtrate was washed with water (100 mL) and the
aqueous phase was extracted into dichloromethane (50 mL). The combined
organic phases were dried over anhydrous sodium sulfate and concentrated under
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reduced pressure to give a crude brown oil. Purification of the crude oil by flash
column chromatography on silica gel (20% ethyl acetate in petroleum ether) gave

the imide 166 as a col ourl ess oil i n 7 2 % Yfilme | d
2969, 2903, 1744, 1686, 1395, 1350, 1321, 1292, 1240, 1219, 1194, 1018, 789,

731 and 650 cm™; *H NMR (400 MHz, CDCls): tiy 9.07 (1H, s, CHO), 3.71 (2H, td,

J 0.8, 7.2 Hz, CH,N), 2.58 (2H, t, J 7.2 Hz, CH,CO), 2.08 (2H, gn, J 7.2 Hz, CHy);
13C-NMR (100 MHz; CDCls): lic 176.9 (CO), 160.3 (CHO), 42.1 (CHyN), 33.2
(CH,CO), 17.9 (CH,); HRMS (EI+): calc. for CsH;NO, [M]*: 113.0477. Found
113.0480.

The characterisation matches with the data reported in literature:
Villa M. V. J.; Targett S. M.; Barnes J. C.; Whittingham W. G.; Marquez R. Org.
Lett. 2007, 9, 1631.

2-Oxo-piperidine-1-carbaldehyde, 167

0]

.CHO
@“

Sodium formate (30.0 g, 0.44 mol) was dried under vacuum at 130 °C for 24
hours. The dry sodium formate was suspended in dry diethyl ether (30 mL), and
acetyl chloride (31.4 mL, 0.44 mol) was added quickly. The resulting solution was
then stirred at room temperature under argon overnight. The reaction mixture was
treated with the neat lactam U-valerolactam 33 (4.36 g, 44.0 mmol) and the
solution was stirred at 60 °C overnight. The reaction mixture was cooled down to
room temperature and concentrated under reduced pressure to give a white solid
which was taken up in dichloromethane (150 mL) and filtered to remove the
insoluble salt by-product. The filtrate was washed with water (100 mL) and the
aqueous phase was extracted into dichloromethane (50 mL). The combined
organic phases were dried over anhydrous sodium sulfate and concentrated under
reduced pressure to give a crude brown oil. Purification of the crude oil by flash
column chromatography on silica gel (20% ethyl acetate in petroleum ether) gave
the imide 167 as a colourless oil in 75% vyield (4.19 g, 33.0 mmol). IR 3« (film)
2953, 2880, 1713, 1684, 1479, 1460, 1396, 1368, 1342, 1331, 1290, 1281, 1231,
1155, 1090, 984 and 766 cm™; *H NMR (400 MHz, CDCls): Uy 9.31 (1H, s, CHO),
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3.50-3.47 (2H, bm, CH,N), 2.47-2.42 (2H, m, CH,CO), 1.78-1.68 (4H, bm, 2 x
CH,); *C-NMR (100 MHz; CDCly): tic 170.9 (CO), 162.2 (CHO), 41.5 (CHN), 33.1
(CH,CO), 22.3 (CH,CH,CO), 19.7 (CH,CH,N); HRMS (CI+/ISO): calc. for
CeH1o0NO, [M+H]*: 128.0712. Found 128.0709.

The characterisation matches with the data reported in literature:
Villa M. V. J.; Targett S. M.; Barnes J. C.; Whittingham W. G.; Marquez R. Org.
Lett. 2007, 9, 1631.

2-Oxo-azepane-1-carbaldehyde, 168

O

CHO
&

Sodium formate (30.0 g, 0.44 mol) was dried under vacuum at 130 °C for 24
hours. The dry sodium formate was suspended in dry diethyl ether (30 mL), and
acetyl chloride (31.4 mL, 0.44 mol) was added quickly. The resulting solution was
then stirred at room temperature under argon overnight. The reaction mixture was
treated with t leaprolatteana 164 (4.88cd, 440 mithol) and the
solution was stirred at 60 °C overnight. The reaction mixture was cooled down to
room temperature and concentrated under reduced pressure to give a white solid
which was taken up in dichloromethane (150 mL) and filtered to remove the
insoluble salt by-product. The filtrate was washed with water (100 mL) and the
aqueous phase was extracted into dichloromethane (50 mL). The combined
organic phases were dried over anhydrous sodium sulfate and concentrated under
reduced pressure to give a crude brown oil. Purification of the crude oil by flash
column chromatography on silica gel (20% ethyl acetate in petroleum ether) gave
the imide 168 as a <col ourl ess oil I n 81 Y ¥filmg | d
2932, 2861, 1718, 1682, 1462, 1437, 1348, 1331, 1261, 1213, 1179, 1153, 1082,
964, 905 and 849 cm™; *H NMR (400 MHz, CDCls): Uy 9.40 (1H, s, CHO), 3.78
(2H, t, J 4.8 Hz, CH2N), 2.70 (2H, t, J 4.8 Hz, CH,CO), 1.83-1.68 (6H, m, 3 x CHy);
13C-.NMR (100 MHz; CDCls): lc 178.0 (CO), 162.2 (CHO), 40.2 (CHN), 38.3
(CH,CO), 29.6 (CH,CH,CO), 28.6 (CH,CH2N), 23.6 (CH,); HRMS (CI+/ISO): calc.
for C;H1oNO, [M+H]": 142.0868. Found 142.0864.
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The characterisation matches with the data reported in literature:
Villa M. V. J.; Targett S. M.; Barnes J. C.; Whittingham W. G.; Marquez R. Org.
Lett. 2007, 9, 1631.

2-Oxo0-azocane-1-carbaldehyde, 169

CHO

Sodium formate (30.0 g, 0.44 mol) was dried under vacuum at 130 °C for 24
hours. The dry sodium formate was suspended in dry diethyl ether (30 mL), and
acetyl chloride (31.4 mL, 0.44 mol) was added quickly. The resulting solution was
then stirred at room temperature under argon overnight. The reaction mixture was
treated with the neat lactam 2-azacyclooctanone 165 (2.00 g, 16.0 mmol) and the
solution was stirred at 60 °C overnight. The reaction mixture was cooled down to
room temperature and concentrated under reduced pressure to give a white solid
which was taken up in dichloromethane (150 mL) and filtered to remove the
insoluble salt by-product. The filtrate was washed with water (100 mL) and the
aqueous phase was extracted into dichloromethane (50 mL). The combined
organic phases were dried over anhydrous sodium sulfate and concentrated under
reduced pressure to give a crude brown oil. Purification of the crude oil by flash

column chromatography on silica gel (20% ethyl acetate in petroleum ether) gave

the imide 169 as acolour | ess o | in 85% yi el da(find.

2932, 2861, 1713, 1682, 1447, 1331, 1242, 1213, 1128, 1090, 914, 727 and 708
cm™; 'H NMR (400 MHz, CDCls): Uiy 9.46 (1H, s, CHO), 3.85 (2H, t, J 6.0 Hz,
CH.N), 2.67 (2H, t, J 6.0 Hz, CH,CO), 1.92 (2H, gn, J 6.0 Hz, CH,CH,CO), 1.72
(2H, gn, J 6.0 Hz, CH,CH;,N), 1.63 (2H, gn, J 6.0 Hz, CH,), 1.51 (2H, gn, J 6.0 Hz,
CH,); **C-NMR (100 MHz; CDCl5): lic 178.3 (CO), 162.6 (CHO), 40.5 (CH,N), 35.1
(CH,CO), 29.1 (CH,CH,CO), 28.6 (CH,CH,N), 25.9 (CH,), 24.4 (CH,); HRMS
(CI+/1ISO): calc. for CgH14NO, [M+H]": 156.1025. Found 156.1021.

The characterisation matches with the data reported in literature:
Villa M. V. J.; Targett S. M.; Barnes J. C.; Whittingham W. G.; Marquez R. Org.
Lett. 2007, 9, 1631.
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2,4-Dihydroxy-3,3-dimethylbutanamide

0]

NH,
OH OH

A 500-mL three-necked round bottom flask was loaded with pantolactone (20.0 g,
154 mmol) and liquid ammonia (200 mL) was allowed to drip through a condenser
connected to a cylinder in the vessel. The reaction mixture was allowed to stir at
room temperature overnight, and then it was allowed to dry under vacuum for 12
hours to afford the pure product as a white solid in 98% vyield (22.1 g, 150 mmol).
I Rmadfilm) 3433, 3295, 3169, 3165, 2975, 2966, 1683, 1604, 1413, 1310, 1072,
1048, 1019, 979 and 693 cm™; *H NMR (400 MHz, DMSO-dg): Uy 7.11 (2H, s,
NH,), 5.22 (1H, d, J 5.6 Hz, OH), 4.49 (1H, t, J 5.6 Hz, OH), 3.62 (1H, d, J 5.6 Hz,
CHOH), 3.36 (1H, dd, J 5.6, 10.4 Hz, CHHOH), 3.18 (1H, dd, J 5.6, 10.4 Hz,
CHHOH), 0.82 (3H, s, CH3), 0.81 (3H, s, CHs); **C-NMR (100 MHz; DMSO-de): lic
175.5 (CO), 75.1 (CHOH), 68.0 (CH,OH), 40.1 (C), 20.9 (CHj3), 20.4 (CH3); HRMS
(CI+/ISO): calc. for CgH14NOs [M+H]": 148.0974. Found 148.0972; m.p. 120-122
°C.

The characterisation matches with the data reported in literature:
Aquino F.; Pauling H.; Walter W.; Plattner D. A.; Bonrath W. Synthesis 2000, 5,
731.

2,2,5,5-Tetramethyl-1,3-dioxane-4-carboxamide, 205
o)

NH,
o.__0O

>

The 2,4-dihydroxy-3,3-dimethylbutanamide (2.94 g, 20.0 mmol) was suspended in
a 1:1 mixture of acetone (45 mL) and dichloromethane (45 mL). Meanwhile, p-
toluenesulfonic acid (100 mg, 0.60 mmol) and 2-methoxypropene (3.83 mL, 40.0
mmol) were dissolved in acetone (10 mL) and the resulting solution was cooled at
10 °C. The previously prepared amide suspension was added to give a dark red
solution, which was allowed to stir at room temperature for 1 hour and then filtered

to remove the resulting white precipitate. The filtrate was neutralised with NH4ClI
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saturated aqueous solution (100 mL) giving a transparent light green solution,
which was separated, dried over Na,SQOy, filtered and concentrated under vacuum
to give a yellow oil as crude product. The crude product was purified through flash
column chromatography on silica gel (2% methanol in dichloromethane) to afford a
yellow solid as pure product 205i n 80% yi el d ( 3. 0 G (Gim)
3475, 3276, 3143, 2988, 2971, 2867, 1695, 1406, 1375, 1370 and 1125 cm™; 'H
NMR (400 MHz, DMSO-dg): Uy 7.22 (1H, bs, NHH), 6.85 (1H, bs, NHH), 3.99 (1H,
s, CH), 3.65 (1H, d, J 11.6 Hz, CHH), 3.18 (1H, d, J 11.6 Hz, CHH), 1.39 (3H, s,
CHa), 1.38 (3H, s, CH3), 0.95 (3H, s, CHs), 0.93 (3H, s, CH3); **C-NMR (100 MHz;
DMSO-dg): Uc 173.1 (CO), 98.7 (C), 76.5 (CH), 70.2 (CH,0), 31.9 (C), 28.8 (CHy),
21.3 (CHa3), 18.6 (CHs), 18.3 (CHa3); LRMS (CI+/ISO): calc. for CoH1gNO3 [M+H]":
188.3.

The characterisation matches with the data reported in literature:
Aquino F.; Pauling H.; Walter W.; Plattner D. A.; Bonrath W. Synthesis 2000, 5,
731.

N-Formyl-2,2,5,5-tetramethyl-[1,3]dioxane-4-carboxylic acid amide, 212

O

_CHO
M'T‘

o_0 H

e

A solution of 2,2,5,5-tetramethyl-1,3-dioxane-4-carboxamide 205 (187 mg, 1.00
mmol) in anhydrous THF (10 mL) was cooled to 0 °C before being treated with n-
BuLi (0.69 mL, 1.10 mmol, 1.6 M solution in hexanes). The reaction was then
stirred at 0 °C for 5 minutes before being treated with N-formylbenzotriazole 186
(177 mg, 1.20 mmol). The resulting mixture was then allowed to warm up to room
temperature and then stirred for a further 12 hours. The reaction was diluted with t-
butylmethyl ether (10 mL), and quenched with a saturated aqueous NaHCOj;
solution (10 mL). The aqueous phase was then extracted with diethyl ether (3 x 20
mL) and the combined organic layers dried over Na,SO,. The solvent was
removed under vacuum to afford the crude product, which was then purified by
flash column chromatography on silica gel (from 10 to 20% ethyl acetate in
petroleum ether) to afford the desired N-formyl imide 212 in 73% vyield (157 mg,

94

16.



A. E. Pasqua 2013 Chapter | Experimental

0.73 mmol). *H NMR (400 MHz, CDCls): Uy 9.10 (1H, d, J 10.5 Hz, CHO), 8.81
(1H, bd, J 10.5 Hz, NH), 4.13 (1H, s, CHO), 3.68 (1H, d, J 11.8 Hz, CHHO), 3.28
(1H, d, J 11.8 Hz, CHHO), 1.40 (3H, s, OCCHs), 1.38 (3H, s, OCCHs), 0.99 (3H, s,
CCHs), 0.98 (3H, s, CCHa).

The characterisation matches with the data reported in literature:
Villa M. V. J.; Targett S. M.; Barnes J. C.; Whittingham W. G.; Marquez R. Org.
Lett. 2007, 9, 1631.

N-Formylbenzamide, 216

A solution of benzamide 209 (0.50 g, 4.13 mmol) in anhydrous THF (40 mL) was
cooled to O °C before being treated with n-BuLi (3.1 mL, 4.96 mmol, 1.6 M solution
in hexanes). The reaction was then stirred at 0 °C for 5 minutes before being
treated with N-formylbenzotriazole 186 (0.91 g, 6.19 mmol). The resulting mixture
was then allowed to warm up to room temperature and stir for a further 12 hours.
The reaction was diluted with t-butylmethyl ether (20 mL), and quenched with a
saturated ag. NaHCOj3 solution (40 mL). The agueous phase was extracted with
diethyl ether (3 x 40 mL) and the organic layers dried over Na,SO,4. The solvent
was removed under vacuum to afford the crude product, then purified by flash
column chromatography on silica gel (from 10 to 20% ethyl acetate in petroleum
ether) to afford the desired N-formyl imide 216 as a white solid in 75% yield (462
mg, 3. 10 mmdiin)3414,11128, 2683, 1463, 1364, 1252, 1208 cm™; *H
NMR (500 MHz, CDCI3) :y 9438 (1H, d, J 9.8 Hz, CHO), 9.21 (1H, bd, J 9.8 Hz,
NH), 7.92 (2H, dd, J 1.5, 6.6 Hz, 2 x ortho CHp), 7.67 (1H, tt, J 1.2, 7.5 Hz, para
CHa), 7.55 (2H, td, J 1.5, 5.7 Hz, 2 x meta CHp,); **C NMR (125 MHz, CDCls) : ¢
166.8 (CO), 164.9 (CHO), 134.1 (Car), 131.2 (CHar), 129.2 (CHar), 128.2 (CHay);
HRMS (CI+/ISO) calc. for CgH;NO, [M]": 149.0477. Found: 149.0474.

