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Abstract

The B-lactams and the related B-sultams are attractive targets for synthesis because
of their central importance in antibiotics such as the penicillins. These heterocycles
are of further interest because of their potential as inhibitors of the serine protease
class of enzymes'™, believed to be responsible for diseases such as rheumatoid

arthritis and cystic fibrosis.

This thesis will describe the synthesis of the 4-vinyl beta lactams (A)®, thiation of
these compounds using Lawesson’'s reagent to yield thio lactams (B) and
subsequent conversion into the corresponding 1-azetine (C) using Meerwein’s

reagent.

) S SEt

(A) (B) (€)

Compound (C) provided a template for a series of cycloaddition reactions in order to
produce a series of bicyclic heterocycles, represented by general structure (D). One
reaction that was explored in this series was that between 1-azetines (C) and
diphenylcyclopropenone (DPP) (E) which should have yielded the bicyclic adducts
(F).%

0
SEt 0 §Et
R1 /A R1 N / Ph
2 2
R Ph Ph R Ph

(D) (E) (F)

In the event the products isolated were not the anticipated cycloadducts (F) but
rather the ring expanded compounds (G)'** obtained via sigmatropic rearrangement,
the nucleus of which is an isomer of the azabicyclononane system, present in many

t72

important’< alkaloids such as anatoxin-a (H) and pinnamine (1).

O\ H
H
Ph \ e
Ph\f " come N N
4 R’l
2l A\i\& o

R2

(G) (H) (1



Abstract

The project subsequently evolved to look at the possibility of synthesising other
alkaloid nuclei such as the pyrrolizidines, indolizidines and pyrroloazepines through
the reaction of the appropriate imines with cyclopropenones. These bicyclic systems
are present in many natural products’® such as pyrrolam A (J) and indolizidine 223AB
(K) and are of great interest for synthesis because of the wide range of biological

activities they possess, such as the ability to block the nicotinic receptor channels.

H H
A\
N N
(@) ﬁPI’ Bu

This thesis will therefore describe an effective synthesis of the heterocycles shown in

Scheme A (where n =1, 2 or 3).

SEt o SEtQ SEt
X - - /
N + A R e Et
4) RN e g
RS '/n R? R’ n
R? H

Scheme A

Further research into the reactions of 4-vinyl B-lactams (A) has also been conducted
with a view to synthesising analogues of the pyrrolobenzodiazepine, antitumour,
antibiotic natural products, of which DC-81 (L) is an example.""® Thus, reaction of (A)
with o-azidobenzoylchloride gave the N-substituted p-lactam (M). Ring closure via
an azide-alkene cycloaddition and loss of nitrogen gave either the aziridine

compound (N) or the methyl imine (O).

0
0 0 0 0
o0 E OCF oCF

N N =
HO N ’ N NN
(L) (M)

Overall the work described in this thesis pioneers initial research into the reactions of

(N) (0)

electron rich imines with cyclopropenones, positively demonstrating their use in the

synthesis of analogues of alkaloid natural products.
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Chapter 1: Introduction

1.0 Introduction

Imino ethers (1a, X=0), also known as imidates (the terms will be used
interchangeably throughout this thesis) together with the corresponding imino
thioethers, also known as thioimidates (1a, X=S), are a sub-class of the larger
and more well known imine class of compound. The latter are well
established as expedient starting materials, intermediates and synthetic

targets in organic synthesis.

In this thesis, the discussion will centre on the synthesis and reactions of
cyclic thioimidates (imino thioethers) (1b, X=S). This Introduction will focus on
the synthesis of all types of thioimidates and imidates and their use as key
building blocks for the formation of a wide variety of compounds. Where the
imidates/thioimidates concerned are cyclic, this introduction will be limited to

the non-fully conjugated (non-aromatic) systems.

In the Discussion of this thesis, cyclic thioimidates (1b, X=S) will be used in
the synthesis of heterocyclic nuclei which are of importance as the central
core of several classes of alkaloid natural products. For this reason a very
brief overview of the use of cyclic imines (including imidates and thioimidates,
where appropriate) in the synthesis of alkaloids will form the latter part of this
introduction, followed by a very general introduction to the indolizidine,

pyrrolizidine, pyrroloazepine and homotropane alkaloids.

YXR C/\E

N

XR

(1a) (1b)
X=0o0rS
R = alkyl group
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1.1 Synthesis of imidates and thioimidates

Oxazolone derivatives (2) that contain a pre-existing imidate functionality
undergo thermolysis reactions in the presence of unsaturated compounds
(RX=XR) in toluene to produce a new cyclic imidate, the pyrroline (4, X=C)."
The process involves a thermal ring opening, with decarboxylation to give a
nitrile ylide (3), which subsequently undergoes an in situ 1,3-dipolar
cycloaddition reaction with the unsaturated compound RX=XR to form
compound (4) together with the iso-indole (5) (Scheme 1). It can be seen that
the nitrile ylide (3) functions as an excellent provider of the imidate

functionality present in compound (4).

+ -
i-PrO O i-PrOC=N—C(Ph)CF4
7—‘{/ A RX=XR
N._O — | —
Ph CF, .,
i-PrOC=N=C(Ph)CF4

i-PrO R
X \
A
_— N X‘R + | N
X CF,
PH  'CFs H

Scheme 1

Cyclic pyrrolines containing imidate or thioimidate functionality can also be
formed from acyclic starting materials.” Thus, using powdered Smls,
compound (6) is converted into ylide (8) via the intermediate radical species
(7). Anion (8) undergoes in situ reaction with esters to yield cyclic
thioimidates (9).
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0
IR Sml,, THF, argon |O| R
EtOC~C~N=C(SMe), — EtOC-CTN=C(SMe); ~ —+ =
MeC=0 20°C, 1h Scl -MeC=0
Me )
(6) (7)
R! CO,Me
. R RICH=CHCO,Me O
MeS—C =--N—==C=—=COEt — N
I | EtOC” ' °N SMe
SMe I R
0
(8) ®)
Scheme 2

the corresponding thioamide (12) as

Non-cyclic thioimidates® such as compound (13) have been synthesised from

shown in Scheme 3. Thus, the

thioamides (10) undergo double deprotonation producing dianions (11).
Further reaction with a propylene oxide yielded the thioamides (12), which
produced the acyclic thioimidates (13), after reaction with ethyl iodide in the

presence of tetrabutylammonium fluoride (TBAF).

Li R'I
Ph
SEt Ph OH
N
R™ N '\/kR1

2 Buli St
)J\ PN - > N
R H Ph THE R
0°C, 2h
(10) (11)
S Ph OH BusNF Etl
R N R? THF  0°C,0.5h
H 0°C, 0.5h

E.g. R=Ph, R' ='Bu

Scheme 3
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It is of interest to note that the acyclic thioimidate (13) in turn functions as a
precursor for the synthesis of the cyclic imidate (14), as shown in Scheme
4.%°

R1

SEt Ph OH O/j
- \N'J\/kw -EtSH I
R N~ "Ph

(13) (14)

Scheme 4

The synthesis of imidates and thioimidates using isocyanides has been
achieved.* Thus, the synthesis of imidate (15, X=OMe) or thioimidate (15,
X=SPh) was carried out in situ using a palladium catalysed coupling between
bromobenzene, tert-butyl isocyanide and tributylstannyl methoxide or
thiophenoxide (Scheme 5).

Pd(PPh3)s cat /B
cal.
t = P
PhBr + XSnBus + 'BuNC Ph X
PhH, 120°C
(15)
X = OMe, SPh
Scheme 5

A traditional and well-established route to imidates/thioimidates® is from the
alkylation of the corresponding amides and thioamides, respectively, a
process highlighted in the last step of Scheme 3. Scheme 6 highlights an
interesting variation of this process starting from commercially available Cbz
protected 1-aminocyclopropane-1-carboxylic acid (16).° This compound
initially undergoes conversion to the corresponding amide using EDCI and
NH4Cl in DMF and subsequent treatment with Lawesson’s reagent yields
thioamide (17). Upon reaction of thioamide (17) with methyl iodide in acetone

at 60°C, the expected thioimidate intermediate (18) underwent a rapid
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rearrangement process, resulting in exclusive formation of the cyclic
thioimidate (19).

1. EDCI, NH,4Cl Mel, 60°C
ﬁNHCbz DMF ﬁiNHCbZ acetone
o” oH 2. Lawessc;n s Reagent s NH,

THF, 50°C

(16) (17)

NHCbz

NHCbz
k rearrangement
-Me —_— ~ S/Me

HN S HI N
*HI

(18) (19)
Scheme 6
The conversion of amides (20) into the thioamides (21) and subsequent
alkylation with Mel gave the cyclic thioimidates (22) (Scheme 7).° This

method is a further example of the classic process by which amides are

converted into thioimidates/iminoethers.