The characterisation matches with the data reported in literature:
Villa M. V. J.; Targett S. M.; Barnes J. C.; Whittingham W. G.; Marquez R. Org.

Lett. 2007, 9, 1631.
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N-Formylbutyramide, 213

0

MN,CHO

[
H

A solution of butyramide 206 (87.0 mg, 1.00 mmol) in anhydrous THF (10 mL) was
cooled to 0 °C before being treated with n-BuLi (0.69 mL, 1.10 mmol, 1.6 M
solution in hexanes). The reaction was then stirred at 0 °C for 5 minutes before
being treated with N-formylbenzotriazole 186 (177 mg, 1.20 mmol). The resulting
mixture was then allowed to warm up to room temperature and then stirred for a
further 12 hours. The reaction was diluted with t-butylmethyl ether (10 mL), and
guenched with a saturated aqueous NaHCOj; solution (10 mL). The aqueous
phase was then extracted with diethyl ether (3 x 20 mL) and the combined organic
layers dried over Na,SO,4. The solvent was removed under vacuum to afford the
crude product, which was then purified by flash column chromatography on silica
gel (from 10 to 20% ethyl acetate in petroleum ether) to afford the desired N-formyl
imide 213 in 60% yield (69.0 mg, 0.60 mmol). *H NMR (400 MHz, CDCls): Uiy 9.73
(1H, bs, NH), 9.15 (1H, s, CHO), 2.40 (2H, t, J 7.3 Hz, CH,CO), 1.80i 1.70 (2H, m,
CH,), 1.03 (3H, t, J 7.3 Hz, CHj3).

The characterisation matches with the data reported in literature:
Mathieson J. E.; Crawford J. J.; Schmidtmann M.; Marquez R. Org. Biomol. Chem.
2009, 7, 2170.

N-Formylpicolinamide, 218

XN .CHO

| H
_N
A solution of picolinamide 211 (122 mg, 1.00 mmol) in anhydrous THF (10 mL)
was cooled to 0 °C before being treated with n-BuLi (0.69 mL, 1.10 mmol, 1.6 M
solution in hexanes). The reaction was then stirred at 0 °C for 5 minutes before
being treated with N-formylbenzotriazole 186 (177 mg, 1.20 mmol). The resulting
mixture was then allowed to warm up to room temperature and then stirred for a

further 12 hours. The reaction was diluted with t-butylmethyl ether (10 mL), and
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guenched with a saturated aqueous NaHCOj3 solution (10 mL). The aqueous
phase was then extracted with diethyl ether (3 x 20 mL) and the combined organic
layers dried over Na,SO,. The solvent was removed under vacuum to afford the
crude product, which was then purified by flash column chromatography on silica
gel (from 10 to 20% ethyl acetate in petroleum ether) to afford the desired N-formyl
imide 218 in 22% yield (33.0 mg, 0.22 mmol). *H NMR (400 MHz, CDCls): iy
10.32 (1H, bs, NH), 9.30 (1H, d, J 10.8 Hz, CHO), 8.51 (1H, d, J 5.0 Hz, CHa),
8.23 (1H, d, J 7.8 Hz, CHp), 7.90 (1H, td, J 1.7, 7.8 Hz, CHp,), 7.47 (1H, ddd, J
1.7, 5.0, 7.8 Hz, CHa); *C-NMR (100 MHz; CDCly): iic 164.5 (CO), 161.8 (CHO),
148.8 (CHp), 147.2 (Ca), 137.8 (CHa), 128.1 (CHa), 123.3 (CHa); HRMS
(CI+/1S0): calc. for C;H;N,O, [M+H]": 151.0508. Found 151.0510.

The characterisation matches with the data reported in literature:
Villa M. V. J.; Targett S. M.; Barnes J. C.; Whittingham W. G.; Marquez R. Org.
Lett. 2007, 9, 1631.

N-Formylisobutyramide, 214

A solution of isobutyramide 207 (87.0 mg, 1.00 mmol) in anhydrous THF (10 mL)
was cooled to 0 °C before being treated with n-BuLi (0.69 mL, 1.10 mmol, 1.6 M
solution in hexanes). The reaction was then stirred at 0 °C for 5 minutes before
being treated with N-formylbenzotriazole 186 (177 mg, 1.20 mmol). The resulting
mixture was then allowed to warm up to room temperature and then stirred for a
further 12 hours. The reaction was diluted with t-butylmethyl ether (10 mL), and
guenched with a saturated agueous NaHCO;3; solution (10 mL). The aqueous
phase was then extracted with diethyl ether (3 x 20 mL) and the combined organic
layers dried over Na,SO,4. The solvent was removed under vacuum to afford the
crude product, which was then purified by flash column chromatography on silica
gel (from 10 to 20% ethyl acetate in petroleum ether) to afford the desired N-formyl
imide 214 in 44% vyield (51.0 mg, 0.44 mmol). *H NMR (400 MHz, CDCl,): Uiy 9.16
(1H, d, J 10.0 Hz, CHO), 8.58 (1H, bd, J 10.0 Hz, NH), 2.51-2.43 (1H, m, CHMey,),
1.28 (6H, d, J 6.0 Hz, 2 x CH5).
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The characterisation matches with the data reported in literature:
Mathieson J. E.; Crawford J. J.; Schmidtmann M.; Marquez R. Org. Biomol. Chem.
2009, 7, 2170.

N-Formyl-N-methylbenzamide, 217

o o
'T')LH
CH,

A 0 °C solution of N-methylbenzamide 210 (5.00 g, 37.0 mmol) in dry THF (100
mL) was treated by the dropwise addition of n-butyllithium (2.5 M in hexanes, 16.3
mL, 40.7 mmol). The resulting mixture was stirred at 0 °C for 1 hour and then
treated with a solution of N-formylbenzotriazole 186 (6.53 g, 44.4 mmol) in THF
(50 mL). The reaction mixture was then allowed to warm to room temperature and
stirred for a further 12 hours. The mixture was diluted with tert-butyl methyl ether
(100 mL) and quenched with saturated aqueous NaHCO3; (100 mL). The layers
were separated and the aqueous phase was extracted with diethyl ether (3 x 100
mL). The combined organic layers were dried over Na,SO,, filtered and
concentrated under vacuum to afford a crude brown oil. Purification of the crude
residue by flash column chromatography on silica gel (from 0 to 20% ethyl acetate
in hexane) gave the N-formylimide 217 as a yellow oil in 81% vyield (4.80 g, 30.0
mmo | ) .ma(filf® 2985, 1722, 1654, 1600, 1413, 1338, 1274, 1043, 1022 cm' *
'H NMR (500 MHz, CDCl3): iy 8. 90 ( 1 H, s, CHO) , xTHM,91 7.
3.19 (3H, s, CHs); *C-NMR (125 MHz, CDCls): iic 172.4 (CO), 164.3 (CHO), 133.4
(Can), 132.0 (CHa(), 128.8 (CHar), 128.7 (CHay), 27.4 (CH3); HRMS (CI+/1ISO) calc.
for CoH1oNO; [M+H]": 164.0712. Found: 164.0714.

N-Formyl-N-methylpropionamide, 215

o o0
\)J\N)kH

CHj;

A 0 °C solution of N-methylpropionamide 208 (5.00 g, 57.5 mmol) in dry THF (100

mL) was treated by the dropwise addition of n-butyllithium (2.5 M in hexanes, 25.3
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mL, 63.2 mmol). The resulting mixture was stirred at 0 °C for 1 hour and then
treated with a solution of N-formylbenzotriazole 186 (10.2 g, 69.0 mmol) in THF
(50 mL). The reaction mixture was then allowed to warm to room temperature and
stirred for a further 12 hours. The mixture was diluted with tert-butyl methyl ether
(100 mL) and quenched with saturated aqueous NaHCO3; (100 mL). The layers
were separated, and the aqueous phase was extracted with diethyl ether (3 x 100
mL). The combined organic layers were dried over Na,SO, filtered and
concentrated under vacuum to afford a crude brown oil. Purification of the crude
residue by flash column chromatography on silica gel (from 0 to 20% ethyl acetate
in hexane) gave the N-formylimide 215 as a yellow oil in 48% vyield (3.20 g, 27.6
mmo | ) .max (filR) 2885, 1722, 1668, 1452, 1417, 1365, 1265, 1051 cm' * *H
NMR (500 MHz, CDCls): Uy 9.14 (1H, s, CHO), 2.97 (3H, s, CH3), 2.56 (2H, q, J
7.4 Hz, CH,), 1.09 (3H, t, J 7.4 Hz, CHs); *C-NMR (125 MHz, CDCly): tc 175.1
(CO), 162.4 (CHO), 28.1 (CHy), 26.3 (NCHgs), 8.3 (CH3); HRMS (CI+/ISO) calc. for
CsH10NO, [M+H]": 116.0712. Found: 116.0707.
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(E)-1-(2-lodovinyl)pyrrolidin-2-one, 220

&/N/\/l

Method A: Chromium(lil)chloride hexahydrate (2.85 g, 18.0 mmol) was placed in
a two neck round bottom flask and was heated using a bunsen burner until the
colour of the chromium(lll)chloride changed from dark green to light green and
then to purple. The purple chromium(lll)chloride was then treated with zinc (0.59 g,
9.00 mmol) and Nal (2.25 g, 15.0 mmol), and the resulting mixture was stirred and
heated under vacuum and for 15 minutes. The reaction mixture was then allowed
to cool down to room temperature whilst still under vacuum and then placed under
argon. The dry mixture was then suspended in anhydrous THF (30 mL) and the
reaction mixture was stirred at room temperature for 10 minutes. A solution of N-
formyl imide 166 (147 mg, 1.30 mmol) and iodoform (1.02 g, 2.60 mmol) in THF
(15 mL) was then cannulated into the chromium mixture and the resulting brown
suspension was stirred overnight at room temperature. The reaction was then
guenched with saturated aqueous NaCl (30 mL), followed by saturated aqueous
IDRANAL 11I® (30 mL) and the solution was allowed to stir at room temperature for
30 minutes before being extracted with diethyl ether (3 x 20 mL). The combined
organic extracts were dried over Na,SO, and concentrated under reduced
pressure. The crude oil was then purified by flash column chromatography on
silica gel eluting with 10% ethyl acetate in petroleum ether to afford the desired
product 220 as a yellow solid in 51% yield (156 mg, 0.66 mmol).

Method B: A suspension of (iodomethyl)triphenylphosphonium iodide (2.65 g,
5.00 mmol) in anhydrous THF (10 mL) was treated with potassium tert-butoxide
(600 mg, 5.00 mmol), and the resulting bright orange suspension was allowed to
stir at room temperature until it turned brown, indicating the ylide formation (6
hours). The resulting brown suspension was then treated dropwise with a solution
of 2-oxopyrrolidin-1-carbaldehyde 166 (56.5 mg, 0.50 mmol) in THF (5 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
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diethyl ether (3 x 10 mL). The combined organic layers were dried over Na,SOy,

filtered, and concentrated under vacuum, and the crude residue was purified by

flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford

the iodo-enamide 220 as a yellow solid in 78% yield (92.0 mg, 0.39 mmol). | Rna3
(film) 3057, 2957, 2917, 2889, 1685, 1607, 1480, 1457, 1263, 1174 cm™; *H NMR

(400 MHz, CDCls): Uy 7.59 (1H, d, J 15.0 Hz, NCH=), 5.37 (1H, d, J 15.0 Hz,

=CHI), 3.51 (2H, t, J 7.1 Hz, CH,N), 2.46 (2H, t, J 7.8 Hz, CH,CO), 2.12 (2H, gn, J

7.5 Hz, CH,); C-NMR (100 MHz, CDCls): tic 172.3 (CO), 134.7 (NCH=), 55.0

(=CHlI), 44.6 (CH,N), 30.6 (CH,CO), 17.4 (CH.); HRMS (EI+) calc. for CgHgINO

[M]* 236.9655. Found: 236.9651; m.p. 27-28 °C.

(E)-1-(2-lodovinyl)piperidin-2-one, 219

Method A: Chromium(lll)chloride hexahydrate (1.70 g, 10.8 mmol) was placed in
a two neck round bottom flask and was heated using a bunsen burner until the
colour of the chromium(lil)chloride changed from dark green to light green and
then to purple. The purple chromium(lil)chloride was then treated with zinc (352
mg, 5.38 mmol) and Nal (1.34 g, 8.97 mmol), and the resulting mixture was stirred
and heated under vacuum and for 15 minutes. The reaction was then allowed to
cool down to room temperature whilst still under vacuum and then placed under
argon. The dry mixture was then suspended in anhydrous THF (30 mL) and the
reaction mixture was stirred at room temperature for 10 minutes. A solution of N-
formyl imide 167 (100 mg, 0.78 mmol) and iodoform (614 mg, 1.56 mmol) in THF
(15 mL) was then cannulated into the chromium mixture and the resulting brown
suspension was stirred overnight at room temperature.The reaction was then
guenched with saturated aqueous NaCl (30 mL), followed by saturated aqueous
IDRANAL 11I® (30 mL) and the solution was allowed to stir at room temperature for
30 minutes before being extracted with diethyl ether (3 x 20 mL). The combined
organic extracts were dried over Na,SO, and concentrated under reduced

pressure. The crude oil was then purified by flash column chromatography on
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silica gel eluting with 10% ethyl acetate in petroleum ether to afford the desired
product 219 as a yellow solid in 46% yield (90.0 mg, 0.36 mmol).

Method B: A suspension of (iodomethyltriphenylphosphonium iodide (2.65 g,
5.00 mmol) in anhydrous THF (10 mL) was treated with potassium tert-butoxide
(600 mg, 5.00 mmol), and the resulting bright orange suspension was allowed to
stir at room temperature until it turned brown, indicating the ylide formation (6
hours). The resulting brown suspension was then treated dropwise with a solution
of 2-oxopiperidin-1-carbaldehyde 167 (63.5 mg, 0.50 mmol) in THF (5 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na,SOy,
filtered, and concentrated under vacuum, and the crude residue was purified by
flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford
the iodo-enamide 219 as a yellow solid in 80% yield (100 mg, 0.40 mmol). | Rna3
(film) 2924, 2854, 1651, 1599, 1458, 1404, 1296, 1257 cm™; *H NMR (400 MHz,
CDCls): Uy 8.11 (1H, d, J 14.0 Hz, NCH=), 5.44 (1H, d, J 14.0 Hz, =CHI), 3.41 (2H,
t, J 6.0 Hz, CHyN), 2.48 (2H, t, J 6.4 Hz, CH,CO), 1.88-1.81 (2H, m, CH,CH,CO),
1.79-1.70 (2H, m, CH,CH,N); *C-NMR (100 MHz, CDCls): iic 167.8 (CO), 137.7
(NCH=), 55.0 (=CHI), 45.0 (CH2N), 32.8 (CH,CO), 22.4 (CH,CH,CO), 20.6
(CH,CH2N); HRMS (CI+/1ISO) calc. for C;H;1INO [M+H]":251.9886. Found:
251.9885; m.p. 31-33 °C.

(E)-1-(2-lodovinyl)azepan-2-one, 221

Method A: Chromium(lil)chloride hexahydrate (2.85 g, 18.0 mmol) was placed in
a two neck round bottom flask and was heated using a bunsen burner until the
colour of the chromium(lll)chloride changed from dark green to light green and
then to purple. The purple chromium(lil)chloride was then treated with zinc (588
mg, 9.00 mmol) and Nal (2.25 g, 15.0 mmol), and the resulting mixture was stirred
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and heated under vacuum and for 15 minutes. The reaction was then allowed to
cool down to room temperature whilst still under vacuum and then placed under
argon. The dry mixture was then suspended in anhydrous THF (30 mL) and the
reaction mixture was stirred at room temperature for 10 minutes. A solution of N-
formyl imide 168 (184 mg, 1.30 mmol) and iodoform (1.02 g, 2.60 mmol) in THF
(15 mL) was then cannulated into the chromium mixture and the resulting brown
suspension was stirred overnight at room temperature.The reaction was then
guenched with saturated aqueous NaCl (30 mL), followed by saturated aqueous
IDRANAL 11I® (30 mL) and the solution was allowed to stir at room temperature for
30 minutes before being extracted with diethyl ether (3 x 20 mL). The combined
organic extracts were dried over Na,SO, and concentrated under reduced
pressure. The crude oil was then purified by flash column chromatography on
silica gel eluting with 10% ethyl acetate in petroleum ether to afford the desired
product 221 as a yellow solid in 40% yield (137 mg, 0.52 mmol).

Method B: The dihaloenamide 1-(2,2-diiodovinyl)azepan-2-one 253 (380 mg, 0.97
mmol) was dissolved in an anhydrous MeOH/THF mixture (1:1, 20 mL total
volume), and the resulting solution was cooled to 0 °C. The solution was treated
with ZniCu couple (3.70 g, 29. 1 mmol ) a
mmol), and the resulting reaction mixture was stirred at 0 °C until completion by
TLC analysis (30 minutes). The reaction was quenched with NaHCO3 saturated
aqueous solution (10 mL) and extracted with diethyl ether (3 x 10 mL). The
combined organic phases were dried over Na,SO4 and concentrated under
vacuum to afford the iodo enamides 221E and 2217 (10:1 ratio) as an inseparable
mixture in 94% vyield (240 mg, 0.91 mmol).

(E)-1-(2-lodovinyl)azepan-2-one 221E: | R ( n £,22930, 1658, 1602, 1476,
1389, 1325, 1191 cm' * *H NMR (400 MHz; CDCl3) 4 @.84 (1H, d, J 13.7 Hz,
NCH=), 551 (1H,d,J14. 2 Hz, =CHI ), 3.,M)7,1 32.531(2.H5
m, CH,CO) , 1. 757 1. & THy BHNMR 100 MHz, CDCls) Uc 173.5
(CO), 137.3 (NCH=), 55.0 (=CHI), 45.1 (CH2N), 36.9 (CH,CO), 29.4 (CH,CH,CO),
27.5 (CH,CH:N), 23.4 (CH,); HRMS (CI/ISO) found [M + H]" 266.0042, CgH13INO
requires 266.0041; m.p. 35-36 °C.

(2)-1-(2-lodovinyl)azepan-2-one 221Z: *H NMR (400 MHz; CDCl3) Uiy 7.45 (1H,
d, J 6.3 Hz, NCH=), 583 (1H, d, J 6. 9 Hz, =CHI ) , 3. MY, T 3. 7
2.6312.58 (@), n. 7GH 1. 6TCH,; & NMR{100 8Hz,
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CDCls) iic 176.2 (CO), 138.6 (NCH=), 66.9 (=CHI), 49.5 (CH,N), 37.4 (CH,CO),
30.4 (CH,CH,CO), 29.8 (CH,CH,N), 23.3 (CH,).

(E)-1-(2-lodovinyl)azocan-2-one, 222

6

N

Method A: Chromium(lil)chloride hexahydrate (2.85 g, 18.0 mmol) was placed in
a two neck round bottom flask and was heated using a bunsen burner until the
colour of the chromium(lil)chloride changed from dark green to light green and
then to purple. The purple chromium(lil)chloride was treated with zinc (588 mg,
9.00 mmol) and Nal (2.25 g, 15.0 mmol), and the resulting mixture was stirred and
heated under vacuum and for 15 minutes. The reaction was allowed to cool down
to room temperature and was then suspended in anhydrous THF (30 mL) under
argon and the reaction mixture was stirred at room temperature for 10 minutes. A
solution of N-formyl imide 169 (201 mg, 1.30 mmol) and iodoform (1.02 g, 2.60
mmol) in THF (15 mL) was cannulated into the mixture and the resulting brown
suspension was stirred overnight at room temperature. The reaction was
guenched with saturated aqueous NaCl (30 mL), followed by saturated aqueous
IDRANAL 11I® (30 mL) and the solution was allowed to stir at room temperature for
30 minutes before being extracted with diethyl ether (3 x 20 mL). The combined
organic extracts were dried over Na,SO, and concentrated under reduced
pressure. The crude oil was then purified by flash column chromatography on
silica gel eluting with 10% ethyl acetate in petroleum ether to afford the desired
product 222 as a yellow solid in 42% yield (150 mg, 0.54 mmol).

Method B: The dihaloenamide 1-(2,2-diiodovinyl)azocan-2-one 254 (405 mg, 1.00
mmol) was dissolved in an anhydrous MeOH/THF mixture (1:1, 20 mL total
volume), and the resulting solution was cooled to 0 °C. The solution was treated
with Zn1 Cu couple (3.81 g, 30. 0 mmarol),
and the resulting reaction mixture was stirred at 0 °C until completion by TLC
analysis (30 minutes). The reaction was quenched with NaHCO; saturated

aqueous solution (10 mL) and extracted with diethyl ether (3 x 10 mL). The
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combined organic phases were dried over Na,SO4 and concentrated under
vacuum to afford the iodo enamide 222 as a white solid, which did not require any
further purification, in 77% vyield (215 mg, 0.771 mmol). | R nh3(film) 3083, 2938,
2929, 2915, 1647, 1603, 1484, 1453, 1388, 1312 cm™; 'H NMR (400 MHz,
CDCly): Uiy 7.95 (1H, d, J 14.1 Hz, NCH=), 5.51 (1H, d, J 14.1 Hz, =CHl), 3.72 (2H,
dd, J 5.8, 59 Hz, CH,N), 2.63-2.56 (2H, m, CH,CO), 1.88-1.78 (2H, m,
CH,CH,CO), 1.73-1.68 (2H, m, CH,CH,N), 1.62-1.58 (2H, m, CH,), 1.50-1.42 (2H,
m, CH,); *C-NMR (100 MHz, CDCls): tic 173.1 (CO), 136.2 (NCH=), 55.5 (=CHI),
43.6 (CH,N), 34.3 (CH,CO), 29.1 (CH,CH,CO), 27.9 (CH,CH,N), 26.4 (CH,), 24.2
(CH,); HRMS (CI+/ISO) calc. for CgH15INO [M+H]": 280.0203. Found: 280.0198;
m.p. 54-56 °C.

(2)-N-(2-lodovinyl)-2,2,5,5-tetramethyl-1,3-dioxane-4-carboxamide, 225

O

T

0.0

e

Method A: Chromium(lll)chloride hexahydrate (2.85 g, 18.0 mmol) was heated
using a bunsen burner until the colour of the chromium(lil)chloride changed from
dark green to light green and then to purple. The purple chromium(lil)chloride was
treated with zinc (588 mg, 9.00 mmol) and Nal (2.25 g, 15.0 mmol), and the
resulting mixture was stirred and heated under vacuum and for 15 minutes. The
reaction was allowed to cool down to room temperature and was then suspended
in anhydrous THF (30 mL) under argon and the reaction mixture was stirred at
room temperature for 10 minutes. A solution of N-formyl imide 212 (280 mg, 1.30
mmol) and iodoform (1.02 g, 2.60 mmol) in THF (15 mL) was cannulated into the
mixture and the resulting brown suspension was stirred overnight at room
temperature. The reaction was quenched with saturated aqueous NaCl (30 mL),
followed by saturated aqueous IDRANAL 111° (30 mL) and the solution was allowed
to stir at room temperature for 30 minutes before being extracted with diethyl ether
(3 x 20 mL). The combined organic extracts were dried over Na,SO, and
concentrated under reduced pressure to afford a crude 1.0/1.1 mixture of E/Z

isomers. The crude oil was then purified by flash column chromatography on silica
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gel eluting with 10% ethyl acetate in petroleum ether to afford the desired product
225 as a light yellow solid in 32% yield (140 mg, 0.41 mmol).

Method B: The dihaloenamide N-(2,2-diiodovinyl)-2,2,5,5-tetramethyl-1,3-
dioxane-4-carboxamide 257 (160 mg, 0.34 mmol) was dissolved in an anhydrous
MeOH/THF mixture (1:1, 10 mL total volume), and the resulting solution was
cooled to 0 AC. The solution was treated
and glacial acetic acid (2.1 mL, 34.4 mmol), and the resulting reaction mixture was
stirred at 0 °C until completion by TLC analysis (30 minutes). The reaction was
quenched with NaHCO3 saturated aqueous solution (10 mL) and extracted with
diethyl ether (3 x 10 mL). The combined organic phases were dried over Na,SO4
and concentrated under vacuum to afford the iodo enamide 225 as a yellow solid,
which did not require any further purification, in 71% yield (0.08 g, 0.24 mmol). IR
3max (film) 2988, 2956, 2872, 1699, 1626, 1464, 1375, 1285, 1235 cm™; *H NMR
(400 MHz, CDCls): Uy 8.55 (1H, bd, J 11.0 Hz, NH), 7.28 (1H, dd, J 6.4, 11.2 Hz,
NCH=), 5.42 (1H, d, J 6.4 Hz, =CHI), 4.17 (1H, s, CH), 3.72 (1H, d, J 11.8 Hz,
CHHO), 3.32 (1H, d, J 11.8 Hz, CHHO), 1.54 (3H, s, CHg), 1.47 (3H, s, CH3), 1.05
(3H, s, CHs), 1.04 (3H, s, CH3); **C-NMR (100 MHz, CDCls): tic 167.6 (CO), 129.4
(NCH=), 99.4 (C), 77.2 (CH), 71.4 (CH,), 61.4 (=CHI), 33.3 (C), 29.5 (CH3), 21.9
(CHs), 19.1 (CHs), 18.8 (CHs); HRMS (El+) calc. for C11H1gINOs [M]*: 339.0331.
Found: 339.0332; m.p. 109-110 °C.

(E)-N-(2-lodovinyl)benzamide and (Z)-N-(2-lodovinyl)benzamide, 223

0] O
H Ho|

Chromium(lll)chloride hexahydrate (2.20 g, 13.8 mmol) was placed in a two neck
round bottom flask and was heated using a bunsen burner until the colour of the
chromium(lil)chloride changed from dark green to light green and then to purple.
The purple chromium(lil)chloride was then treated with zinc (452 mg, 6.90 mmol)
and Nal (1.73 g, 11.5 mmol), and the resulting mixture was stirred and heated
under vacuum and for 15 minutes. The reaction was then allowed to cool down to
room temperature whilst still under vacuum and then placed under argon. The dry

mixture was then suspended in anhydrous THF (30 mL) and the reaction mixture
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was stirred at room temperature for 10 minutes. A solution of N-formyl imide 216
(149 mg, 1.00 mmol) and iodoform (0.78 g, 2.00 mmol) in THF (15 mL) was then
cannulated into the chromium mixture and the resulting brown suspension was
stirred overnight at room temperature.The reaction was then quenched with
saturated aqueous NaCl (30 mL), followed by saturated aqueous IDRANAL 111® (30
mL) and the solution was allowed to stir at room temperature for 30 minutes before
being extracted with diethyl ether (3 x 20 mL). The combined organic extracts
were dried over Na,SO, and concentrated under reduced pressure. The crude oil
was then purified by flash column chromatography on silica gel eluting with 10%
ethyl acetate in petroleum ether to afford the product as a yellow solid in 41% yield
(113 mg, 0.42 mmol) in 3.0/1.0 mixture of E/Z isomers 223E and 223Z from which
an analytical clean fraction of the isomer 223E could be obtained.

Z isomer: *H NMR (400 MHz, CDCl3): Uy 8.06 (1H, bs, NH), 7.89-7.84 (2H, m, 2 x
CHp,), 7.62-7.48 (3H, m, 3 x CHp,), 7.40 (1H, d, J 6.7 Hz, NCH=), 5.49 (1H, d, J
6.7 Hz, =CHI).

E isomer: | Rmadfilm) 3299, 2929, 1687, 1652, 1620, 1508, 1464, 1283 cm™; H
NMR (400 MHz, CDCl3): Uy 7.96 (1H, app bd, J 8.9 Hz, NH), 7.79 (2H, app dd, J
1.4, 7.3 Hz, 2 x CHa,), 7.65 (1H, dd, J 10.1, 13.7 Hz, NCH=), 7.55 (1H, appt, J 7.3
Hz, 1 x CHa,), 7.46 (2H, appt, J 8.1 Hz, 2 x CHa,), 5.84 (1H, d, J 13.8 Hz, =CHlI);
13C.NMR (100 MHz, CDCls): lc 164.3 (CO), 132.8 (NCH=), 132.7 (Ca/), 130.7
(CHar), 129.1 (CHap), 127.4 (CHap), 61.2 (=CHI); HRMS (EI+) calc. for CgHgINO
[M]*: 272.9651. Found: 272.9654; m.p. 115-130 °C.