(0] 0) (0]
o — ooyt s o
7
S S (0] S S N/&S S S N SMe
H

(20) (21) (22)

Iz

Scheme 7

By dissolving nitro derivative (23) in TFSA at low temperature,
hydroxynitrilium ion (24) is formed, which can be trapped with methyl thiol to

yield the non-cyclic thioimidate (25) (Scheme 8).”
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Me NO,  TFsA MeS + MeSH MeS_  N—OH
— — +—C=N—OH —_— Meg%—(
MeS MeS MeS SMe
(23) (24) (25)
Scheme 8

Protonation of nitro compound (26) followed by tautomerisation to give
intermediate (27) allows further protonation and loss of water to yield the
stable hydroxynitrilium (28). Intramolecular cyclisation gave the thioimidate
(29). Alternatively, quenching of hydroxynitrilium (28) with an excess of a
suitable nucleophile such as MeOH or MeSH, yielded the acyclic imidate (30,
X=0) and thioimidate (30, X=S)? as products of the reaction (Scheme 9).

HO H,OF

+ + + “+ + v+
AHN  NO;  fast AHN,  NO,H _ AN N-OH 4 AHN, N-OH
MeS TFSA MeS H MeS H MeS H
(26) (27)

Quenching ArHrtl

AN N-OH .
with MeXH _+
D — Y—c=N-oH  +  HiO'
MeS

(28)

l cydlisation in situ

HO

Scheme 9
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The thione (31) readily undegoes S-alkylation in one step, with a
stoichiometric amount of methyl iodide in ethanol at room temperature, to give
triheterocyclic imino-thioether (32) in quantitative yield.® If an excess of
methyl iodide was employed, the reaction was found to yield both S-alkylated
(32) and the N,S-dialkylated (33) products (Scheme 10).

H
(32)
N NH  Mel, 2% NaOH,q)
- and/or
N\ S EtOH, rt, 24h
H
quantitative
. ¥
N S~Me
Me
(33)

Scheme 10

Imidate (36) was synthesised from N-cyanooxazolidine (34) via nucleophilic
attack at the carbon of the C=N bond and protonation via MeOH to yield
iminoether (35)."° The iminoether then underwent bromocyclisation at 0°C to

yield quantitatively bicyclic product (36) (Scheme 11).

>J—R _MeONa_ ):O>__//_R NBS J:O S Br
/[ MeOH, it~/ =N CH,Cl,0°C  pp N>\>-R

NH N
MeO MeO

(34) (35) (36)

Scheme 11
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Reaction of the phosphines (37, X=0) with an azide gave the
iminophosphoranes (38), which then underwent an intramolecular aza-Wittig"’
reaction to produce the stable imidate (39, X=0) as shown in Scheme 12."2
There is also literature precedent for the reaction occurring when X=S i.e. with
the iminophosphorane (38, X=S) which is formed from the corresponding
phosphinothioester (37, X=S). This procedure gives the thioimidate (39, X=S)
after intramolecular aza-Wittig reaction, which has not been isolated, but
rather undergoes hydrolysis to give the sulfide (40) together with an amide.™
This latter process is the now well known Staudinger ligation (Scheme 12),
whereby amides are produced from carboxylic acids via the formation of

phosphines (37, X = S) as intermediates.

9 j\ X~ Ppph
Hzo ~+ _ H 2
R)J\X/\PPhZ = R7 X7 Pph, 05—\
R_N3 I\Il_ R R'
N2 (g) R
37) (38) l
]
N
HS™ "PPh, OQPPh
2
(40) O"('zzg)

e K :
o Hydrolysis \N/R .
RN (39)
H

X=0, stable

Scheme 12

Photoinduced elimination' of nitrogen from the benzotriazole (41) produces
an intermediate which then cyclises to yield the cyclic imidate (42) together

with the unusual oxetane containing imidate species (43) (Scheme 13).
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N\\
N/N hv/2hr R R
MeCN 0]
+
e e Qg

(41) (42) (43)
Scheme 13

Ghosez" and others'® have shown that iminoether hydrochlorides react with
acid chlorides, in the presence of a base such as triethylamine via an
acylation process, to form the acylimidates (44). These then undergo O-
silylation at ambient temperature to give the corresponding imidate based 2-
azadienes (45) in good to excellent yield (Scheme 14). The starting
iminoether hydrochlorides were obtained by alkylation of the corresponding

amide, a common route to such iminoethers.

R'Q Ets;N R'O Q
Y=NH,*cI + RORiCH-cOCI — Y=N-C-CHR3R*
R2 CH2C|2 R2

(44)

R? Ot-BuMe,Si

~ 3
R'O N\R

ZOOC, Etzo R4

t-BuMe,SiOTf, Et3N

(45)
Scheme 14

An alternative route to 2-azadienes has also been developed by the same
research group'® and is shown in Scheme 15. In this method, N-silylation of
the iminoether hydrochloride (46) gave N-silylated imidate (47). Desilylation,
N-acylation and re-silylation at the carbonyl oxygen gave the silyl containing

imidate based azadiene (48).
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R
i-P t-BuMe,SIOTf i-P R3CH,COC, EtN t-BuMezSiOW/
'O>:NH2+CI‘ > =N, N
H EtsN (2.2 eq), CH,Clp, -40°C H  SiMet-Bu  ether, it Y
OiPr
(46) (47) (48)
Scheme 15

In parallel with the synthesis of the acyclic imidate based 2-azadienes detailed
above, cyclic’'” versions have also been synthesised, using the silylation
method shown in Scheme 16. The product (50) is obtained directly from the

silylation of the corresponding imide (49) with a trialkyltriflate.

o RMe,SiOTf, Et;N RMe2SiO\ ~
HN ether, rt N

o) OSiMe,R

(49) (50)
Scheme 16

Dienes such as those shown in Scheme 14-16 have been shown''® to react
in Diels-Alder cycloadditions. An example is shown in Scheme 17 whereby
the imidate based azadiene (51) reacts with an alkyne to form the cyclic O-

silylated imidate (52).

R1

R3 R'H
t-BuMe,SiO_~ I t-BuMe,SiO R3
+ — |
N*g’OR“ N | CO,Me
CO,Me 2
R2 2 R0 R2

(51) (52)

Scheme 17
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In a single electron transfer process, compound (53) undergoes loss of an
MeCO fragment to form the metal complex (54). Loss of MSMe gives the
ylide (55) which then undergoes 1,3-dipolar cycloaddition with an unsaturated
ester, to yield pyrrolines (56) and (57) which contain the thioimidate moiety
(Scheme 18). 1,3-Dipole (55) represents an excellent precursor for the

synthesis of cyclic thioimidates with diverse substituents.'®

SMe

2
0 )\ ~M R
R Sml, -CH3C=0 MeS™ °N" = N
(MeS),C=N OR! — —— AN o — MeS~ 'N”-"CO,R
THF R
(e} Me OR!
(63) (54) (55)
\/(i MeO,C, R MeO,C, ~\R3
\ 1 2
_— MeS N ’R2 + MeS N /CozR.]
(56) (57)
Scheme 18

As well as the alkylation discussed in Schemes 6, 7 and 10, for example,
iminoethers have also been synthesised from the respective amide using
triflates, as shown in the conversion of compound (58) into compound (59).
Compound (59) (the imidate)®® can then undergo further reaction with an
aminothiol in the presence of methanol to yield the natural product curacin A2’

(60), which is itself an example of a cyclic thioimidate (Scheme 19).
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0 NH-TfOH
)v MeOTf, CH,Cl, )v
— MeO X7/
AN N 14h, rt H V H
(58) (59)

16W\W:§_\1 MeOH
5 55°C, 2 days

OMe HaN  SH
17
16 10 3 1
AN 1 PN —,.
\/\f/\)\/\/\sﬁ (\
OMe N=\18 22
H “H
20
(60)
Scheme 19

1,4-cyclohexadiene (61) undergoes standard [2+2] cycloaddition to
chlorosulfonyl isocyanate? to yield the bicyclic p-lactam (62). Subsequent O-
methylation® of lactam (62) with trimethyloxonium fluoroborate results in the

isolation of imidate (63).%*

@ rost NH (CH3)30"BFy’ N
—_—— |
2. Hydrolysis 0 OCH,
(61) (62) (63)
Scheme 20

Similar [2+2] cycloaddition of alkene (64) to chlorosulfonyl isocyanate (65)%°
results in the synthesis of B-lactam (66).2%2"?® This lactam undergoes direct
ethylation with Meerwein’s reagent (67) to yield the cyclic iminoether (68) in

good yield. The corresponding iminothioether is accessible via thiation of
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B-lactam (66) using Lawesson’s reagent” to give thioxo compound (69).

Ethylation using Meerwein’s reagent yields cyclic iminothioether (70) (Scheme
21).28

0 o Et;O"BF 4 OEt
1] —_
CL ¢ . _en'. 1
N —T N —TN
|
SO,Cl H
(64) (65) (66) (68)
_Ar
Sj\F(SZP\\
A S S
Et:O*BF 4
S 3 4 SEt
| 67 —
LS e -
—N, —N
H
(69) (70)

Scheme 21

Cyclic iminoether (72) is a rare example®* of an iminoether that is

commercially available. It is available via reaction of imidate (71) with

ethanolamine as shown below, a reaction similar to that used in Scheme 19.