(E)-N-(2-lodovinyl)butyramide, 224

PN NN

N
H

Chromium(lil)chloride hexahydrate (2.85 g, 18.0 mmol) was placed in a two neck
round bottom flask and was heated using a bunsen burner until the colour of the
chromium(lil)chloride changed from dark green to light green and then to purple.
The purple chromium(lil)chloride was then treated with zinc (588 mg, 9.00 mmol)
and Nal (2.25 g, 15.0 mmol), and the resulting mixture was stirred and heated
under vacuum and for 15 minutes. The reaction was then allowed to cool down to

room temperature whilst still under vacuum and then placed under argon. The dry
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mixture was then suspended in anhydrous THF (30 mL) and the reaction mixture
was stirred at room temperature for 10 minutes. A solution of N-formyl imide 213
(149 mg, 1.30 mmol) and iodoform (1.02 g, 2.60 mmol) in THF (15 mL) was then
cannulated into the chromium mixture and the resulting brown suspension was
stirred overnight at room temperature.The reaction was then quenched with
saturated aqueous NaCl (30 mL), followed by saturated aqueous IDRANAL 111® (30
mL) and the solution was allowed to stir at room temperature for 30 minutes before
being extracted with diethyl ether (3 x 20 mL). The combined organic extracts
were dried over Na,SO, and concentrated under reduced pressure to afford a
crude 5.0/1.0 mixture of E/Z isomers. The crude oil was then purified by flash
column chromatography on silica gel eluting with 10% ethyl acetate in petroleum
ether to afford the E isomer 224 as a yellow solid in 21% vyield (65.0 mg, 0.27
mmo | ) .max (filR) 3265, 2960, 1664, 1624, 1492, 1462, 1222 cm™; *H NMR
(400 MHz, CDCls): Uy 7.45 (1H, dd, J 10.6, 13.9 Hz, NCH=), 7.28 (1H, bs, NH),
5.64 (1H, d, J 13.9 Hz, =CHI), 2.20 (2H, t, J 7.3 Hz, CH,CO), 1.68 (2H, sext, J 7.5
Hz, CH,), 0.96 (3H, t, J 7.4 Hz, CHa3); **C-NMR (100 MHz, CDCl): U 169.8 (CO),
133.7 (NCH=), 56.6 (=CHI), 38.3 (CH,CO), 18.9 (CHj), 13.8 (CHs3); HRMS
(CI+/ISO) calc. for Ce¢H11INO [M+H]": 239.9885. Found: 239.9880; m.p. 85-90 °C.

(E)-1-(4-Phenylbut-1-en-3-ynyl)piperidin-2-one, 226

Sy

A 0.3 M s cibdo-¢nantde 219 {0.0ebg, 0.24 mmol) in DMF was treated
with Pd(PPhs), ( 28 . 0 mg, 24.0 emol) and the sus
temperature for 10 minutes. Then phenyl
mg , 48. 0 e€mol) and TEA (72.0 eL, 0. 48 mr
resulting mixture was stirred at room temperature for 72 hours. The reaction
mixture was quenched with distilled water (20 mL) and extracted with diethyl ether
(3 x 20 mL). The combined organic extracts were then washed with water (10 x 20
mL), dried over Na,SO, and concentrated under vacuum to afford a brown

residue. The crude product was purified by flash column chromatography on silica
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gel eluting with 50/50 petroleum ether/dichloromethane + 5% diethyl ether to afford
t h e p-ynremamifle product 226 as a yellow-brown solid in 93% yield (50.0 mg,
0.22 mmol). | R nadfilm) 3086, 2939, 2877, 2198, 1728, 1658, 1612, 1458 cm™;
'H NMR (500 MHz, CDCls): Uiy 8.02 (1H, d, J 14.8 Hz, NCH=), 7.37-7.32 (2H, m, 2
x CHp,), 7.26-7.17 (3H, m, 3 x CHa,), 5.21 (1H, d, J 14.8 Hz, =CHI), 3.43 (2H, t, J
6.0 Hz, CH,N), 2.54 (2H, t, J 6.5 Hz, CH,CO), 1.87 (2H, gn, J 6.2 Hz, CH,CH,CO),
1.75 (2H, gn, J 6.2 Hz, CH,CH,N); *C-NMR (125 MHz, CDCls): lic 168.2 (CO),
137.3 (NCH=), 131.3 (2 x ortho CHa,), 128.4 (2 x meta CHp,), 127.7 (para CHa),
123.7 (Ca;), 89.8 (=CH), 88.9 (=CH-Caiyne), 87.4 (Caiyne-Ar), 45.0 (CH;N), 32.9
(CH,CO), 22.4 (CH,CH,CO), 20.3 (CH,CH.N); HRMS (CI+/ISO) calc. for
C1sH16NO [M+H]™: 226.1233. Found: 226.1232; m.p. 91-92 °C.

(E)-1-(4-(4-Methoxyphenyl)but-1-en-3-ynyl)piperidin-2-one, 227

OMe
O /\/©/
/
ij\l X

A 0.3 M s cibdo-enamide 21®f 0b 05 g, 199 emol) I n
with Pd(PPh3); ( 23 . 0 mg, 19. 0 emol) and the sus
temperature for 10 minutes. Then 4-et hyl ani sol e (132 mg, 9

mg , 38. 0 emol )Oaad, TEA. §69Odmol ) were seqlt
resulting mixture was stirred at room temperature for 72 hours. The reaction
mixture was quenched with distilled water (20 mL) and extracted with diethyl ether
(3 x 20 mL). The combined organic extracts were then washed with water (10 x 20
mL), dried over Na,SO, and concentrated under vacuum to afford a brown
residue. The crude product was purified by flash column chromatography on silica
gel eluting with 50/50 petroleum ether/dichloromethane + 5% diethyl ether to afford
t he p-ynremamifie product 227 as a yellow-brown solid in 92% vyield (47.0 mg,
0.18 mmol). I R nadfilm) 3080, 2949, 2837, 2191, 1660, 1616, 1565, 1506, 1473
cm™®; *H NMR (500 MHz, CDCls): Uy 7.99 (1H, d, J 14.8 Hz, NCH=), 7.35 (2H, m, 2
x ortho CHa), 6.83 (2H, m, 2 x meta CHp,), 5.20 (1H, d, J 14.8 Hz, =CH), 3.81
(3H, s, OCHj3), 3.43 (2H, t, J 6.0 Hz, CH,N), 2.54 (2H, t, J 6.5 Hz, CH,CO), 1.92
(2H, gn, J 6.2 Hz, CH,CH,CO), 1.80 (2H, gn, J 6.2 Hz, CH,CH,N); **C-NMR (125
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MHz, CDCl3): Uc 168.1 (CO), 159.2 (Ca-OMe), 136.7 (NCH=), 132.7 (2 x ortho
CHar), 115.9 (Car), 114.0 (2 x meta CHar), 90.2 (=CH), 88.8 (=CH-Cajyne), 85.9
(Caiyne-Ar), 55.3 (OCH3), 45.0 (CH2N), 33.0 (CH,CO), 22.5 (CH,CH,CO), 20.4
(CH,CH,N); HRMS (El+) calc. for Ci6H17NO, [M]": 255.1260. Found: 255.1259;
m.p. 130-132 °C.

(E)-1-(4-p-Tolylbut-1-en-3-ynyl)piperidin-2-one, 230

A 0.3 M s cibdo-¢nanude 218 {0.0%g, 0.20 mmol) in DMF was treated
with Pd(PPhs), ( 23 . 2 mg, 20. 0 emol) and the
temperature for 10 minutes. Then p-toluyl acetylene 235 (116 mg, 1.00 mmol), Cul
(8. 00 mg, 0. O EAMqI6)L . &® ¢ L, 40. 0 emol)
the resulting mixture was stirred at room temperature for 72 hours. The reaction
mixture was quenched with distilled water (20 mL) and extracted with diethyl ether
(3 x 20 mL). The combined organic extracts were then washed with water (10 x 20
mL), dried over Na,SO, and concentrated under vacuum to afford a brown
residue. The crude product was purified by flash column chromatography on silica
gel eluting with 50/50 petroleum ether/dichloromethane + 5% diethyl ether to afford
t he p-ynremamifie product 230 as a yellow-brown solid in 99% yield (48.0 mg,
0.20 mmol). I R nadfilm) 3086, 2955, 2924, 2877, 2191, 1666, 1620, 1504, 1458
cm™®; 'H NMR (500MHz, CDCls): Uy 8.00 (1H, d, J 14.8 Hz, NCH=), 7.30 (2H, d, J
8.0 Hz, 2 x ortho CHp,), 7.10 (2H, d, J 7.6 Hz, 2 x meta CHa,), 5.20 (1H, d, J 14.8
Hz, =CH), 3.43 (2H, t, J 6.2 Hz, CH,N), 2.54 (2H, t, J 6.6 Hz, CH,CO), 2.34 (3H, s,
CHs), 1.94 (2H, gn, J 6.2 Hz, CH,CH,CO), 1.83 (2H, gn, J 6.2 Hz, CH,CH.N); *C-
NMR (125 MHz, CDCly): iic 168.2 (CO), 137.8 (Ca-Me), 137.0 (NCH=), 131.1 (2 x
ortho CHa,), 129.1 (2 x meta CHp/), 120.7 (Car), 90.1 (CH=), 89.1 (CH-Cuaiyne), 86.7
(Caikyne-Ar), 45.0 (CH2N), 33.0 (CH,CO), 22.4 (CH,CH,CO), 21.5 (CHsj), 20.4
(CH,CH2N); HRMS (El+) calc. for CigHi7NO [M]": 239.1311. Found: 239.1310;
m.p. 147-148 °C.
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(E)-1-(4-(4-Pentanoylphenyl)but-1-en-3-ynyl)piperidin-2-one, 228

O
I

n-Bu

/
/
ij\l X

A 0.3 M s cibtdo-¢nanude 2186t 365. 0 mg, 139 emol)

n

with Pd(PPh3), (160 mg, 1 4. 0 € mol ) and the suspensi

temperature for 10 minutes. Then 1-(4- ethynylphenyl)pentan-1-one 238 (130 mg,
0.70 mmol ), Cul (5.00 mg, 28. 0 emol)
sequentially added, and the resulting mixture was stirred at room temperature for
72 hours. The reaction mixture was quenched with distilled water (20 mL) and
extracted with diethyl ether (3 x 20 mL). The combined organic extracts were then
washed with water (10 x 20 mL), dried over Na,SO, and concentrated under
vacuum to afford a brown residue. The crude product was purified by flash column
chromatography on silica gel eluting with 50/50 petroleum ether/dichloromethane +
5% diet hyl et her -yn-enanmidefprodua 228 &isea yghawrb@wnb
solid in 94% vyield (40.0 mg, 0.13 mmol). | R na3(film) 3078, 3045, 2955, 2193,
1680, 1664, 1616, 1593, 1552, 1500 cm™; *H NMR (400MHz, CDCls): Uy 8.07 (1H,
d, J 14.9 Hz, NCH=), 7.89 (2H, d, J 8.7 Hz, 2 x meta CHp,), 7.47 (2H, d, J 8.7 Hz,
2 x ortho CHpy), 5.22 (1H, d, J 14.8 Hz, =CH), 3.45 (2H, t, J 6.0 Hz, CH2N), 2.95
(2H, t, J 7.4 Hz, CH,CO), 2.57 (2H, t, J 6.4 Hz, CH,CO), 1.99-1.91 (2H, m,
CH,CH,N), 1.89-1.82 (2H, m, CH,CH,CO), 1.71 (2H, app gn, J 7.1 Hz,
CH,CH,CO), 1.41 (2H, app sextet, J 7.5 Hz, CH,CH3), 0.88 (3H, t, J 7.3 Hz, CHy).
13C-NMR (100 MHz, CDCly): lic 197.5 (CO), 168.5 (CON), 138.3 (CCO), 134.7
(NCH=), 131.2 (2 x ortho CHp), 128.6 (Ca), 128.0 (2 x meta CHa,), 100.0 (Caiyne-
Ar), 95.4 (=CH), 89.3 (Caiyne-CH=), 45.1 (CH2N), 38.4 (CH,CO), 33.0 (CH,CO),
26.5 (CH,CH3N), 22.5 (CH,CH,CO), 22.4 (CH,CHs), 20.4 (CH,CH,CO), 14.0
(CHz); HRMS (EI+) calc. for CyoH23NO, [M]+: 309.1727. Found: 309.1729; m.p.
169-170 °C.
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(E)-1-(6-(tert-Butyldimethylsilyloxy)hex-1-en-3-ynyl)piperidin-2-one, 231

(@) OTBDMS
ij\l/\/\/

A 0.3 M s ocibtdo-¢nanude 218t 265. 0 mg, 100 emol ) in
with Pd(PPh3); ( 1 2. 0 mg, 10.0 emol) and the sus
temperature for 10 minutes. Then 1-(tert-butyldimethylsilyloxy)-3-butyne 240 (92.0

mg , 0.50 mmol ), Cul (4. 00 .mMmMmg,L20.00 29 manm)
sequentially added, and the resulting mixture was stirred at room temperature for

72 hours. The reaction mixture was quenched with distilled water (20 mL) and
extracted with diethyl ether (3 x 20 mL). The combined organic extracts were then
washed with water (10 x 20 mL), dried over Na,SO, and concentrated under
vacuum to afford a brown residue. The crude product was purified by flash column
chromatography on silica gel eluting with 50/50 petroleum ether/dichloromethane +

5% diethylet her t o af f gmahamidd @odustu2Bleas & yellow oil in

33% vyield (10.2 mg, 33.0 umol). I Rmadfilm) 2931, 2854, 2337, 1736, 1666, 1620

cm™®; 'H NMR (500 MHz, CDCly): Uiy 7.78 (1H, d, J 14.8 Hz, NCH=), 4.88 (1H, dm,

J 14.8 Hz, =CH), 3.64 (2H, t, J 7.3 Hz, CH2N), 3.28 (2H, t, J 6.3 Hz, CH,CO), 2.43

(4H, m =2 xt, 2 x CHy), 1.81 (2H, gn, J 6.2 Hz, CH,CH,CO), 1.73 (2H, gn, J 6.2

Hz, CH,CH,N), 1.46 (6H, s, 2 x CHj3), 0.81 (9H, s, 3 x CH3); *C-NMR (125 MHz,
CDClg): Uc 168.5 (CO), 136.7 (NCH=), 90.2 (=CH), 90.0 (=CH-Cuayne), 77.6
(Caikyne), 62.1 (CH20), 44.9 (CH:N), 32.9 (CH.CO), 25.9 (3 x CHg), 23.9
(CH,CH,0), 22.5 (CH,CH,CO), 20.4 (CH,CH,N), 18.4 (CMej3), -5.2 (2 x CHy);

HRMS (CI+/ISO) calc. for C17H3oNO,Si [M+H]": 308.2046. Found: 308.2051.
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N-((E)-4-Phenyl-but-1-en-3-ynyl)-benzamide and N-((Z)-4-Phenyl-but-1-en-3-
ynyl)-benzamide, 229

A 0.3 M solution of a 2:1 mixture of E/Z b-iodo-enamides 223 ( 55. 0 mg, 201
in DMF was treated with Pd(PPh3), ( 2 3. 0 mg, 21. 0 emol) and
stirred at room temperature for 10 minutes. Then phenyl acetylene ( 120 ¢ L, 1
mmo | ) , Cul (8. 00 mg, 40. 2 ¢ mipweje seguentiallyr E A
added, and the resulting mixture was stirred at room temperature for 72 hours.

The reaction mixture was quenched with distilled water (20 mL) and extracted with

diethyl ether (3 x 20 mL). The combined organic extracts were then washed with

water (10 x 20 mL), dried over Na,SO4 and concentrated under vacuum to afford a

brown residue. The crude product was purified by flash column chromatography

on silica gel eluting with 50/50 petroleum ether/dichloromethane + 5% diethyl ether

to afford a 2:1 mixture of double bond isomers 229E and 229Z as a yellow oil in

85% vyield (42.0 mg, 0.17 mmol) from which an analytical clean fraction of the
isomer 229E could be obtained.

Z isomer: *H NMR (400 MHz, CDCls): Uy 7.97 (1H, bd, J 9.8 Hz, NH), 7.82 (1H, d,

J 8.8 Hz, NCH=), 7.657 7.28 (10H, m, 10 x CHp), 5.11 (1H, d, J 8.8 Hz, =CH).

E isomer: *H NMR (400 MHz, CDCls): Uy 7.98 (1H, bd, J 9.8 Hz, NH), 7.84 (2H,

m, 2 x CHg), 7.65-7.28 (9H, m, 8 x CHa, and NCH=), 5.56 (1H, d, J 14.5 Hz,

=CH); ®C-NMR (100 MHz, CDCls): Uc 163.8 (CO), 133.1 (Ca), 132.5 (CHa),

132.2 (CHay), 131.3 (NCH=), 128.8 (CHar), 128.5 (CHa), 128.3 (CHar), 127.2
(CHar), 122.9 (Ca), 97.5 (Caiyne), 89.9 (=CH), 83.5 (=CH-Caiyne); | R ma3(film)

3302, 2930, 2854, 2360, 1699, 1657, 1626, 1597, 1518, 1491 cm™; HRMS
(CI+/1ISO) calc. for C17H14NO [M+H]": 248.1075. Found: 248.1074.
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N-[(E)-6-(tert-Butyl-dimethyl-silanyloxy)-hex-1-en-3-ynyl]-benzamide, 232

o /\/\/OTBDMS
7
©)J\N NS
H

A 0.3 M solution of (E)-b-iodo-enamide 223 ( 55. 0 mg, 201 emol)
treated with Pd(PPh3), ( 2 0. 0 mg, 17. 0 emol) and the
room temperature for 10 minutes. Then 1-(tert-butyldimethylsilyloxy)-3-butyne 240
(153 mg, 325 e€mol ), Cwld (TEAOCE5mMg,0 23,0 0¢ |
sequentially added, and the resulting mixture was stirred at room temperature for

72 hours. The reaction mixture was quenched with distilled water (20 mL) and
extracted with diethyl ether (3 x 20 mL). The combined organic extracts were then
washed with water (10 x 20 mL), dried over Na,SO, and concentrated under
vacuum to afford a brown residue. The crude product was purified by flash column
chromatography on silica gel eluting with 50/50 petroleum ether/dichloromethane +

5% diethyl ether to afford the product 232 as a single isomer in 40% yield (153 mg,

0. 47 mmoghy {film) 3R9R, 299, 2855, 2359, 1707, 1627, 1519, 1488, 1252,

1090 cm™; *H NMR (400 MHz, CDCls): Uiy 7.91 (1H, bd, J 10.6 Hz, NH), 7.79 (2H,

d,J 6.8 Hz, 2 x CHp(), 7.58-7.39 (4H, m, NCH=and 3 x CHa), 5.33 (1H, app dt, J

2.2, 14.4 Hz, =CH), 3.75 (2H, t, J 6.9 Hz, CH,0), 2.54 (2H, app td, J 2.2, 7.1 Hz,

CH,), 0.91 (9H, s, 3 x CHjs), 0.09 (6H, s, 2 x CHa); *C-NMR (100 MHz, CDCls): lic

164.9 (CO), 133.4 (Car), 132.4 (CHap), 131.2 (NCH=), 128.9 (2 x CHa), 127.3 (2 x

CHar), 93.2 (=CH), 88.2 (Caikyne), 78.1 (Caiyne), 62.6 (CH20), 26.8 (3 x CH3), 24.2

(CH,), 18.4 (C), -4.8 (2 x CHz3); HRMS (CI+/ISO) calc. for C1gH2sNO,Si [M+H]"
330.1889. Found: 330.1893.
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1-((1E,32)-4-Phenylbuta-1,3-dienyl)piperidin-2-one, 241

o)

A solution of en-yne 226 (10.0 mg, 44.4 pmol) in anhydrous ethyl acetate (1 mL)
containing 2% quinoline (v/v)®@0®&sng)tande at e
the resulting mixture was placed under a hydrogen atmosphere. The reaction was
then stirred at room temperature until completion by TLC analysis (1.5 hour). The
solution was then filtered through Celite®, and washed several times with brine (10
x 10 mL) followed by and 10% aqueous HCI (1N, 10 mL). The aqueous layer was
extracted with diethyl ether (3 x 10 mL) and the combined organic layers were
dried over Na,SO,4. The solution was filtered and concentrated under vacuum to
afford the desired E,Z-dienamide 241 as a yellow oil, which required no further
purification, in 99% yi elilm) 2980, 2029mMF26, 4 4 .
1665, 1629, 1595, 1402 cm™; *H NMR (400 MHz, CDCls): Uy 7.78 (1H, d, J 13.6
Hz, NCH=), 7.37-7.30 (5H, m, 5 x CHa), 6.46 (1H, d, J 10.0 Hz, =CH), 6.33 (1H,
dd, J 10.0, 16.0 Hz, CH=), 6.25 (1H, dd, J 13.6, 16.0 Hz, =CH), 3.44 (2H, t, J 6.1
Hz, CH.N), 2.53 (2H, t, J 6.6 Hz, CH,CO), 1.93-1.87 (2H, m, CH,CH,CO), 1.85-
1.78 (2H, m, CH,CH,N); *H NMR (400 MHz, C¢Dg): Uy 8.29 (1H, d, J 13.5 Hz,
NCH=), 7.50-7.16 (5H, m, 5 x CHy,), 6.40-6.26 (3H, m, =CH and CH=CH), 2.70
(2H, t, J 6.1 Hz, CH)N), 2.20 (2H, t, J 6.6 Hz, CH,CO), 1.50-1.47 (2H, m,
CH,CH,CO), 1.03-0.95 (2H, m, CH,CH,N); **C-NMR (100 MHz, CDCly): lic 168.7
(CO), 132.2 (NCH=), 128.7 (CH=), 128.6 (Ca/), 128.5 (CHay), 128.3 (CHar), 127.4
(CHay), 126.6 (CH=), 107.8 (CH=), 45.5 (CH2N), 33.1 (CH,CO), 22.9 (CH,CH,CO),
20.7 (CH2CH2N); HRMS (El+) calc. for CisHi7NO [M]+: 227.1310. Found:
227.1306.
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1-((1E,32)-4-p-Tolylbuta-1,3-dienyl)piperidin-2-one, 242

i

A solution of en-yne 230 (11.2 mg, 46.9 pmol) in anhydrous ethyl acetate (1 mL)
containing 2% quinoline (v/v)®@®sng)tande at e
the resulting mixture was placed under a hydrogen atmosphere. The reaction was
then stirred at room temperature until completion by TLC analysis (1.5 hour). The
solution was then filtered through Celite®, and washed several times with brine (10
x 10 mL) followed by and 10% aqueous HCI (1N, 10 mL). The aqueous layer was
extracted with diethyl ether (3 x 10 mL) and the combined organic layers were
dried over Na,SO,. The solution was filtered and concentrated under vacuum to
afford the desired E,Z-dienamide 242 as a yellow oil, which required no further
purification, in 79% vyield (8.90 mg, 37 . 0 O mo Ja)(film) 12951, 2937, 2919,
2895, 2875, 1654, 1625, 1595, 1510, 1477, 1458, 1402, 1345, 1329, 1305, 1287,
1267, 1252, 1178 and 1164 cm™; *H NMR (400 MHz, CDCls): Uy 7.71 (1H, d, J
13.6 Hz, NCH=), 7.15 (2H, d, J 8.0 Hz, 2 x ortho CHp,), 7.08 (2H, d, J 7.6 Hz, 2 x
meta CHp,), 6.23 (1H, d, J 10.4 Hz, =CH), 6.20 (1H, dd, J 10.4, 16.8 Hz, CH=),
6.17 (1H, dd, J 14.0, 16.8 Hz, CH=), 3.37 (2H, t, J 6.0 Hz, CH,N), 2.45 (2H, t, J 6.0
Hz, CH,CO), 2.27 (3H, s, CH3), 1.85-1.82 (2H, m, CH,CH,CO), 1.76-1.73 (2H, m,
CH,CH3N); *C-NMR (100 MHz, CDCls): Uc 168.6 (CO), 136.3 (NCH=), 135.2
(Can), 131.9 (Car), 131.7 (CHar), 130.1 (CH=), 129.1 (CHar), 128.6 (CH=), 115.2
(CH=), 45.4 (CH2N), 33.0 (CH,CO), 22.5 (CH,CH,CO), 21.2 (CH,CH2N), 20.5
(CHg3); HRMS (EI+) calc. for C16H19NO [M]+: 241.1467. Found: 241.1466.
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1-Ethynyl-4-methylbenzene, 235

-

To a suspension of triphenylphosphine (7.90 g, 30.0 mmol) and zinc dust (1.96 g,
30.0 mmol) in anhydrous dichloromethane (34 mL), under argon at 0 °C, a solution
of carbon tetrabromide (9.95 g, 30.0 mmol) in anhydrous dichloromethane (7 mL)
was added dropwise and the resulting mixture was allowed to stir at 0 °C for 20
minutes. p-Tolylaldehyde 233 (1.20 g, 10.0 mmol) in 7 mL of dry dichloromethane
was added dropwise and the resulting mixture was allowed to warm to room
temperature and to stir for 5 hours. Then the reaction mixture was poured into
hexane, filtered to remove the precipitate, concentrated under reduced pressure
and dissolved in anhydrous THF (20 mL). The solution was cooled to -78 °C and
nBuLi (10.4 mL, 26.0 mmol, 2.5 M solution in hexanes) was added dropwise and
the resulting mixture was allowed to stir until completion as indicated by TLC. The
reaction was quenched with NaHCO;3; saturated aqueous solution (20 mL),
extracted with diethyl ether (3 x 10 mL), dried over Na,SO,, filtered and
concentrated under vacuum to afford a yellow oil as crude product. The crude
product was purified by flash column chromatography on silica gel (petroleum
ether) to afford the pure product 235 as a yellow oil in 60% vyield (696 mg, 5.98
mmo | ) max(filn®) 3285, 3049, 3025, 2956, 2917, 2857, 1594, 1508, 1448, 1373,
964, 808, 748, 707 and 690 cm™; *H NMR (400 MHz, CDCls): Uy 7.31 (2H, d, J 8.0
Hz, 2 x ortho CHa(), 7.03 (2H, d, J 8.0 Hz, 2 x meta CHp), 2.94 (1H, s, CH), 2.26
(3H, s, CHs); ®C-NMR (100 MHz, CDCls): Uc 138.9 (Cp), 134.6 (CHy), 129.4
(CHar), 119.1 (Cap), 83.9 (CH), 76.5 (C), 21.5 (CH3); HRMS (El+) calc. for CgHg
[M]+: 116.0626. Found: 116.0627.

The characterisation matches with the data reported in literature:
Zhao M.; Kuang C.; Yang Q.; Cheng X. Tetrahedron Lett. 2011, 52, 992.
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1-(4-Ethynylphenyl)pentan-1-one, 238

—OL

To a suspension of triphenylphosphine (7.90 g, 30.0 mmol) and zinc dust (1.96 g,
30.0 mmol) in anhydrous dichloromethane (34 mL), under argon at 0 °C, a solution
of carbon tetrabromide (9.95 g, 30.0 mmol) in anhydrous dichloromethane (7 mL)
was added dropwise and the resulting mixture was allowed to stir at 0 °C for 20
minutes. 4-Cyanobenzaldehyde 236 (1.31 g, 10.0 mmol) in 7 mL of dry
dichloromethane was added dropwise and the resulting mixture was allowed to
warm to room temperature and to stir for 5 hours. Then the reaction mixture was
poured into hexane, filtered to remove the precipitate, concentrated under reduced
pressure and dissolved in anhydrous THF (20 mL). The solution was cooled to -78
°C and nBuLi (10.4 mL, 26.0 mmol, 2.5 M solution in hexanes) was added
dropwise and the resulting mixture was allowed to stir until completion as indicated
by TLC. The reaction was quenched with NaHCO; saturated aqueous solution (20
mL), extracted with diethyl ether (3 x 10 mL), dried over Na,SQ,, filtered and
concentrated under vacuum to afford a brown oil as crude product. The crude
product was purified by flash column chromatography on silica gel (petroleum
ether) to afford the pure product 238 as a yellow solid in 50% yield (930 mg, 5.00
mmo | ) max(filN®) 3283, 2955, 2901, 2870, 1674, 1597, 1551, 1458, 1404, 1373,
1343, 1273, 1204, 1180, 972, 856, 833, 795, 710 and 687 cm™; *H NMR (400
MHz, CDCl3): Uy 7.84 (2H, dd, J 1.6, 8.0 Hz, 2 x meta CHa,), 7.50 (2H, dd, J 1.6,
8.0 Hz, 2 x ortho CHp,), 3.17 (1H, s, CH), 2.88 (2H, t, J 7.2 Hz, CHy), 1.65 (2H, gn,
J 7.2 Hz, CH,), 1.33 (2H, sextet, J 7.2 Hz, CH,), 0.88 (3H, t, J 7.2 Hz, CHj); *C-
NMR (100 MHz, CDCI3): Uc 199.8 (CO), 136.8 (Ca), 132.3 (CHar), 127.9 (CHa),
126.7 (Car), 82.8 (C), 80.2 (CH), 38.4 (CH,CO), 26.4 (CH,), 22.5 (CH,CH3), 13.9
(CH3); HRMS (CI+/I1SO) calc. for C13H150 [M+H]+: 187.1123. Found: 187.1124.
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(But-3-ynyloxy)(tert-butyl)dimethylsilane, 240

W

_ /%

To a solution of 3-butyn-1-ol 239 (2.50 g, 35.5 mmol) in anhydrous
dichloromethane (36 mL), triethylamine (12.9 mL, 92.3 mmol) was added dropwise
followed by TBDMSCI (5.89 g, 39.1 mmol) and the resulting mixture was allowed
to stir at room temperature for 12 hours. The reaction was quenched with NaHCO3
saturated aqueous solution (20 mL), extracted with diethyl ether (3 x 20 mL), dried
over Na,SQOy, filtered and concentrated under reduced pressure to afford a yellow
oil as crude product. The product was purified by distillation under vacuum (95 °C/
130 mmHg) to afford the pure product as a pale yellow oil in 25% yield (1.62 g,
8. 80 mmoyky ffilm) 3B1R, 2955, 2932, 2862, 1466, 1389, 1258, 1103, 1003,
918, 833, 779 and 633 cm™; *H NMR (400 MHz, CDCl,): Uiy 3.66 (2H, t, J 7.2 Hz,
CH,0), 2.32 (2H, td, J 2.4, 6.8 Hz, CH>), 1.87 (1H, t, J 2.4 Hz, CH), 0.83 (9H, s, 3
x CHs), 0.01 (6H, s, 2 x CHs); **C-NMR (100 MHz, CDCly): iic 80.4 (C), 68.3 (CH),
60.7 (CH;0), 24.9 (3 x CHs), 21.8 (CHy), 17.4 (C), -5.0 (2 x CH3); HRMS
(CI+/1S0O) calc. for C19H»;0Si [M+H]+: 185.1362. Found: 185.1363.

The characterisation matches with the data reported in literature:
Sneddon H. F.; Gaunt M. J.; Ley S. V. Org. Lett. 2003, 5, 1147.