NH [

CHs
H,N OH
MeO)J\ CTN(

(71) (72)

Access to the cyclic iminoether (74) was achieved via thermally promoted

intramolecular nucleophilic attack of the cyclic sulfonate (73).%"
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CCl,

OANH \
é_o ’ )

...SO '0SO0;H
o2 3

(73) (74)

1.2 Reactions of Imidates and Thioimidates with Nucleophiles other
than Water

Iminothioether (75) underwent nucleophilic displacement®®? of SMe with
compound (76), which was then followed by a second intramolecular
nucleophilic attack at the ester carbonyl moiety resulting in the formation of

tricyclic alkaloid (77), in excellent yield (Scheme 22).

0

N CO,Me QN

a, - oo = of

s NH, N
M

e

(75) (76) (77)
Scheme 22

As detailed in Scheme 23, this process®? is also applicable to the reaction of
iminothioether (78) with compound (79) hence allowing the production of N-

polyheterocyclic system (80).
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o _~_-CO,R
o - XX
N S — O N~ "NH,
f
(78) H (79)

O
s
N \N /_\
N

(80)

0
P

O

Scheme 23

Kuduk® has shown that pyrrolothioimidate (81) can undergo nucleophilic
displacement reactions with a variety of primary and secondary amines to
afford 2,3-diaminodihydropyrroles of the type (82) shown in equation (2), in

moderate to good yields.

NHCbz 1°0r 2° NHCbz
amine )
s” N~ NR'R?
“HI

81) (82)

Thioimidate (81) (equation 2) can also undergo nucleophilic displacement with
2-bromoethylamine to form compound (83), which upon heating to 120°C

undergoes partial conversion into the bicyclic compound (84) (Scheme 24).°
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NHCbz CbzHN

NHCbz Br~_~ N
FS\ NHsBr /\)
7 / _—— V. NH +
NS Hi DMF, TEA N N
120°C
Br
(81) (83) (84)
Scheme 24

Nucleophilic attack at the imino carbon of enzyme adduct (85) by salicylic
hydrazine (86) resulted in the formation of the corresponding amidrazone (87)

(equation 3).%3

(oN H ¢, NH salicylic hydrazine (oN H T 3,NH
C-Ph-N-C—C, - LCPh-N-C-C_ O OH (3)
MeO H 's—Enz (86) MeO H N-N-C
H H
(85) (87)

Acyclic imino ethers of the type (88) undergo conversion into the
corresponding amidine (89) in dioxane solvent at 98°C in good to excellent

yields (equation 4).*

NR! NHR2R3, AcOH NR'
Ar” TOPh dioxane Ar” TNRZR® “)
98°C
(88) (89)

The imidates and thioimidates (15) (see Scheme 5) also react readily with

amines to give amidines.*
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1.3 Hydrolysis reactions — Reaction of Imidates and Thioimidates with

Water

In a competing reaction® to that shown in equation 3, the thioimidate enzyme
adduct (85) can also be hydrolysed to the corresponding amide (90) with

water now acting as the nucleophile (equation 5).

o.  H SHa NH +H,0 o, H 0
“C-Ph-N-C-C! . ,C-Ph-N—ﬁ—C\ (5)
MeO H S—Enz MeO NH,
(89) (90)

Other enzyme based thioimidates (91)** also undergo hydrolysis in a process
similar to that shown in equation 5. The reaction proceeds via tetrahedral
intermediate (92), which breaks down to form amide (93) plus the free

enzyme (Scheme 25).

NH H,0 OH 'Y
R-C —> |RC"S"Enz — R
— ' NH
S—Enz NH, 2
(91) (92) (93)
Scheme 25

Treatment of cyclic thioimidate (94) with aqueous NaOH at sub-zero
temperatures™ results in the formation of products both from C-N (compound
96) and C-S (compound 97) bond cleavage, in a reaction that proceeds via
intermediate (95) (Scheme 26).
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(c;m

H5CG\ .S '\ll_CH3

C-§—N 0
q q / (96)
n(H2C) , BF4 NaOH(ag) | n(H2C

Yo bt A1 AN
CgHs 6% c—§—s
L | n(HZCI)
SR

(94) (95) 6Hs

Scheme 26
Cyclic iminoether (98) undergoes hydrolysis™ in TFA to give the

corresponding oxindole (99) in a yield of 85% (equation 6).

SiMe; SiMe,
TFA, H,0

//—OMe

(98) (99)
The treatment'® of iminoether (100) with aqueous hydrochloric acid in

dichloromethane results in the acidic hydrolysis of the iminoether moiety to

give the amide (101) (equation 7).

—— HCI —
(aq) R
R — ™
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Access to pyridinones (103) is accomplished via the hydrolysis (methanolysis
of the same compound has also been reported) of adduct (102) (equation
8).18

R1 H R1
t-BuMe,SiO R3 O R
—_—
1 "y ®)
CO,Me CO,Me
R%0 R2 R?
(102) (103)

Acyclic iminothioether (104) undergoes partial hydrolysis resulting in a mixture
of para-substituted aniline (105) and S-methyl o-
hydroxyiminophenylthioglyoxylate (106), shown in equation 9.%° This process
is noteworthy in that it results in C=N cleavage exclusively (i.e. no C-S

cleavage was seen).

HO,
N
YAQMN\H/N -oH T YONH2 +  pPh ©)
SMe
MeS  Ph o)
(104) (105) (108)

1.4 Cycloaddition reactions

One of the main parts of the discussion (see later) will deal with cycloadditions
to cyclic imino ethers and imino thioethers. Previous literature in this area will
therefore be reviewed. Heterocyclic systems (107) consisting of 5 atoms, in
which the imidate or thioimidate functionality is found as part of the ring itself,
have been shown®® to readily undergo reaction with benzonitrile oxide to give

a range of cycloadducts of the type (108) (Scheme 27).
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Me
x~l-0
+ - \
PhC=N-0O — q\fN
Y v

(108)

<X

o
xo
20
)

Scheme 27

Rings of larger size also containing the imidate functionality can be readily

synthesised®® using the above methodology but have been reported by Miller

and Scrowston to be unreactive towards 1,3-dipoles.®® A plausible reason for

the decreased reactivity is a reduction in the ring strain exhibited by

heterocyclic systems of larger size and thus their overall increased stability. It

has also been reported by the same group, in an attempt to increase the

reactivity of larger ring systems towards 1,3-dipoles, that the C=N double

bond within the ring can be conjugated with an appropriate carbonyl group.

The resulting imidate esters undergo reaction with nitrile oxides (Scheme 28)

and nitrile imines (Scheme 29) to yield the respective cycloadducts (111),

(112) and (113).

OEt

(109)

0]

N

(110)

OEt

o] EtsN O,
Ar— . N
NOH N\(
@) Ar
(111)
0
Cl EtN | OEt
A — 0
NOH N
=N
Ar

Scheme 28
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(113)
Scheme 29

In work of direct relevance to this thesis, Hemming and Smalley®®?® have also
shown that the 4-membered cyclic iminoethers (114, X=0O) and imino
thioethers(114, X=S) can also undergo 1,3-dipolar cycloaddition reactions with
nitrile imines, nitrile oxides and nitrile ylides to yield cycloadducts (115), (116)

and (117) (Scheme 30), respectively.

Ar
XEt al L
| . N R N
+
¢ Ph
Ph
(114) nitrile imine (115)
XEt ¢ LS
B . N Y
N ¢ \<
R R
(114) nitrile oxide (116)
RH xEt R
| XEt ¢ | H
[ . N LGN
N (I: \<
R R
(114) nitrile ylide (117)

Scheme 30
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The corresponding bicyclic iminoethers (118, X=0) and imino thioethers (118,

X=S) have also been shown by the same research group?’ to undergo 1,3-

dipolar cycloaddition reactions with nitrile imines to yield cycloadducts (119).

In the equivalent reaction with nitrile oxides, bicyclic compounds (120, X=0 or

S) undergo cycloaddition, resulting in the formation of cycloadducts (121)

(Scheme 31).

R XR']
cl
N

Me

(118)

R

XEt
|
N

Me

(120)

z-z-»

o-0O=
+

nitrile imine

-0=z-0
A .

nitrile oxide

Scheme 31

R XR'ATr

N\<N

Me  pn

(119)

X=0/S

R=H/Me
R'=Me/Et
R2=Ar or CO,Et

The same process also works with the related imino thioether (122) which
gives cycloadducts (123) and (124) (Scheme 32), after reaction with nitrile

imines and nitrile oxides, respectively.?’



(122)

nitrile imine

Z=0

IR
¢
R

nitrile oxide

(:Ijr/O\
—r N
N /
H %R
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H SEtAr
N\

N
N\/<

H Ph

(123)

H SEt

(124)

Scheme 32

A0 0
i
oo

Y
=

—MeOC6H4
-"NO,CgH4

In a related reaction, the bicyclic imino thioether (125) undergoes a formal

[3+2] cycloaddition with diphenylcyclopropenone (DPP) to yield cycloadducts

(126) in good yield (Scheme 33). The same reaction also works with cyclic
imino thioether (114, X=8), producing cycloadduct (127).%’

SR
|
N

Me

(125)

XEt

(114, X=8)

0

A

Ph Ph

(DPP)

0

A

Ph Ph

(DPP)

SR P

N/Ph

Me  pn

(126)

(127)

Scheme 33

R=Me/Et
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1.5 Rearrangement reactions

Cyclic iminoether (128) undergoes thermal ring opening at 200°C to give
intermediate (129) which then undergoes a 1,5-H shift to yield the

corresponding unsaturated iminoether (130) (Scheme 34).%°

H H
H
OCH; 200°C H )\(OC Hs 1,5-H shift H >k|rOCH3
| —_—
ﬂ - R

(128) (129) (130)

Scheme 34

In an analogous reaction®%4°

cyclic iminoethers (131) and (132) undergo
complete conversion into the corresponding unsaturated iminoethers (133),
(134) and (135) (Scheme 35), with the latter reaction giving a mixture of

products.