(Bromomethytriphenylphosphonium bromide

.

OF
® Br

e
A solution of triphenylphosphine (60.0 g, 230 mmol) in dry toluene (100 mL) was
treated with the dropwise addition of methylene bromide (21.0 mL, 300 mmaol), and
the resulting solution was stirred at 60 °C for 72 hours. The precipitate obtained
was filtered, washed with toluene (5 x 100 mL), and dried under vacuum for 12

hours to yield 80.2 g, 184 mmol (80%) of bromomethyltriphenylphosphonium
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bromi de as a whi t.e3047,0298i7,d589, 14B1, 1437£1840,)1116
cm' * 'HNMR (400 MHz; DMSO-dg) wW.9971 7. 93 ( 6xHmeta @H,),
7.8417. 79 xp@aCHa)m, 73. 7371 7. & 8rthq @Hhkl), 5.861(2H, €,
J 5.4 Hz, CH,); *C NMR (100 MHz; DMSO-ds) ¢ U35.5, 134.4, 130.5, 116.6,
18.3; HRMS (FAB+) found [M i Br]* 355.0247, C1oH17P"°Br requires 355.0251; mp
220-222 °C (with decomposition).

The characterisation matches with the data reported in literature:
Seyferth D.; Heeren J. K.; Singh D.; Grim S. O.; Hughes W. B. J. Organometal.
Chem. 1966, 5, 267.

1-(2,2-Dibromovinyl)pyrrolidin-2-one, 246

0]
N/\/Br
Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (2.20 g, 5.00
mmol) in anhydrous THF (10 mL) was treated with potassium tert-butoxide (600
mg, 5.00 mmol), and the resulting bright orange suspension was allowed to stir at
room temperature until it turned brown, indicating the ylide formation (6 hours).
The resulting brown suspension was then treated dropwise with a solution of 2-
oxopyrrolidine-1-carbaldehyde 166 (56.5 mg, 0.50 mmol) in THF (5 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na;SOy,
filtered, and concentrated under vacuum, and the crude residue was purified by
flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford
the dibromo-enamide 246 as a yellow oil in 94% (125 mg, 465 umol). IR (neat)
3max 3039, 2962, 2901, 1697, 1620, 1481, 1373 cm' * *HNMR (500 MHz; CDCls)
Uy 7.59 (1H, s, NCH=), 4.01 (2H, t, J 7.4 Hz, CHN), 2.39 (2H, t, J 8.2 Hz, CH,CO),
2.09 (2H, gn, J 7.4 Hz, CH,); *C NMR (125 MHz; CDCl;) ¢ 174.7 (CO), 129.6
(NCH=), 74.0 (=CBry), 46.9 (CH2N), 29.9 (CH,CO), 18.9 (CH,); HRMS (CI+) found
[M + H]* 269.8957, CsHsNO°Br!Br requires 269.8952.
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1-(2,2-Dibromovinyl)piperidin-2-one, 247

O
N/\/Br
Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (4.40 g, 10.0
mmol) in anhydrous THF (20 mL) was treated with potassium tert-butoxide (1.12 g,
10.0 mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of 2-
oxopiperidine-1-carbaldehyde 167 (127 mg, 1.00 mmol) in THF (10 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na,SOy,
filtered, and concentrated under vacuum. The crude brown oil residue was purified
by flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to
afford the dibromo-enamide 247 as a yellow oil in 91% (258 mg, 912 pmol). IR
( n e amhy)3048 2947, 1658, 1612, 1473, 1404, 1260, 1255, 1219, 1157 cm' *
'HNMR (500 MHz; CDCl3) 4 .40 (1H, s, NCH=), 3.64 (2H, t, J 4.8 Hz, CH,N),
2.45 (2H, t, J 6.6 Hz, CH,CO), 1.83 (4H, m, 2 x CH,); **C NMR (125 MHz; CDCls)
Uc 169.9 (CO), 134.8 (NCH=), 85.9 (=CBr;), 48.8 (CH2N), 32.4 (CH,CO), 23.1
(CH,CH,CO), 20.8 (CH,CHyN); HRMS (Cl+) found [M + H]® 283.9102,
CH1oNOBr®'Br requires 283.91009.

1-(2,2-Dibromovinyl)azepan-2-one, 243b

(@)
Y
Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (2.20 g, 5.00
mmol) in anhydrous THF (10 mL) was treated with potassium tert-butoxide (600
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mg, 5.00 mmol), and the resulting bright orange suspension was allowed to stir at
room temperature until it turned brown, indicating the ylide formation (6 hours).
The resulting brown suspension was then treated dropwise with a solution of 2-
oxoazepan-1-carbaldehyde 168 (70.5 mg, 0.50 mmol) in THF (5 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na;SOy,
filtered, and concentrated under vacuum. The crude brown oil was purified by flash

column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford the

dibromo-enamide 243bas a yell ow oi |l in 93% ( %39

3039, 2928, 1658, 1435, 1392, 1257, 1207, 1188 cm' ! 'H NMR (500 MHz; CDCls)
Uy 7.41 (1H, s, NCH=), 3.66 (2H, t, J 4.7 Hz, CH2N), 2.58 (2H, t, J 6.4 Hz, CH,CO),
1.847 1. 80CH{CEBO) m, 1. 771 1.CH,)(CNMR (@25 Midz;
CDCl;) ¢ i75.8 (CO), 135.8 (NCH=), 85.2 (=CBr,), 50.2 (CH.N), 37.3 (CH,CO),
29.9 (CH,CH,CO), 29.4 (CH,CH,N), 23.2 (CH,); HRMS (Cl+) found [M + HJ*
297.9261, CgH1,NO °Br®'Br required 297.9265.

1-(2,2-Dibromovinyl)azocan-2-one, 248

0 Br

V=

Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (2.20 g, 5.00
mmol) in anhydrous THF (10 mL) was treated with potassium tert-butoxide (600
mg, 5.00 mmol), and the resulting bright orange suspension was allowed to stir at
room temperature until it turned brown, indicating the ylide formation (6 hours).
The resulting brown suspension was then treated dropwise with a solution of 2-
oxoazocan-1-carbaldehyde 169 (77.5 mg, 0.50 mmol) in THF (5 mL). The resulting
mixture was stirred at room temperature until TLC analysis showed reaction
completion (12 hours). The reaction mixture was quenched with distilled water (10
mL) and poured into hexanes (25 mL), and the precipitate formed was filtered off.
The phases were separated, and the aqueous layer was extracted with diethyl
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ether (3 x 10 mL). The combined organic layers were dried over Na,SOy,, filtered,
and concentrated under vacuum. The crude brown oil was purified by flash column
chromatography on silica gel (80:20 hexane/ethyl acetate) to afford the dibromo-
enamide 248as a yell ow oi l in 90% ( 14N 3039¢g,
2928, 1712, 1658, 1454, 1396, 1361, 1207, 1192 cm' * *H NMR (500 MHz; CDCls)

Uy 7.42 (1H, s, NCH=), 3.67 (2H, t, J 5.1 Hz, CH,N), 2.59 (2H, t, J 6.4 Hz,
CH,CO), 1.857 1CHBOHG®@)H, 1Im,7871 1. 6 8H,)(*8CHNMR m,
(125 MHz; CDCl3) ¢ fi75.9 (CO), 135.8 (NCH=), 77.7 (=CBr;), 50.2 (CH2N), 37.3
(CH,CO), 29.9 (CH,CH,CO), 29.4 (CH,CH:N), 26.3 (CH,), 23.3 (CH); HRMS
(CI+) found [M + H]" 311.9413, CoH14sNO"°Br®'Br required 311.9422.

N-(2,2-Dibromovinyl)butyramide, 249
O
/\)J\N/%(Br
H Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (2.20 g, 5.00
mmol) in anhydrous THF (10 mL) was treated with potassium tert-butoxide (600
mg, 5.00 mmol), and the resulting bright orange suspension was allowed to stir at
room temperature until it turned brown, indicating the ylide formation (6 hours).
The resulting brown suspension was then treated dropwise with a solution of N-
formylbutyramide 213 (57.5 mg, 0.50 mmol) in THF (5 mL). The resulting mixture
was stirred at room temperature until TLC analysis showed reaction completion
(12 hours). The reaction mixture was quenched with distilled water (10 mL) and
poured into hexanes (25 mL), and the precipitate formed was filtered off. The
phases were separated, and the aqueous layer was extracted with diethyl ether (3
x 10 mL). The combined organic layers were dried over Na,SO,, filtered, and
concentrated under vacuum. The crude brown oil was purified by flash column

chromatography on silica gel (80:20 hexane/ethyl acetate) to afford the dibromo-

enamide 249as a yellow solid in 99% ( .43053,mg,

2061, 1663, 1631, 1480, 1376, 1268, 1194 cm' ! 'H NMR (500 MHz; CDCls) 4 U
7.61 (1H, d, J 11.6 Hz, NCH=), 7.13 (1H, bs, NH), 2.27 (2H, t, J 7.4 Hz, CH,CO),
1.67 (2H, sextet, J 7.4 Hz, CH,), 0.97 (3H, t, J 7.4 Hz, CHs); **C NMR (125 MHz;
CDCls) ¢ 1169.5 (CO), 127.5 (NCH=), 73.7 (=CBr,), 38.3 (CH,CO), 18.7 (CH,),
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13.8 (CHs); HRMS (CI+) found [M + H]" 271.9110, CgH1oNO"°Br®’Br required
271.9129; mp 66-67 °C.

N-(2,2-Dibromovinyl)-N-methylpropionamide, 250

\)?\N/\(Br

|
CH3 Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (4.40 g, 10.0
mmol) in anhydrous THF (20 mL) was treated with potassium tert-butoxide (1.12 g,
10.0 mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of N-formyl-
N-methylpropionamide 244 (115 mg, 1.00 mmol) in THF (10 mL). The resulting
mixture was stirred at room temperature until TLC analysis showed reaction
completion (12 hours). The reaction mixture was quenched with distilled water (10
mL) and poured into hexanes (25 mL), and the precipitate formed was filtered off.
The phases were separated, and the aqueous layer was extracted with diethyl
ether (3 x 10 mL). The combined organic layers were dried over Na,SO,, filtered,
and concentrated under vacuum. The crude brown oil was purified by flash column
chromatography on silica gel (80:20 hexane/ethyl acetate) to afford the dibromo-
enamide 250 as a yellow oil in quantitative yield (310 mg, 1.15 mmol). IR (neat)
3max 2980, 2939, 1666, 1595, 1462, 1373, 1265, 1062 cm' * *H NMR (500 MHz;
CDCl3) n @.06 (1H, s, NCH=), 3.01 (3H, s, N-CH3), 2.24 (2H, q, J 7.6 Hz, CH,),
1.07 (3H, t, J 7.4 Hz, CHs3); *C NMR (125 MHz; CDCl;) ¢ 173.0 (CO), 135.5
(NCH=), 94.5 (=CBry), 33.7 (N-CHj3), 27.8 (CH,), 9.1 (CH3); HRMS (Cl+) found [M
+ HJ]" 269.9130, CeHloNO7gBr2 requires 269.9129.
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N-(2,2-Dibromovinyl)benzamide, 251

©)J\N/\/Br
H Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (4.40 g, 10.0
mmol) in anhydrous THF (20 mL) was treated with potassium tert-butoxide (1.12 g,
10.0 mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of N-
formylbenzamide 216 (149 mg, 1.00 mmol) in THF (10 mL). The resulting mixture
was stirred at room temperature until TLC analysis showed reaction completion
(12 hours). The reaction mixture was quenched with distilled water (10 mL) and
poured into hexanes (25 mL), and the precipitate formed was filtered off. The
phases were separated, and the aqueous layer was extracted with diethyl ether (3
x 10 mL). The combined organic layers were dried over Na,SO,, filtered, and
concentrated under vacuum. The crude brown oil was purified by flash column
chromatography on silica gel (80:20 hexane/ethyl acetate) to afford the dibromo-
enamide 251 asayel |l ow solid in 79% (241 3B96,
3066, 1660, 1629, 1504, 1467, 1249, 848 cm' * 'H NMR (500 MHz; CDCls) 4
7.8517.82 (4H, m orthoNGEIK)=7.59 (AH tt, JA.2, 6.8 Hz, para
CHay), 7.50 (2H, tm, J 7.6 Hz, 2 x meta CHa); *C NMR (125 MHz; CDCl3) ¢
163.4 (CO), 132.9 (NCH=), 132.5 (Car), 129.2 (CHar), 127.8 (CHar), 127.4 (CHa),
75.0 (=CBr,); HRMS (El+) found [M]" 304.8883, CoH,NO’Br®'Br requires
304.8874; mp 60-61 °C.

N-(2,2-Dibromovinyl)-N-methylbenzamide, 252
o}

Br
N
NN
CH3 Br

A suspension of (bromomethyl)-triphenylphosphonium bromide (4.40 g, 10.0
mmol) in anhydrous THF (20 mL) was treated with potassium tert-butoxide (1.12 g,

10.0 mmol), and the resulting bright orange suspension was allowed to stir at room
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temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of N-formyl-
N-methylbenzamide 245 (163 mg, 1.00 mmol) in THF (10 mL). The resulting
mixture was stirred at room temperature until TLC analysis showed reaction
completion (12 hours). The reaction mixture was quenched with distilled water (10
mL) and poured into hexanes (25 mL), and the precipitate formed was filtered off.
The phases were separated, and the aqueous layer was extracted with diethyl
ether (3 x 10 mL). The combined organic layers were dried over Na,SO,, filtered,
and concentrated under vacuum. The crude brown oil was purified by flash column
chromatography on silica gel (80:20 hexane/ethyl acetate) to afford the dibromo-
enamide 252as a yellow solid in 85% (m&3a@O,
2933, 1716, 1647, 1597, 1346, 1323 cm' ! 'H NMR (500 MHz; CDCls) 4
7.5217.47 x(2helCHa)M, 2. 461 7 .pdrdCH{)L H, 7 .m4 @H,
m, 2 x meta CHp,), 7.09 (1H, bs, NCH=), 3.26 (3H, s, N-CHs); *C NMR (125 MHz;
CDCl3) ¢ i70.5 (CO), 136.8 (NCH), 135.0 (Car), 131.0 (CHp(), 128.3 (CHa), 128.2
(CHa), 90.0 (=CBry), 34.9 (N-CHz); HRMS (Cl+) found [M]" 316.9045,
C10HsNO™Br;, requires 316.9051; mp 79-80 °C.

2-(2,2,5,5-Tetramethyl-1,3-dioxan-4-yl)oxazole, 258

o.__0O

e

A suspension of (bromomethyl)-triphenylphosphonium bromide (4.40 g, 10.0
mmol) in anhydrous THF (20 mL) was treated with potassium tert-butoxide (1.12 g,
10.0 mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of N-formyl-
2,2,5,5-tetramethyl-1,3-dioxane-4-carboxamide 212 (108 mg, 0.50 mmol) in THF
(5 mL). The resulting mixture was stirred at room temperature until TLC analysis
showed reaction completion (12 hours). The reaction mixture was quenched with
distilled water (10 mL) and poured into hexanes (25 mL), and the precipitate
formed was filtered off. The phases were separated, and the aqueous layer was

extracted with diethyl ether (3 x 10 mL). The combined organic layers were dried
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over Na, SOy, filtered, and concentrated under vacuum. The crude brown oil was
purified by flash column chromatography on silica gel (80:20 hexane/ethyl acetate)
to afford the dibromo-enamide 258 as a yellow solid in 99% (105 mg, 0.49 mmol).
I R ( npex8B1l), 2994, 2969, 1574, 1523, 1459, 1392, 1383, 1370, 1193, 1157
cm' * 'H NMR (400 MHz; CDCls) 4 @.64 (1H, s, NCH), 7.09 (1H, s, OCH), 4.90
(1H, s, CH), 3.78 (1H, d, J 11.4 Hz, CHHO), 3.41 (1H, d, J 11.4 Hz, CHHO), 1.53
(3H, s, CH3CO), 1.50 (3H, s, CH3CO), 1.06 (3H, s, CHs), 0.86 (3H, s, CHs); *C
NMR (100 MHz; CDCl3) ¢ @61.2 (C), 138.9 (OCH), 127.0 (NCH), 99.7 (C), 74.8
(CH), 71.6 (CH;0), 34.2 (C), 29.5 (CH3CO), 21.8 (CHgz), 19.3 (CHg3), 18.7
(CH3CO); HRMS (Cl+) found [M + H]" 212.1282, C1;H:1gNO3 requires 212.1287;
mp 68170 AC.

(lodomethytriphenylphosphonium iodide

A solution of triphenylphosphine (30.0 g, 114 mmol) in dry toluene (50 mL) was
treated dropwise with methylene iodide (12 mL, 149 mmol). The reaction mixture

was allowed to stir at 60 °C for 72 hours, which caused a white precipitate to form.

The suspension was then cooled down to room temperature, filtered and the white

solid residue was washed several times with toluene (5 x 200 mL). The crude
product was dried under vacuum for 12 hours to afford in 91% yield (55.0 g, 104
mmo | ) the phosphonium i odi de @&:29%, 2p70,r e Vv
1575, 1459, 1392, 1383 cm' ! *H NMR (400 MHz; DMSO-dg) w4 . 9871 7. 81 (
m, 15 x CHa;), 5.10 (2H, d, J 8.5 Hz, CH,); *C NMR (100 MHz; DMSO-dg) c U
136.1, 134.7, 131.0, 118. 8, 1T15. 4; HRMS (-AJA B0O8.p110f o u n
C19H17PI requires 403.0113; mp 235-237 °C.

The characterisation matches with the data reported in literature:
Aquino F.; Pauling H.; Walter W.; Plattner D. A.; Bonrath W. Synthesis 2000, 5,
731.
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1-(2,2-Diiodovinyl)azepan-2-one, 253

A suspension of (iodomethyltriphenylphosphonium iodide (5.30 g, 10.0 mmol) in
anhydrous THF (20 mL) was treated with potassium tert-butoxide (1.12 g, 10.0
mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of 2-
oxoazepane-1l-carbaldehyde 168 (141 mg, 1.00 mmol) in THF (10 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na,SOy,,
filtered, and concentrated under vacuum, and the crude residue was purified by
flash column chromatography on silica gel (80:20 hexane:ethyl acetate) to afford
the diiodo-enamide 253 as a yellow solid in 99% vyield (390 mg, 0.99 mmol). IR
( N e anhy BO1G 2930, 2910, 1646, 1587, 1464, 1443, cm' * *H NMR (400 MHz;

CDCl;) 4 @.73 (1H, s, NCH=), 3.64 (2H, t, J 4.4 Hz, CH,N) , 2. 5871 2.

CH,CO), 1. 8371 1.%CH,);("€NMR (@00 MBz; CDCl3) c i75.4 (CO),
147.3 (NCH=), 50.6 (CH3N), 37.4 (CH,CO), 31.7 (CH,CH,CO), 29.9 (CH,CH;N),
22.8 (CH,), 14.0 (=Cl,); HRMS (CI+) found [M +H]" 391.9003, CgH1,NOI, requires
391.9008; mp 74-75 °C.

1-(2,2-Diiodovinyl)azocan-2-one, 254

O [

=

A suspension of (iodomethyl)triphenylphosphonium iodide (5.30 g, 10.0 mmol) in
anhydrous THF (20 mL) was treated with potassium tert-butoxide (1.12 g, 10.0

mmol), and the resulting bright orange suspension was allowed to stir at room
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temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of 2-
oxoazocane-l-carbaldehyde 169 (155 mg, 1.00 mmol) in THF (10 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na,SOy,,
filtered, and concentrated under vacuum, and the crude residue was purified by
flash column chromatography on silica gel (80:20 hexane:ethyl acetate) to afford

386 mg of an inseparable 13:1 mixture of diiodo-enamide 254 (89%, 361 mg, 0.89
mmol) and (E)-iodoenamide 221 (10%, 28.0 mg, 0.10 mmol).
1-(2,2-Diiodovinyl)azocan-2-one, 254: | R ( n g,a2916, 2852, 1628, 1617,
1588, 1472, 1444 cm' * 'H NMR (400 MHz; CDCl3) 4 @.56 (1H, s, NCH=), 3.78

(2H, t, J 5.6 Hz, CH;N), 2.53 (2H, t, J 6.3 Hz, CH,CO) , 1.8811.82
CH,CH,CO) , 1.6971 1.5@,)(,4H,. 58,7 12 4., *C ®MR (100n, C
MHz; CDCI3) ¢ @75.6 (CO), 145.2 (NCH=), 47.0 (CH2N), 34.3 (CH,CO), 30.1
(CH,CH,CO), 28.8 (CH,CHN), 26.3 (CH,), 24.3 (CH,), 13.1 (=Cl,); HRMS (CI+)
found [M + H]" 405.9169, CgH14NOI, requires 405.9165.

(E)-1-(2-lodovinyl)azocan-2-one, 221: *H NMR (400 MHz; CDCls) 4 @.95 (1H, d,
J 14.0 Hz, NCH=), 5.52 (1H, d, J 14.0 Hz, =CHI).

N-(2,2-Diiodovinyl)-2,2,5,5-tetramethyl-1,3-dioxane-4-carboxamide, 257

S

o.__0O I

>

A suspension of (iodomethyl)triphenylphosphonium iodide (1.20 g, 2.25 mmol) in
anhydrous THF (10 mL) was treated with potassium tert-butoxide (252 mg, 2.25
mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of N-formyl-
2,2,5,5-tetramethyl-1,3-dioxane-4-carboxamide 212 (108 mg, 0.50 mmol) in THF
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(5 mL). The resulting mixture was stirred at room temperature until TLC analysis
showed reaction completion (12 hours). The reaction mixture was quenched with
distilled water (10 mL) and poured into hexanes (25 mL), and the precipitate
formed was filtered off. The phases were separated, and the aqueous layer was
extracted with diethyl ether (3 x 10 mL). The combined organic layers were dried
over Na,SQy, filtered, and concentrated under vacuum, and the crude residue was
purified by flash column chromatography on silica gel (80:20 hexane:ethyl acetate)
to afford the diiodo-enamide 257 in 32% vyield (74.0 mg, 0.16 mmol) and the
oxazole 258 in 16% yield (17.0 mg, 0.08 mmol) as yellow solids.

N-(2,2-Diiodovinyl)-2,2,5,5-tetramethyl-1,3-dioxane-4-carboxamide 257: IR
( n e anbx B3513 2836, 1686, 1612, 1465, 1384, 1379, 1094, 1050 cm' * *H NMR
(400 MHz; CDCl3) 4 8.34 (1H, bd, J 10.8 Hz, NH), 7.76 (1H, d, J 11.4 Hz, NCH=),
4.14 (1H, s, CH), 3.71 (1H, d, J 11.7 Hz, CHHO), 3.32 (1H, d, J 11.7 Hz, CHHO),
1.51 (3H, s, CH3CO), 1.45 (3H, s, CH3CO), 1.03 (3H, s, CHg3), 1.02 (3H, s, CHy3);
13C NMR (100 MHz; CDCl;) ¢ 166.1 (CO), 136.4 (NCH=), 99.4 (C), 77.1 (CH),
71.4 (CHy), 33.3 (C), 29.5 (CH3), 22.9 (CH3), 18.8 (CH3), 19.1 (CH3) , 1 6 2)8 ( =
HRMS (Cl+) found [M + H]" 465.9372, C11H1sNOsl, requires 465.9376; mp 135-
136 °C.

2-(2,2,5,5-Tetramethyl-1,3-dioxan-4-yl)oxazole 258: *H NMR (400 MHz; CDCls)
Uy 7.64 (1H, s, CH), 7.09 (1H, s, CH), 4.90 (1H, s, CH), 3.78 (1H, d, J 11.4 Hz,
CHHO), 3.41 (1H, d, J 11.4 Hz, CHHO), 1.53 (3H, s, CHsCO), 1.50 (3H, s,
CH3CO), 1.06 (3H, s, CH3), 0.86 (3H, s, CH3).

N-(2,2-Diiodovinyl)butyramide, 255 and N-Butyrylbutyramide
A
T )

A suspension of (iodomethyl)triphenylphosphonium iodide (1.06 g, 2.00 mmol) in
anhydrous THF (10 mL) was treated with potassium tert-butoxide (225 mg, 2.00
mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The

resulting brown suspension was then treated dropwise with a solution of N-formyl-
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butyramide 213 (57.5 mg, 0.50 mmol) in THF (5 mL). The resulting mixture was
stirred at room temperature until TLC analysis showed reaction completion (12
hours). The reaction mixture was quenched with distilled water (10 mL) and
poured into hexanes (25 mL), and the precipitate formed was filtered off. The
phases were separated, and the agueous layer was extracted with diethyl ether (3
x 10 mL). The combined organic layers were dried over Na,SO,, filtered, and
concentrated under vacuum, and the crude residue was purified by flash column
chromatography on silica gel (80:20 hexane:ethyl acetate) to afford the diiodo-
enamide 255 in 40% vyield (73.0 mg, 0.20 mmol) and the N-butyrylbutyramide in
20% yield (15.7 mg, 0.20 mmol) as yellow solids.

N-(2,2-Diiodovinyl)butyramide 255: | R ( n gaa 82p4, 379, 2963, 2878,
1728, 1505, 1373 and 1165 cm' * *H NMR (400 MHz; CDCl;) 4 8.06 (1H, bd, J
10.8 Hz, NCH=), 7.03 (1H, bd, J 8.4 Hz, NH), 2.29 (2H, t, J 7.2 Hz, CH,), 1.70 (2H,

app gn, J 7.2 Hz, CH,), 1.00 (3H, t, J 7.2 Hz, CH3); *C NMR (100 MHz; CDCl3) c U
168.9 (CO), 137.3 (NCH=), 39.3 (CHy), 17.8 (CH), 13.6 (CH3) , 1 9 ,);HRMS C |
(El+) found [M]" 364.8777, C¢HgNOI, requires 364.8774; mp 59-60 °C.
N-Butyrylbutyramide: *H NMR (400 MHz; CDCls) 4 8.04 (1H, bs, NH), 2.57 (4H,

t, J 7.3 Hz, 2 x CH,), 1.70 (4H, app gn, J 7.3 Hz, 2 x CH,), 0.98 (6H, t, J 7.3 Hz, 2

x CHy).

The characterisation matches with the data reported in literature:
Mohammadpoor-baltork I.; Tangestaninejad S.; Moghadam M.; Mirkhani V.; Nasr-
Esfahani M. J. Iran. Chem. Soc. 2011, 8, 401.

(2)-1-(2-Bromovinyl)pyrrolidin-2-one, 260

O

Gy

Br

A solution of 1-(2,2-dibromovinyl)pyrrolidin-2-one 246 (90.0 mg, 0.34 mmol) in
anhydrous EtOAc (5 mL) was treated with Pd(PPh3),; (39.0 mg, 0.03 mmol) and
BusSnH (0.11 mL, 0.40 mmol). The resulting reaction mixture was stirred at room
temperature until completion as indicated by TLC analysis (12 hours). The reaction
was diluted with hexane (15 mL), filtered through Celite®, and concentrated under
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vacuum to afford a yellow oil as crude residue. The crude product was purified by
flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford
the bromo-enamide 260 as a colourless oil in 88% vyield (56.0 mg, 0.296 mmol).
| R ( n.ex@953, 1793, 1640, 1484, 1381, 1313, 1251 cm' * *H NMR (500 MHz;
CDCl3) 4 @.29 (1H, d, J 7.0 Hz, NCH=), 5.41 (1H, d, J 7.0 Hz, =CHBr), 4.14 (2H,
t,J 7.2 Hz, CH,N), 2.41 (2H, t, J 7.8 Hz, CH,CO), 2.09 (2H, gn, J 7.4 Hz, CH,); *C
NMR (125 MHz; CDCl3) ¢ 1i75.3 (CO), 126.2 (NCH=), 86.6 (=CHBr), 47.5 (CH2N),
30.1 (CH,CO), 18.8 (CH,); HRMS (Cl+) found [M + H]" 189.9865, CcHyNO °Br
requires 189.9868.

(2)-1-(2-Bromovinyl)piperidin-2-one, 261

@)
NN
Br

A solution of 1-(2,2-dibromovinyl)piperidin-2-one 247 (90.0 mg, 0.34 mmol) in
anhydrous EtOAc (32 mL) was treated with Pd(PPhg)4 (70.0 mg, 0.06 mmol) and
BusSnH (0.2 mL, 0.71 mmol). The resulting reaction mixture was stirred at room
temperature until completion as indicated by TLC analysis (12 hours). The reaction
was diluted with hexane (30 mL), filtered through Celite®, and concentrated under
vacuum to afford a yellow oil as crude residue. The crude product was purified by
flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford
the bromo-enamide 261 as a colourless oil in 70% vyield (86.0 mg, 424 umol). IR
( n e antyx P9533 2877, 1656, 1626, 1477, 1460, 1427, 1406, 1269, 1172 cm' * *H
NMR (400 MHz; CDCl3) 4 @.37 (1H, d, J 6.5 Hz, NCH=), 5.74 (1H, d, J 6.5 Hz,
=CHBr ), 3.8313:N7J8 @2B11 @, 466)Y 2H1. 891 LH79
2 x CH,); *C NMR (100 MHz; CDCl3) ¢ 170.3 (CO), 131.6 (NCH=), 94.8
(=CHBYr), 48.9 (CH2N), 32.4 (CH,CO), 23.1 (CH,CH,CO), 20.8 (CH,CH,N); HRMS
(CI+) found [M + H]" 204.0026, C;H1;NO"Br requires 204.0024.
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(2)-1-(2-Bromovinyl)azepan-2-one, 256Z

o

A solution of 1-(2,2-dibromovinyl)azepan-2-one 243b (118 mg, 0.40 mmol) in
anhydrous EtOAc (30 mL) was treated with Pd(PPhs), (46.0 mg, 0.04 mmol) and
BusSnH (0.13 mL, 0.48 mmol). The resulting reaction mixture was stirred at room
temperature until completion as indicated by TLC analysis (12 hours). The reaction
was diluted with hexane (30 mL), filtered through Celite®, and concentrated under
vacuum to afford a yellow oil as crude residue. The crude product was purified by
flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford
the bromo-enamide 256Z as a colourless oil in 75% yield (65.0 mg, 0.30 mmol). IR
( n e amtx P92% 2856, 1739, 1666, 1627, 1394, 1332, 1321, 1190 cm' * *H NMR
(400 MHz; CDCl3) 4 @.29 (1H, d, J 6.3 Hz, NCH=), 5.73 (1H, d, J 6.3 Hz, =CHBI),
3.8013.76 (R H, th, 6 3H2 . 6 1,COH,21H9 0 Tnl,. 8CH ( 2 F
CH,CH,CO) , 1. 7971 1. ¥ CH,)( ONMR (100 MMz; CDCls) ¢ i176.4
(CO), 132.6 (NCH=), 94.8 (=CHBr), 49.4 (CH2N), 37.3 (CH,CO), 29.9
(CH,CH,CO), 29.3 (CH,CH:N), 23.4 (CH,); HRMS (CI+) found [M + H]" 218.0181,
CsH1sNO™Br requires 218.0181.