OCH;  5u0o H J\(O CH3 | 1,5H shift |—|>|\|( OCHs
| — —
N \f N ﬁ/ N

(131) (133)

OCH
_ (OCH3 200°C JYOCHs 1,5-H shift H><|(OCH3 . )J\l( 3
' }N H xN

\fN

(132) (134) (135)

Scheme 35
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Interestingly, iminoether (128) also undergoes an intramolecular®*® Chapman
rearrangement®*“*? at 130°C to yield the corresponding beta lactam (136)

(equation 10).

OCHj3 O
| 130°C (10)
(128) (136)

Acyclic iminoethers (137) undergo pseudo Chapman rearrangement at 200°C

via oxygen to nitrogen shift of an alkyl group to yield the corresponding

amides (138) (equation 11).4%%*
OR’ 0
200°C
R-CN-RZ — R—('f\ R (11)
N
R2
(137) (138)

In a photolytic rearrangement, cyclic iminoether (139) is converted into cyclic
amide (140) involving the shift of a methyl group from oxygen to nitrogen

(equation 12).®

CH3

H;CO
e i o I YY .
H30Y—k i T—K (12)

0 O

(139) (140)
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1.6 Miscellaneous reactions

When heated at reflux in methanol with 1,2,2-trisubstituted ethylenes (142),
the cyclic imidate (141) yields a non-cyclic product (143) (Scheme 36).%°

O\ R MeOH R!
+ = E—— =
N/ OMe RHC C\R2 Bolling. 72h MeO2C(H2C)3NHCH C\R2
(141) (142) (143)
Scheme 36

A similar example to that shown in Scheme 36 is the reaction of 5-ethoxy-3,4-
2H-dihydropyrrole (144) with alkene (145) in aqueous solution yielding
compound (146). This product is formed with a different regiochemical

outcome to that detailed for compound (143) (Scheme 37).%°

SMe dioxane, H,O ,NH(CH2)3COOEt
O\OEt + O,NHC=C_ —_— O,NHC=C,
N SMe  poiling, 72h SMe
(144) (145) (146)
Scheme 37

In a palladium-catalysed cross coupling®® reaction, phenylmagnesium bromide
reacts with the protonated pyrrolothiomethylimidate (147) in toluene at 70°C,

to form 2,5-disubstituted pyrroline (148) (equation 14).

R? R PhMgBr, cat. PdCl,(dppf) R? R
= - ~ = (14)
H SMe Toluene, 70°C

(147) (148)
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This thesis will deal with work on the use of cyclic imidates and cyclic
thioimidates in the synthesis of four classes of alkaloids, the homotropanes,
pyrrolizidines, indolizidines and pyrroloazepines. This introduction will
therefore move on to discuss briefly the use of cyclic imines in general (i.e.
not just the systems covered above) as precursors in the synthesis of
alkaloids, before moving on to describe the above four classes in a little more

detail.

2.0 Cyclic imines as precursors for alkaloids

Cyclic imines are established**® as expedient starting materials in the
synthesis of alkaloids in general and in the synthesis of the indolizidine,
pyrrolizidine, pyrroloazepine and homotropane alkaloids targeted in this
thesis. The alkaloids are ubiquitous in nature and are found, for example, in

plants, trees, amphibian skin and microorganisms.*°

Triheterocyclic thioiminoether (149) undergoes a condensation reaction’’ with
a variety of different aryl amino acids (150), at reflux and in the presence of

acetic acid, to yield polyheterocyclic compounds (151) (Scheme 38).

R& H
N CO, AcOH A
N\ + > \§ R2
N /3 =% NH, Reflux, 24 h N 1 N
R1 R RS

(149) (150) (151)

Scheme 38

The 2-acylcycloalkane-1,3-diones (152) undergo cyclocondensation reactions
with simple cyclic azomethines (153) and (154), which act as Schiff bases to
form triheterocyclic compounds (155) and (156) (Scheme 39).*  This
synthesis is applied to the formation of both naturally occurring compounds

and their synthetic analogues.
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O O O O
R3
R’ + '\O e R’
(152) (133) (155)
0 0 (0] (@]
R3
’
R2 o R? N
(152) (154) (156)
Scheme 39

The indolizidine and quinolizidine nuclei are readily accessible from the
corresponding cyclic imine.*” In a reaction with LDA, deprotonation of cyclic
imine (157), followed by addition of a haloalkane results in the formation of a
bicyclic iminium salt (159) via intermediate (158). This compound then
undergoes reduction using lithium aluminium hydride, to yield the desired
indolizidine adduct (160) in 59% yield (Scheme 40).

1) 1.1 eq. LDA, THF, N,

N N N

2) 1.2 eq. Br(CH5)5Cl +
-78°C-rt, 15 h cr

(157) (158) (159)

1 eq. LiAlH, Et,0

rt, 30 min N
(160)
Scheme 40

In analogous reactions the corresponding quinolizidine (161), pyrroloazepine
(162) and azabicyclo[5.4.0lundecane (163) bicyclic systems were also
synthesised in yields of 68 — 70% (Scheme 41).*’
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1) 1.1 eq. LDA, THF, N,

| > —_—
N N
N 2) +

1.05 eq. Br(CH2)3Cl
-78°C-rt,15h cr

2 eq. L|A|H4, Et20 O/\j
heat, 3 h N

(161)

1) 1.1 eq. LDA, THF, N,

I - i
N N N

2) 1.05 eq. Br(CH,),Cl +
-78°C,1h+1rt,15h cr

1 eq. LiAlH,, Et,0

D — e

rt, 45 min N

(162)

1) 1.1 eq. LDA, THF, N,

—_—
\r\O N N
2) 1.05 eq. Br(CH,),Cl .

-78°C-rt, 15h Ccr

1.5 eq. LIAIH,, Et,0

S

heat, 3 h N

(163)

Scheme 41
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3.0 The alkaloids

The synthesis of alkaloids*®%*®°

continues to attract significant attention in the
literature, with new approaches to the vast array of natural product targets
being developed on a regular basis. Synthetic chemists continue to discover
novel and interesting routes to these compounds, particularly because of their
usefulness in a wide array of medical applications including the development
of new anticancer, antiviral, antibiotic and neurotransmission agents.’”®
Synthetic routes to many of these compounds are highly sought after due to
the tiny amounts of the natural product that are available from the natural
source. Many classes of alkaloids are alkylated and hydroxylated

compounds,®'¢?

and provide interesting regio and stereochemical challenges
to synthetic chemists which must be addressed when designing routes to the
synthesis of the natural compounds. A brief overview of four classes of
alkaloids, the indolizidines, pyrrolizidines, pyrroloazepines and homotropanes
will be discussed in the following section, along with some selected examples
from the literature. This section is not intended to be a comprehensive
survey, but is designed to serve as an introduction to the four classes of

alkaloid that are of relevance to this thesis.

3.1 Indolizidine alkaloids

The indolizidines*® are a large class of alkaloid, ubiquitous in nature. These
have been isolated from a wide variety of natural sources, including extracts

from the skin secretions of certain poison frogs,®*®*

where they are used as
part of the animals’ defence mechanisms to guard against predation. The
core azabicyclic nucleus (164) forms the framework for what are often
referred to as “simple” indolizidines. These can be simple alkyl or hydroxy
containing compounds®'*®? such as indolizidine 223A (165) and swainsonine
(166) or more complex polysubstituted ones such as cyclizidine (167) and

pumiliotoxin (168).°

oy,

(164)
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@)
H 1 onoH
"1OH
W' N N
(165) (166)

0) H
.\\OH
OH
N -

—

(167) (168)
Many of the indolizidines exhibit significant pharmacological properties®?°*%*
and are routinely tested for use in the treatment of a wide range of diseases.
For example, 2-epi-swainsonine (169) and castanospermine (170) exhibit
glycosidase inhibitory properties and have been tested for the treatment of
cancer, HIV and immunological disorders.®> Some of these types of
compounds have been shown to inhibit the infectivity of retroviruses,
especially the human immunodeficiency virus (HIV), which has resulted in the
synthesis of a spate of analogues in an attempt to find a useful compound to

combat this particular virus.

OH OH
OH - OH
OH
N HoV >N
(169) (170)

Some alkylated indolizidine alkaloids, for example indolizidine 223A (165) and
(-)-indolizidine 223AB (171) exhibit non-competitive blockage of nicotinic
receptor channels and consequently have the potential for use in the

treatment of neurotransmission diseases.®®
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(165) (171)

It is this medical usefulness coupled with their interesting structure that makes
indolizidines current targets for synthesis and explains why they continue to
attract significant attention from many synthetic chemists. The absolute
configuration of the stereogenic centres is a crucial factor for the biological
activity of the indolizidines. There is a considerable number of existing
synthetic routes to indolizidine compounds, that have been developed over a
number of years many of which are now commonly used for the synthesis of
new indolizidine targets, the detail and explanation of which are beyond the

scope of this thesis.

3.2 Pyrrolizidine alkaloids

As with their indolizidine counterparts, the pyrrolizidine alkaloids are a large
class of nitrogen containing compounds, which contain the azabicyclic
nucleus (172).°"%®" |n nature they are more commonly found in certain plants
and insects, acting as anti-feedants that not only guard against predation, but

also serve as starting materials for the biosynthesis of attractants/deterrents.®®

A

(172)

Many of the naturally occurring pyrrolizidine alkaloids are similar in structure
to that of compound (173) and have been found to exhibit hepatoxic,
mutagenic and carcinogenic properties, which are thought to be related to the
presence of the double bond within the molecule.®”®® Carbonyl groups, often

57,70,71

in the form of a lactam moiety, are another common feature, and thus
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this provides synthetic chemists with a natural lead in the pursuit of synthetic

analogues of the naturally occurring compounds.

H
~

N
0

(173)

Alkaloids (174) and (175) are examples of naturally occurring pyrrolizidines

that contain similar structural characteristics to that of compound (173).7

O  Me QH P
N Y, N 0]
HNM
(174) (175)

There are also examples of the pyrrolizidine alkaloids that contain hydroxyl
functionality’' similar to that of the corresponding indolizidines (section 3.1).
The alkaloids (+)-1-epiaustraline (176) and (-)-rosmarinecine (177) are
examples of polyhydroxylated pyrrolizidines and research into these types of
compounds is rapidly becoming important in the field of glycobiology, due to
the potential for them to mimic the behaviour of glycosidase inhibitors. This is
due to similarities in the structural characteristics of the respective
pyrrolizidines to that of glycosidase inhibitors. These include an array of
hydroxyl groups that could fit into the active site of an enzyme and also a
basic nitrogen at physiological pH which plays an important role in the
glycosidic processes. This area of research is of particular interest to
chemists and biologist alike, as glycosidase inhibitors are known to play a key
role in diseases such as diabetes, AIDS and cancer. Thus, the ability to
access new therapeutic targets for such diseases would be potentially
advantageous in finding new treatments. Access to polyhydroxylated

pyrrolizidines and suitable synthetic precursors is thus of some importance.
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HO |;| OH
N “"OH
(176) (177)

The naturally occurring pyrrolizidines (178) and (175) are thought to have
potential use in the treatment of cancer and have been made available by
total synthesis.”” This is extremely advantageous in the area of medical
research as it provides a continuous and reliable source of the naturally
occurring compound that would otherwise be in short supply, allowing a wider
range of research to be carried out on such compounds, and allowing access

to analogues.

H P OH f?
H H
N o NN
HN\)H/Y HNM
OH
(178) (175)

There are many other areas of pharmacological and biological research
involving the pyrrolizidine alkaloids. These include their use as tools to probe
the interaction of acetylcholine-related enzymes’® and their receptors, which
have implications both in the area of neurotransmission diseases and also in
understanding the chemical defence in plants and animals against herbivores
and predators. Studies carried out on animals have shown that some
pyrrolozidine alkaloids have an effect on the heart and may serve as a model
for human heart disease associated with pulmonary hypertension. There
have also been studies into certain pyrrolizidine alkaloids that are converted
into compounds that are known toxic metabolites and have potentially harmful

effects on the liver, leading to liver disease in humans.®’
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3.3 Pyrroloazepine alkaloids

The azabicyclic nucleus shown in structure (180) forms the structural

framework for what are a smaller and less well-known sub-class of alkaloid,

59,73a
OD

(180)

the pyrroloazepines.

These alkaloids have been isolated from plant roots, stemoamide (181) and
stenine (182) being two relatively well documented examples of natural
products that contain the azabicyclic skeleton (180) and are found in the roots
of stemona tuberose. Several such pyrroloazepines have been used for
many years in Chinese traditional medicine, in the treatment of a range of
common respiratory ailments, including bronchitis and tuberculosis. Some

have also been found to have potent insecticidal activity.”

(181) (182)

Other pyrroloazepines such as bicylic lactam (183) have attracted the
attention of synthetic chemists™ because they have the potential to be used
as protease inhibitors, which are implicated in a range of diseases such as
such as cystic fibrosis and rheumatoid arthritis. Due to the restricted nature of
the of the amide bonds in such compounds and the amino acid side chains,
these compounds act as peptide mimics, and much work devoted to the

synthesis of such compounds is underway.”>?
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AcN CO,H

(183)

3.4 Homotropane alkaloids

The homotropanes’*"

are a large class of alkaloids that have attracted
considerable attention from the scientific community over the past three
decades. In particular, synthetic chemists have been interested in finding new
methods for the formation of the homotropane nucleus, while medicinal
chemists have found the powerful biological activity of the compounds very

intriguing.”®

Anatoxin-a (184)"" is a well known example of a homotropane alkaloid
containing a 9-azabicyclo[4.2.1]nonane ring system. This compound was first
isolated in the 1970s’"® from certain strains of freshwater blue green algae
and is commonly referred to as “Very Fast Death Factor”, due to its extremely
toxic nature. Indeed, ingestion of even the smallest amounts of this
compound has proven fatal to wildlife and humans alike, resulting in rapid

death.’®

ZT

(184)

It has been deduced that anatoxin-a mimics the neurotransmitter
acetylcholine, acting as a potent agonist for the nicotinic acetylcholine
receptor NnAChR.”® It is this characteristic which has been attributed to the
potent and highly toxic nature of this compound. Anatoxin-a lacks

susceptibility to degradation by the enzyme acetylcholine esterase allowing it
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to remain available to overstimulate muscle tissue, which results in respiratory

paralysis and ultimately death.””®

Despite the extremely toxic nature of anatoxin-a, chemists have not been
deterred from extensive research into this compound primarily because
acetylcholine deficiency is implicated in a range of brain disorders such as
Alzheimer's disease.””® It is envisaged that the pursuit of analogues of
anatoxin-a may result in the discovery of therapeutically useful compounds,
which can be used as acetylcholine replacements for the treatment of brain

disorders, but which are crucially far less toxic in nature than anatoxin-a.

The naturally occurring alkaloid epibatidine (185) was isolated from the skin of
the Ecuadorian poison frog in 1992.%8° It is the first natural product to be
based on the 7-azabicyclo[2.2.1]-heptane ring system, attracting the attention
of synthetic chemists due to its considerable analgesic properties, and also
because it has been shown to act at the nAChR. This is in contrast to many
other analgesics which function at the opioid receptor. As with anatoxin-a,
epibatidine has been found to be extremely toxic and this has prompted the
search by chemists for structurally related analogues of which compounds
(186), a homoepibatidine and (187), a bis-homoepibatidine are examples.
The latter is also a homotropane. It is hoped that such compounds will show
increased discrimination between receptor sub-types, retaining useful

pharmacological properties but showin lower toxic:ity.75

H H
CI\__N § CIN_N N CIN N N

(185) (186) (187)
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The natural product pinnamine A (188) is another example of a homotropane
alkaloid and has also attracted attention as a nAChR agonist of interest in
neurological research. Once more, such interest together with the scarcity of
its natural supply have made the synthetic routes to this natural product of

importance to the scientific community.®’
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Chapter 2: Discussion
4.0 Aim of the Research

The original aim of this project was to explore the chemistry of
imidate/thioimidate containing 4-membered ring heterocycles and to use them
as cycloaddition precursors for the synthesis of novel bicyclic B-sultams and

B-lactams as analogues of biologically relevant systems, such as penicillins.

The products have potential use as antibiotics and also as serine protease
inhibitors, which are implicated in a range of diseases such as cystic fibrosis
and rheumatoid arthritis.®> The structures targeted in this thesis are designed
to function as cross-linking agents at the enzyme active site, as will be

discussed below.

In this project the initial targets for synthesis are the monocyclic 1-azetin-4-

ones and the 1,2-thiazetin-1,1-dioxides (189).%

2
1 R ZR3
R —H R'/R? = akyl/cycloalkyl,
X—N R3 = Me/Et,
X=CO or SO,
(189) Z=0orS

Their potential as cycloaddition precursors?’ for the synthesis of novel bicyclic
B-sultams (190) and B-lactams (191) will then be explored. This investigation
will focus particularly on their behaviour towards cyclopropenones and 1,3-
dipoles. If access to the bicyclic B-sultams and B-lactams is successful, it will
then be possible to investigate the reactivity of such adducts as potential

serine protease enzyme inhibitors.

R? SEt R? SEt
R a, R? a\b R'/R? = alkyl/cycloalkyl,
0,5—N \é/b .C™N \é/ X=C=0o0r SO,

0]

(190) (191)
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The literature precedent®® for the latter aspect of the work is based on the
known reactivity of B-lactams and B-sultams which undergo ready ring
opening. It is also interesting to note that there is an example of this reaction
from the literature whereby the formation of oxadiazoles (193) occurs in high
yields of 71-87% from the corresponding nitrile oxide adducts (192), a
reaction which does not even require the B-lactam/B-sultam ring to be present.