(2)-N-(2-Bromovinyl)butyramide, 262 and 2-Propyloxazole

O

/\)ﬂf\Br {j\/\

A solution of N-(2,2-dibromovinyl)-butyramide 249 (63.0 mg, 0.23 mmol) in
anhydrous EtOAc (3 mL) was treated with Pd(PPhs), (27.0 mg, 0.02 mmol) and
BusSnH (0.10 mL, 0.28 mmol). The resulting reaction mixture was stirred at room
temperature until completion as indicated by TLC analysis (12 hours). The reaction
mixture was diluted with hexane (30 mL), filtered through Celite®, and
concentrated under vacuum to afford a yellow oil as crude residue. The crude

product was purified by flash column chromatography on silica gel (80:20
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hexane/ethyl acetate) to afford the bromo-enamide 262 in 63% yield (28.0 mg, 147

pumol) and 2-propyloxazole in 37% yield (9.60 mg, 87.0 umol) as colourless oils.

(Z2)-N-(2-Bromovinyl)butyramide 262: | R ( n g,a2961, 1877, 1642, 1239,
1195, 678 cm' * 'H NMR (400 MHz; CDCl;) 4 .40 (1H, dd, J 5.9, 10.9 Hz,
NCH=), 7.32 (1H, bs, NH), 5.47 (1H, d, J 5.3 Hz, =CHBr), 2.30 (2H, t, J 7.3 Hz,
CH,CO), 1.71 (2H, sextet, J 7.4 Hz, CH,), 0.99 (3H, t, J 7.4 Hz, CHs); *C NMR
(100 MHz; CDCl;) ¢ 169.5 (CO), 127.5 (NCH=), 88.3 (=CHBr), 38.4 (CH,CO),
18.8 (CH,), 13.8 (CH3); HRMS (CI+) found [M + H]" 192.0018, CgH1:NO"Br
requires 192.0024.

2-Propyloxazole: *H NMR (400 MHz; CDCl;) 4 @.63 (1 H, d, J 10.9 Hz, CH),
7.08 (1 H, d, J 10.9 Hz, CH), 2.28 (2H, t, J 7.6 Hz, CH,), 1.72 (2H, sextet, J 7.4 Hz,
CH,), 0.98 (3H, t, J 7.4 Hz, CHs); *C NMR (100 MHz; CDCl3) ¢ i31.0 (C), 128.9
(CH), 125.4 (CH), 29.1 (CH,), 23.1 (CH,), 11.1 (CHs); HRMS (Cl+) found [M + H]"
112.0769, CsH10NO requires 112.0762.

(2)-N-(2-Bromovinyl)-N-methylpropionamide, 263

\iwﬁ

CH3 Br

A solution of N-(2,2-dibromovinyl)-N-methylpropionamide 250 (117 mg, 0.43
mmol) in anhydrous EtOAc (10 mL) was treated with Pd(PPh3), (50.0 mg, 0.04
mmol) and BuzSnH (0.14 mL, 0.52 mmol). The resulting reaction mixture was
stirred at room temperature until completion as indicated by TLC analysis (12
hours). The reaction was diluted with hexane (30 mL), filtered through Celite®, and
concentrated under vacuum to afford a yellow oil as crude residue. The crude
product was purified by flash column chromatography on silica gel (80:20
hexane/ethyl acetate) to afford the bromo-enamide 263 as a colourless oil in 72%
yield (60.0 mg, 3 1.3 30&B3063) 2920,11654, (1624, 4577, 3
1446, 1346, 1300, 1057 cm' * 'H NMR (500 MHz; CDCls) 4 6.95 (1H, bs, NCH=),
6.00 (1H, bs, =CHBr), 3.16 (3H, s, N-CH3) , 2.3112.30Q ,(2H,15m,1
(3H, m, CHs); *C NMR (125 MHz; CDCl3) ¢ 73.6 (CO), 133.3 (NCH=), 102.3
(=CH), 34.0 (CH,CO), 27.8 (CHs3), 9.2 (CH3); HRMS (Cl+) found [M + HJ"
192.0015, CsH1:NO"®Br requires 192.0024.
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(2)-N-(2-Bromovinyl)-N-methylbenzamide, 264

o)
X

NN
@CH:’s Br

A solution of N-(2,2-dibromovinyl)-N-methylbenzamide 252 (98.0 mg, 0.31 mmol)
in anhydrous EtOAc (5 mL) was treated with Pd(PPhs)4 (36.0 mg, 0.03 mmol) and
BusSnH (0.10 mL, 0.37 mmol). The resulting reaction mixture was stirred at room
temperature until completion as indicated by TLC analysis (12 hours). The reaction
was diluted with hexane (30 mL), filtered through Celite®, and concentrated under
vacuum to afford a yellow oil as crude residue. The crude product was purified by
flash column chromatography on silica gel (80:20 hexane/ethyl acetate) to afford
the bromo-enamide 264 as a colourless oil in 86% vyield (63.0 mg, 264 umol). IR
( n e antx BO8E3 2982, 1666, 1631, 1612, 1462, 1423, 1377, 1276, 1057 cm' * *H

NMR (500 MHz; CDCls) n@. 5171 7. 49 x(O@2WbCHyn, 2. 4671 7.

paraCHa) , 7. 391 7. 3 iheta CHA), 6.96n(1H, I8s, NCH=), 5.73 (1H, d, J
6.0 Hz, =CHBI), 3.40 (3H, s, N-CHs); **C NMR (125 MHz; CDCl3) ¢ fi71.4 (CO),
135.4 (Ca), 134.6 (NCH=), 130.9 (CHp), 128.4 (CHp), 128.5 (CHa), 97.3
(=CHBr), 35.2 (N-CH3); HRMS (Cl+) found [M + H]* 240.0026, C1,H1;NO"°Br
requires 240.0024.

1-(2,2-Dichlorovinyl)pyrrolidin-2-one, 267 and (E)/(Z)-1-(2-Chlorovinyl)
pyrrolidin-2-one, 268/269

dN?/u &/N? &/N/\/(n

A suspension of (chloromethyl)triphenylphosphonium chloride (1.74 g, 5.00 mmol)
in anhydrous THF (10 mL) was treated with potassium tert-butoxide (600 mg, 5.00
mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of 2-
oxopyrrolidine-1-carbaldehyde 166 (56.5 mg, 0.50 mmol) in THF (5 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
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reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na,;SOy,
filtered, and concentrated under vacuum, and the crude residue was purified by
flash column chromatography on silica gel (80:20 hexane:ethyl acetate) to afford a
first fraction consisting of a 1.0:1.7 mixture of the dichloro-enamide 267 and the
(2)-monochloro-enamide 268 (traces amounts) and a second clean fraction of the

(E)-monochloro-enamide 269 in 98% yield (71.0 mg, 0.49 mmol) as a white solid.

1-(2,2-Dichlorovinyl)pyrrolidin-2-one 267: | R  ( n gaa 80P4, 3057, 2965,
1705, 1645, 1379, 1333, 1277, 1256, 1225, 1165, 1026, 941, 918, 808 and 727
cm' * 'H NMR (500 MHz; CDCl3) y @.15 (1H, s, NCH=), 3.97 (2H, t, J 6.7 Hz,
CH:N), 2.44-2.40 (2H, m, CH,CO), 2.14-2.07 (2H, m, CHy); **C NMR (125 MHz;
CDCls) ¢ li74.7 (CO), 123.2 (NCH=), 108.3 (=CCl,), 47.0 (CH2N), 29.9 (CH,CO),
18.8 (CH.); HRMS (CI+) found [M + H]* 179.9980, C¢HsNO®**Cl, requires
179.9983.

(E)-1-(2-Chlorovinyl)pyrrolidin-2-one 268: | R ( n ga.a 8BOy1, 2069, 2897,
1692, 1628, 1481, 1458, 1398, 1329, 1292, 1217 and 939 cm' } *H NMR (500
MHz; CDCls) y 6.91 (1H, d, J 6.7 Hz, NCH=), 5.39 (1H, d, J 6.7 Hz, =CH), 4.10
(2H, t, J 6.7 Hz, CH,N), 2.44-2.40 (2H, m, CH,CO), 2.14-2.07 (2H, m, CH,); *C
NMR (125 MHz; CDCl;) ¢ 75.1 (CO), 123.5 (NCH=), 100.1 (=CHCI), 47.7
(CH2N), 29.9 (CH,CO), 18.8 (CH,); HRMS (CI+) found [M + H]" 146.0380,
CsHoNO>°Cl requires 146.0373; m.p. 45-46 °C.

(E)-1-(2-Chlorovinyl)piperidin-2-one, 270, (Z)-1-(2-Chlorovinyl)piperidin-2-
one, 271 and 1-(2,2-Dichlorovinyl)piperidin-2-one, 272

O (@) O
I |
@/\/C N/\ N/\(C
Cl Cl

A suspension of (chloromethyl)triphenylphosphonium chloride (1.74 g, 5.00 mmol)
in anhydrous THF (10 mL) was treated with potassium tert-butoxide (600 mg, 5.00
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mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of 2-
oxopiperidine-1-carbaldehyde 167 (63.5 mg, 0.50 mmol) in THF (5 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na;SOy,
filtered, and concentrated under vacuum, and the crude residue was purified by
flash column chromatography on silica gel (80:20 hexane:ethyl acetate) to afford a
14.0:1.0:1.0 mixture of the (E)-monochloro-enamide 270 (74%, 58.8 mg, 0.37
mmol), (Z)-monochloro-enamide 271 (5.3%, 4.20 mg, 26.0 umol) and the dichloro-
enamide 272 (4.4%, 4.20 mg, 22.0 umol) as a white solid (67.0 mg in total, 84%
total yield).

(E)-1-(2-Chlorovinyl)piperidin-2-one 270: 1| R ( nex8@9), 29%7, 2866, 1655,
1618, 1472, 1456, 1431, 1410, 1346, 1331, 1287, 1271, 1231, 1177, 1167, 1090,
985, 953, 920, 891, 851, 827, 787 and 719 cm' * *H NMR (500 MHz; CDCl3) 4
7.77 (1H, d, J 13.4 Hz, NCH=), 5.67 (1H, d, J 12.7 Hz, =CH), 3.35 (2H, t, J 6.4 Hz,
CH,N), 2.48 (2H, t, J 6.4 Hz, CH,CO), 1.92-1.78 (4H, m, 2 x CH,); *C NMR (125
MHz; CDCl3) ¢ U67.9 (CO), 130.2 (NCH=), 102.7 (=CHCI), 45.7 (CH2N), 32.8
(CH,CO), 22.5 (CH,CH,CO), 20.5 (CH,CH,N); HRMS (CI+) found [M + H]"
160.0523, C;H1;NO**Cl requires 160.0529; m.p. 89-90 °C.

(2)-1-(2-Chlorovinyl)piperidin-2-one 271: 'H NMR (500 MHz; CDCl;) 4 .02
(1H, d, J 6.5 Hz, NCH=), 5.61 (1H, d, J 6.6 Hz, =CH), 3.65-3.62 (2H, m, CHN),
2.50-2.46 (2H, m, CH,CO), 1.92-1.78 (4H, m, 2 x CHy).

1-(2,2-Dichlorovinyl)piperidin-2-one 272: *H NMR (500 MHz; CDCl;) 4 .04

(1H, s, NCH=), 3.81-3.79 (2H, m, CH2N), 2.50-2.46 (2H, m, CH,CO), 1.92-1.78
(4H, m, 2 x CHy).
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(E)-1-(2-Chlorovinyl)azepan-2-one, 273, 1-(2,2-Dichlorovinyl)azepan-2-one,
274 and (Z)-1-(2-Chlorovinyl)azepan-2-one, 275

A suspension of (chloromethyl)triphenylphosphonium chloride (1.74 g, 5.00 mmol)
in anhydrous THF (10 mL) was treated with potassium tert-butoxide (600 mg, 5.00
mmol), and the resulting bright orange suspension was allowed to stir at room
temperature until it turned brown, indicating the ylide formation (6 hours). The
resulting brown suspension was then treated dropwise with a solution of 2-
oxoazepane-1l-carbaldehyde 168 (70.6 mg, 0.50 mmol) in THF (5 mL). The
resulting mixture was stirred at room temperature until TLC analysis showed
reaction completion (12 hours). The reaction mixture was quenched with distilled
water (10 mL) and poured into hexanes (25 mL), and the precipitate formed was
filtered off. The phases were separated, and the aqueous layer was extracted with
diethyl ether (3 x 10 mL). The combined organic layers were dried over Na;SOy,
filtered, and concentrated under vacuum, and the crude residue was purified by
flash column chromatography on silica gel (80:20 hexane:ethyl acetate) to afford a
14.0:1.0:1.0 mixture of the (E)-monochloro-enamide 273 (52%, 44.8 mg, 0.26
mmol), dichloro-enamide 274 (11%, 11.2 mg, 54.0 umol) and the (Z)-monochloro-
enamide 275 (10%, 8.90 mg, 0.05 mmol) as a white solid (65.0 mg in total, 73%
total yield).

(E)-1-(2-Chlorovinyl)azepan-2-one 273: | R ( n £@3094, 2932, 2859, 1661,
1624, 1439, 1395, 1350, 1335, 1310, 1260, 1209, 1184, 1152, 1082, 1034, 972,
934 and 858 cm' ! *H NMR (500 MHz; CDCl3) 4 @.45 (1H, d, J 12.7 Hz, NCH=),
5.79 (1H, d, J 12.7 Hz, =CH), 3.50-3.48 (2H, m, CH;N), 2.59-2.55 (2H, m,
CH,CO0), 1.74-1.64 (6H, m, 3 x CH,); *C NMR (125 MHz; CDCl;) c (i73.8 (CO),
130.3 (NCH=), 103.1 (=CHCI), 46.7 (CH2N), 36.9 (CH,CO), 29.4 (CH,CH,CO),
27.4 (CH,CH,N), 23.4 (CH,); HRMS (Cl+) found [M + H]* 174.0690, CgH1sNO**Cl
requires 174.0686; m.p. 90-92 °C.
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