(equation 15).%°

W = Ar or CO,Et

The initial aim of this thesis was to examine adducts (190) and (191) in order

to verify their reactivity with nucleophiles,?*?’® for example:

R? zR3 R2 R2 Nu
R‘—f—f/a\b Nu- R1~|—||/a\ NuH R“"—” a\b
O=S-N-7 “or3 0=S N-7° O=8 HN~Z

I C -ZR e c M Nu c

O ONU O

(190)

It is the possibility of the nucleophilic addition®”® being performed by an
enzyme that offers these structures the potential to be inhibitors and, if a

second nucleophilic residue attacks, cross-linking agents.

As will be explained in the discussion of this thesis, the aims of the project
became subject to change from that of this original proposal, due to a failed
synthesis and new work which came to light during the course of the project
which resulted in the generation of a series of interesting and novel results in

small ring heterocyclic chemistry.
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4.1 Attempted Synthesis of 1,2-thiazetin-1,1-dioxides

In keeping with the original aims of the work (see above) the first task was to

investigate the following reaction (Scheme 42).

R2 3 RZ 53
o ZR . " R R'/R? = alkyl/cycloalkyl,
~‘—( \ \ 3 _
0=5—N ¥ /P o=s—N-7" BT MelEt
5 *o X c Z=0orS
o}
(194)
Scheme 42

This necessitated a synthesis of molecule (194) which we hoped to make
from the O/S-alkylation of the 1,2-thiazetindin-3-one (196). It was envisaged
molecule (196) could be made as shown in Scheme 43.3* Thus, reaction of
an acid anhydride (195a) with sulfuric acid gave the sulfonic acid (195b),
which formed via the formation an intermediate enol and attack of sulfuric
acid. This process was followed by the hydrolysis of the other carbonyl and
the formation of a disodium salt in the presence of the base, sodium
hydroxide. The second part of the synthesis involved a double chlorination,
using thionyl chloride, of the sulfonate and carboxylate fragments
respectively, to yield the dichloride via the usual chlorination mechanism
shown in Scheme 43. The third and final stage of the mechanism involves
ring closure of the molecule with ammonia at -78°C, where the dichloride
addition was carried out drop-wise, in order to prevent formation of either a
ring opened structure or the product of double addition of ammonia, giving a
non-ring closed product. This reaction successfully yielded 1,2-thiazetidin-3-
one (196) in 61% yield. The final product (196) showed the expected
spectroscopic characteristics.** These include the infrared, which showed a
carbonyl at 1748 cm™ typical of the carbonyl stretch of an oxo-B-sultam. The
NMR also showed a ratio of 6:1 protons representative of the two-methyl
groups and the N-H proton, as expected. The mass spectroscopy data also
showed the main peak of 148 (ES-) at 100% indicating the loss of one proton

from the molecule, also as expected.
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With the saturated 1,2-thiazetidin-3-one (196) successfully made, the next aim

involved either thiation with Lawesson’s

reagent and alkylation with

Meerwein’s reagent, to yield the 1,2-thiazetin-1,1-dioxide (197, X=S), or direct
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O-alkylation with Meerwein’s reagent, to yield the 1,2-thiazetin-1,1-dioxide

(197, X=0) as shown in Scheme 44.%’
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In the event, compound (196) would neither alkylate nor thiate. Interestingly
reaction with Lawesson’s reagent appeared by TLC and infra-red
spectroscopy to be successful with TLC showing a clear new product and IR

showing the loss of the distinctive oxo-sultam C=0 stretch. However, all
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attempts towards subsequent isolation and purification of the material by

column chromatography resulted only in the recovery of starting material.

One possible conclusion is that the product formed during the course of the
Lawesson’s reagent reaction had upon isolation and purification hydrolysed to
give back 1,2-thiazetidin-3-one (196). This finding was confirmed by infrared,
NMR and MS data which all showed the starting material was the only product
isolated from the purification process even though it was not present prior to
attempted purification. A plausible mechanism for this reaction to proceed

through is shown in Scheme 45.
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Given the failure to form the 1,2-thiazetin-1,1-dioxide necessary for
cycloaddition via this route, it was decided next to explore the possibility of
forming a 1-azetin-4-one® (198) and exploring it as a cycloaddition precursor.
Before embarking upon this task, which would involve lengthy synthetic
approaches (the 1-azetin-4-one is a rare heterocycle), it was decided to study

the more readily available 1-azetine system (199).227

(198) (199)
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The reason for studying a model system was to verify that the
Lawesson’s/Meerwein’s sequence discussed for the 1,2-thiazetidin-3-one
(196) was indeed viable and also to explore further the chemistry of any

bicyclic systems that might be formed once the 1-azetines had reacted.

4.2 Synthesis of Model and Novel 1-Azetines and Their 1,3-Dipolar

Cycloadditions

The systems selected for further study were the known 1-azetine (200) and
the novel 1-azetine (201). These systems were chosen because:
(a) Synthesis of molecule (200) has been documented in the

literature, 2627

and its synthesis would therefore provide the necessary
confidence that the Lawesson’s and Meerwein’s steps were reliable.

(b) Compound (201) is a novel 1-azetine whose synthesis has not
appeared in the literature prior to this thesis. The presence of an
exocyclic double bond in this molecule was chosen as it presented
some interesting potential features since the cycloadducts (202) of
these systems may undergo a potentially interesting Sy2’ reaction in
the presence of nucleophiles offering them a unique way of ring

opening.

SEt SEt

(200) (201)

(202)
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1-Azetines (200) and (201) should be accessible from the corresponding
1-azetidinones (B-lactams) (203) and (204)%. Such (B-lactams) are most
obviously made by [2+2] cycloadditions®’®. This section of the thesis will
describe the synthesis of compound (203) and its use as a precursor for the
synthesis of the 1-azetine (200) and will move on to describe the
cycloadditions of this 1-azetine. The synthesis and use of 1-azetine (201) will

be described in the next section of the thesis.

_.l//o °
1 N,

N -
(203) (204)

Scheme 46 shows the details for the synthesis of compound (203). The
mechanism shows a [2+2] cycloaddition reaction involving concerted attack of
chlorosulfonyl isocyanate by 2,3-dimethyl-2-butene. Base is then added to
the reaction mixture and the chlorine of the SO,ClI is replaced with a hydroxyl
group. This facilitates the removal of SO3; from the ring and subsequent
protonation of the nitrogen to yield the desired p-lactam (203) in 96% yield as

shown in Scheme 46.
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Compound (203) showed the expected spectroscopic characteristics®?. For
example the infrared spectrum showed a carbonyl at 1750 cm™ typical of the
carbonyl stretch of a B-lactam. The NMR also showed the four methyl groups
and the N-H group in a ratio of 6:6:1, with the N-H proton in its characteristic
position at 6.5 6. The mass spectroscopy data also revealed the presence of

a peak at 128 (ES+) indicating the product had been formed.

Before the cycloaddition could be performed, it was necessary to convert the
B-lactam (203) in to a 1-azetine®. Alkoxy azetines are known to be unstable
and hence the thioalkyl azetines were selected as the preferred targets, since
thioalkyl azetines are known?’ to be more stable. Therefore in keeping with
the Lawesson’s and Meerwein’s sequence, compound (203) was thionated
using Lawesson’s reagent as shown in Scheme 47. Thermolysis of
Lawesson’s reagent breaks the sulfur-phosphorus bond and results in the
formation of a ylidic intermediate. This species then acts as a nucleophile
attacking the carbonyl of the beta lactam ring forming a tetrahedral
intermediate which undergoes rearrangement via a four membered complex
to yield thio lactam (205).

A A ——f
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—_— —_— —_— + p—
L S —N. Ar PQO
N N H
H H
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Scheme 47

This process yielded thiolactam (205) in 90% yield and the compound showed
the expected spectroscopic characteristics. The compound showed loss of
the B-lactam carbonyl (IR and *C NMR) together with gain of C=S bond

which showed peaks at 1498 cm™ in the IR and a distinctive quaternary
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carbon at 212 ppm in the *C NMR. High-resolution mass spectroscopy was

also fully consistent with the assigned structure.

Compound (205) was converted into the thioalkyl azetine (200) using
triethyloxonium tetrafluoroborate (Meerwein’s reagent) in 44% yield via the
mechanism shown in Scheme 48. The mechanism involves attack of
triethyloxonium tetrafluoroborate by thiolactam (205), forming a C=N double
bond within the four membered ring with ethylation of sulfur. This is followed
by removal of the proton on nitrogen using basic work-up, resulting in the
formation of thioalkyl azetine (200). The compound showed the clear
presence of a new C=N bond through the IR at 1535 cm™ and gain of an ethyl
group ("H NMR) and loss of N-H ('"H NMR and IR). The loss of the
characteristic C=S signal in the >C NMR and the appearance of a new
quaternary carbon at 187 ppm confirmed that S- and not N- alkylation had
occurred. High-resolution mass spectroscopy data was also fully consistent

with the assigned structure.
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With the model 1-azetine (200) successfully made using the
Lawesson’s/Meerwein’s route, the next task was to investigate the reaction of
this compound towards 1,3-dipoles. Scheme 49 shows a general equation for
the synthesis of a small series of cycloadducts (206), all prepared from the
1,3-dipolar cycloaddition of nitrile oxides to 1-azetine (200) in 60-70% yield.

SEt SEt
I + R-C=N~0 — N

(200) (206)
(a) R = CO,Et
(b) R="Ph
(C) R = 0-C6H4N3

Scheme 49

The dipole, a nitrile oxide, was generated®’®® in situ by reacting triethylamine
with a chloroxime as shown in Scheme 50. Nitrile oxides are usually
generated by dehydrochlorination of the corresponding chloroxime (207)
which in turn are made by chlorination of readily available oximes with
N-chlorosuccinamide (NCS), as shown in Scheme 50.

0 NH,OH N—OH NCS N—OH
R—C T R-C — R-C’
H H Cl
(207)

Et;N :
_EtslN [R—czr\r—o]

Scheme 50

The mechanisms involved during the synthesis of cycloadducts (206) and
precursor (207) are shown in Scheme 51. The first step involves nucleophilic
attack at the aldehyde carbonyl, by hydroxylamine (formed from the HCI salt

under basic conditions of sodium acetate) in ethanol to produce the oxime.
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In the second step of the reaction the oxime is treated with N-
chlorosuccinimide (NCS) in dichloromethane, to yield chloroxime (207). The
chloroximes were produced in good yield after purification using silica column
chromatography. Subsequent spectroscopic analysis (IR and NMR)
confirmed the structure of the products which showed loss of oxime C-H and
confirmed the presence of the hydroxyl OH. Mass spectroscopy confirmed

the take up of chlorine.

The final step of the reaction was a 1,3-dipolar cycloaddition in which the 1,3-
dipole was generated in situ. In order to facilitate this, the reaction was
carried out via slow drop-wise addition of the 1,3-dipole to the 1-azetine,
allowing only a low concentration of oxime to react with the triethylamine and
consequently preventing a competitive dimerisation reaction. The reaction
yielded the desired cycloadducts (206) as the major product, in each of the

three reactions studied.

c (TH,H (" H i C
¥eo) "0 N-OH H=Q N-OH HSO\N=-OH
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The three nitrile oxide cycloadducts (206a-c) were produced in yields of 60-
70% (R = (a) COzEt, (b) Ph and (c) 0-CgH4N3), with each product having
consistent spectroscopic data for the assigned structures. For example, for
cycloadduct (206a, R = Ph) the '"H NMR data showed the presence of the
aromatic protons present on the phenyl ring in the appropriate ratio of 2:2:1.
The four methyl groups appeared as four singlets and the CH, of the ethyl
appeared as a very distinctive signal with each proton being split into a

doublet of quartets (the CHy is diastereotopic).

For cycloadduct (206a, R = CO»Et) the infrared showed the presence of a
carbonyl at 1737cm™, typical of an ester. The 'H NMR data showed the ethyl
group of the carboxylic ester, with a characteristic splitting pattern, together
with the expected diastereotopic resonances of the SEt group. The four
methyl groups were again noted to be in different environments. The
structure was further confirmed by high-resolution mass spectroscopy, and by
3C NMR spectroscopy. Compounds (206a and b) have been synthesised in
the group previously,?® but were not previously fully characterised, with "*C
data, for example, being absent. A very distinctive feature in the *C NMR

was the bridgehead quaternary sp? carbon, which appeared at 117 ppm.

Compound (206c¢) has not been synthesised previously and was accessed in
order to later utilise the reactivity of the azide group. For cycloadduct (206c,
R = 0-CgH4N3) the expected spectroscopic characteristics for the methyl
groups and SEt in the '"H NMR spectrum were observed together with the
distinctive position of the bridgehead sp® carbon at 117 ppm in the *C NMR
spectrum. Furthermore, the infrared showed the presence of the cumulated
N3 group at 2130cm™ which is typical of an azide. The high resolution mass

spectroscopy data was also consistent with this being the desired product.

With each of the bicyclic adducts (206a-c) successfully synthesised, the next
task was to investigate the potential reactivity of these compounds, something
that had never been fully done in the past. Therefore, it was decided to carry
out a series of thermolysis reactions, using organic solvents to determine

what, if any, reactivity the respective compounds would exhibit.
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Adduct (206c¢, R = 0-CsH4N3) was subject to thermolysis by heating at reflux in
DMF. This, it was hoped, would form the nitrene, by loss of nitrogen from the
azide, which might then initiate some interesting chemistry.  Careful
monitoring by tlc showed a clear new product had formed after 4-5 hours. In
the event only the amine (208) could be isolated in 43% vyield — i.e. the
product of azide reduction, indicating that the nitrene had formed, but had
abstracted protons from the solvent to form the amine, rather than undergoing
insertion. The intact nature of the bicycle was shown by the presence of the
distinctive four methyls and diastereotopic ethyl in the '"H NMR and the
quaternary sp® bridgehead carbon at 116 ppm in the *C NMR. Infra-red
showed no azide absorbance together with a new absorbance at 3476 cm

for the amine group.

__f/o\
N [Yield - 43%)]

(208)

Interestingly, when compound (206c) was thermolysed in toluene, 1,2,4-
oxadiazole (210) was isolated. A plausible mechanism for the formation of
this product is shown in Scheme 52. This mechanism proceeds via the loss
of SEt from the starting molecule to form a resonance stabilised intermediate.
Ring-opening gives strain relief and forms a tertiary carbocation, together with
a fully conjugated heterocyclic ring (209). This intermediate subsequently
undergoes ring opening and deprotonation to form the isolated 1,2,4-
oxadiazole (210). This is the first example of a 1-azetine-nitrile oxide
cycloadduct undergoing thermolytic ring opening. The compound showed the
expected spectroscopic characteristics, for example, the 'H NMR showed the
presence of an alkene CH; group at 4.899, in conjunction with the loss of a
methyl group from the original molecule. The 'H methyl resonances showed
as two singlets in the '"H NMR in a 2:1 ratio. The aromatic protons remained
unchanged in the '"H NMR which was an indication that the benzene ring was

still present. The characteristic SEt proton resonances had disappeared in
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the '"H NMR and the distinctive sp® quaternary bridgehead carbon was absent
in the *C NMR which also showed an extra peak at 166 ppm attributed to the
new C=N bond. The azide group was still present in the IR spectrum,
indicating that no reaction had taken place with this group on the molecule at
this lower temperature. High-resolution mass spectroscopy data also
confirmed the molecular ion peak which was fully consistent with the mass of

the expected product.

SEt +
+
__T()Q\ Toluene (reflux) ——|¢O\ ——ro\
N —_— N -~ Cl N
—TN~Y -SEt —T N~ —TN~¢
N3 N3 N3
(206¢) (209)
0] + j\tro
\ -H N
+NI /N NI /N
>,
H N3 N3
(210)
Scheme 52

Compound (208) on prolonged thermolysis in either toluene or DMF also gave
a ring opened 1,2,4-oxadiazole (211) as shown in Scheme 53, via a
rearrangement similar to that shown in Scheme 52. Compound (211) could
also be formed by heating the azide (210) in DMF at reflux, again shown in
Scheme 53. Compound (211) showed the expected spectroscopic
characteristics with two methyl singlets in a 2:1 ratio, a vinylic methylene ('H
and "*C). The amine appeared in the infra-red as a broad peak at 2982 cm™.
The NMR confirmed the presence of the N-H protons in their typical position
at 5.4 ppm. The high resolution mass spectroscopy data was fully consistent
with structure (211).
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Adduct (206a, R = Ph) gave 1,2,4-oxadiazole (212) in 80% yield on

thermolysis in toluene, whereas adduct (206b, R = CO;Et) was stable even to

prolonged heating in boiling o-dichlorobenzene (182°C).

(212)

Compound (206c) was also converted into the corresponding the
phosphoramidate (206d) using a Staudinger reaction shown below. Further
heating in toluene over a period of 24 hours showed no change in the

structure of compound (206d).
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Having demonstrated that 1-azetine (200) undergoes reaction with nitrile
oxides and that the adducts can also be subjected to further reaction under
thermolysis, it was envisaged that other 1-azetines would also yield some
interesting results. As will be discussed later, the 4-vinyl-1-azetine (201) was
found to be inappropriate for such investigations due to competitive
cycloaddition at the vinylic group. Therefore simple 1-azetine (213) was
chosen for further study. It was anticipated that adducts of this compound
would form the intermediate cation (214b) on thermolysis (in analogy to the
mechanism shown in Scheme 52, above) and then go on to form the alkene
(215) by proton loss. Such styrenyl 1,2,4-oxadiazoles are of great interest as

Michael acceptors®’.

SEt
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Scheme 54

This necessitated the synthesis of molecule (213). This molecule was
synthesised from the corresponding 1-azetidinone (216) as shown in Scheme
55. It is useful on this occasion to consider the [2+2] reaction to be stepwise
resulting in the formation of the more stable secondary benzylic carbocation,
which is subsequently attacked by the nitrogen to yield the B-lactam ring.
Base (carbonate) is then added to the reaction mixture and the chlorine of the
SO,Cl is replaced with a hydroxyl group. This facilitates the removal of SO;
from the ring and subsequent protonation of the nitrogen to yield compound
(216).
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Compound (216) showed the expected spectroscopic characteristics. For
example the infrared spectrum showed a carbonyl at 1758 cm™ typical of the
carbonyl stretch of a p-lactam. The 'H NMR showed an N-H proton in the
characteristic position of 6.75. The *C NMR showed the presence of four
environmentally different aromatic carbons and also aliphatic methylene and
methine carbons. Mass spectroscopic data revealed the presence of a peak
at 148 (ES+) indicating the product had been formed.

In keeping with the Lawesson’s and Meerwein’s sequence, the next step of
the synthesis involved the conversion of 1-azetidinone (216) into thiolactam
(217) using Lawesson’s reagent. The mechanism for this reaction is identical
to that given in Scheme 47. This reaction successfully produced thiolactam
(217) in 47% yield and the compound showed the expected spectroscopic
characteristics, with loss of the p-lactam carbonyl (IR and '*C NMR) together
with gain of signals characteristic of the C=S group. High-resolution mass

spectroscopy was also fully consistent with the assigned structure.
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217)

This compound was then converted into the thioalkyl azetine (213) using
triethyloxonium tetrafluoroborate (Meerwein’s reagent) in excellent yield, 86%,
as shown in Scheme 56. The compound showed the clear presence of a new
C=N bond through the IR and gain of an ethyl group ('"H NMR) and loss of N-
H (‘"H NMR and IR). High-resolution mass spectroscopy data was fully
consistent with the assigned structure. Loss of the C=S signal in the *C NMR

again confirmed the N-alkylation had not occurred.
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With 1-azetine (213) successfully synthesised using the Lawesson’s and
Meerwein’s route, it was decided to investigate the reactivity of this compound

towards nitrile oxides, in the same manner as the model 1-azetine (203).

Scheme 57 shows the general reaction for the synthesis of the cycloadducts

prepared from the 1,3-dipolar cycloaddition of nitrile oxides to 1-azetine (213).
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The nitrile oxide was again generated in situ via the reaction of triethylamine
with a chloroxime as shown in Scheme 58, to yield the expected bicyclic
adducts (218).
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The mechanism for the synthesis of cycloadducts (218) is identical to that
shown in Scheme 51. Nitrile oxide cycloadducts (218a, R = Ph) and (218b, R
= 0-CgH4N3) were produced in yields of 20 and 60% respectively, with each
product having consistent spectroscopic data for the assigned structures. For
example, for cycloadduct (218a, R = Ph) the "H NMR spectrum confirmed the
presence of ten aromatic protons which is consistent with the expected
structure containing two phenyl groups. The ®C NMR confirmed the
presence of the two expected methylene groups and also the methyl and CH
groups respectively. High resolution mass spectroscopy data was consistent
and low resolution mass spectroscopy also showed the main peak of 311
(ES+) at 100% indicating the parent ion plus a proton, also as expected. 'H
and *C NMR data clearly inferred a single diastereoisomer. The NOESY

NMR spectrum revealed some interesting information about the
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stereochemistry for the formation of the bicyclic adduct (218a). It was found
that the H of the CHPh and the CH,S groups were trans to each other: Ph-SEt
interactions were seen whilst H-SEt interactions were absent. This infers that
1-azetine (213) is attacked from the face opposite to that of the existing Ph so
that the incoming dipole is directed to attack the face of the molecule opposite
to that of the existing Ph (equation 16a), with the consequence being that the

Ph and SEt groups are cis to one another.

SEt i
| — \N

Ph" PO

(213) (218a)

Cycloadduct (218b) also showed the expected spectroscopic characteristics,
which include the infrared containing a peak at 2129 cm’’ typical of an azide
stretch within a molecule. The 'H NMR spectrum confirmed the presence of
nine aromatic protons together with the expected ethyl resonances and
methine and methylene signals. The ">*C NMR confirmed the presence of the
two expected methylene groups and also showed the methyl and CH groups.
Mass spectroscopic data also showed the main peak of 352 (ES+) at 100%
indicating the gain of one proton to the molecule, also as expected, and
accurate mass spectroscopic data was also fully consistent. Once again the
NOESY spectrum confirmed that there were no methyl or CH,S interactions
with the H of CHPh which infers the 1,3-dipole (Ar-C=N-O) is once again
attacking from the face opposite to that of the existing Ph group (equation

16b), giving compound (218b) as a single diastereocisomer.

SEt Et 0
| — \N

Ph Ph
H Ho AN,

(213) (218b)

With both of the bicyclic adducts (218a and b) successfully synthesised, the

next task was to investigate the potential reactivity of these compounds.
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Thus, cycloadduct (218a, R = Ph) was subjected to thermolysis by heating in
toluene at reflux. This resulted in the formation of compound (219) in 83%
yield as shown in the mechanism in Scheme 59. The product presumably

arises by virtue of a [2+2] cycloreversion with loss of styrene.

SEt
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Scheme 59

The monocyclic adduct (219) showed the expected spectroscopic
characteristic. Thus the SEt group appeared as a simple triplet in the 'H NMR
spectrum, whilst the >C NMR spectrum showed the four phenyl carbon
signals plus a further two quaternary carbons (at 138 and 127 ppm) for the

1,2,4-oxadiazole.

Scheme 60 shows the chemistry of adduct (218b) that was investigated.
Adduct (218b, R = 0-CgH4N3) was first subject to thermolysis by heating in
refluxing toluene. This resulted in the formation of a 33% yield of compound
(220a), which was presumably formed by the same mechanistic route as that

shown in Scheme 59.
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Scheme 60

Compound (218b) was also converted into the corresponding amine (218c)
using the Staudinger reaction®, whereby the intermediate iminophosphorane
(as shown in Scheme 61) was hydrolysed to the amine. Bicycle (218c) when
heated in toluene (Scheme 60) underwent the same type of cycloreversion to
furnish the fully conjugated 1,2,4-oxadiazole (220b). The same 1,24-
oxadiazole could be obtained by performing the Staudinger-hydrolysis

sequence upon the 1,2,4-oxadiazole (220a), also shown in Scheme 60.
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4.3 Reactions of 4-Vinyl-1-azetines with 1,3-dipoles

As discussed at the beginning of section 2.3 the novel 4-vinyl-1-azetine (201)
was selected for study due to the possibility that its adducts (202) might

undergo interesting reactions with nucleophilic species:

SEt SEt ]
a\ NuH \
| —_— b —_— | //b
N N~Z -EtSH 7 N~
| | .

u

(201) (202)
With this aim still in mind, but with processes paralleling those in Schemes
59/60 and Schemes 52/53 also now a possibility (as shown in Scheme 62) we

moved on to investigate the synthesis of nitrile oxide 1,3-dipolar cycloaddition

products 221.
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N \/<N <
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(221) \

Scheme 62
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In order to study such processes we needed to synthesise novel 1-azetine
(201). This was anticipated to again be available from the corresponding -

lactam which would be made as per Scheme 632899

SEt

(201)

Scheme 63 shows the mechanism for the synthesis of 4-methyl-4-vinyl-1-
azetidin-2-one (222). The mechanism shows a stepwise reaction involving
regiospecific attack of chlorosulfonyl isocyanate by isoprene. This results in
the formation of the more stable tertiary carbocation, which is subsequently
attacked by the nitrogen to yield the p-lactam ring. Base is then added to the
reaction mixture and the chlorine of the SO,CI is replaced with a hydroxyl
group. This facilitates the removal of SO3; from the ring and subsequent
protonation of the nitrogen to yield compound (222) as shown in Scheme 63.
The stability of the intermediate carbocation dictates the regiochemical
outcome of this reaction. Compound (222) was formed in 75% yield, with no

evidence for the formation of regioisomer (223).
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Compound (222) showed the expected spectroscopic characteristics. These
include the infrared, which showed a carbonyl at 1744 cm™ typical of the
carbonyl stretch of a p-lactam. The 'H NMR spectrum showed the methyl
group, an aliphatic methylene group and the N-H proton, as expected. The
CH=CH, unit was present in the '"H NMR spectrum as a very characteristic set
of peaks. The *C NMR spectrum showed a vinylic CH, together with a vinylic
CH. The presence of a quaternary sp® carbon and the absence of a
quaternary sp? alkene confirmed the regiochemical outcome of the reaction.
The mass spectroscopic data also showed the main peak of 112 (ES-)

indicating the loss of one proton from the molecule, also as expected.

When 4-methyl-4-vinyl-1-azetidin-2-one (222) was thiated using Lawesson’s
reagent®®, the reaction successfully yielded the corresponding thione (224) in
excellent yield (equation 17). The compound showed the expected
spectroscopic characteristics including the presence of a C=S bond (IR and

®C NMR) and the associated loss of the C=0 bond. The exocyclic alkene
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CH, and CH protons could again clearly be seen at 5.2 and 6.15 ("H NMR),

with characteristic splitting as shown in Figure 1.
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Figure 1

Mass spectroscopy confirmed the structure with the molecular ion peak at m/z

127, and with fully consistent high resolution mass spectroscopy.

Lawesson's Reagent
(17)

N 80-87% | H

(222) (224)
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Thione (224) was then converted into 1-azetine (201) using triethyloxonium
tetrafluoroborate® (Meerwein’s reagent) in 28% yield as shown in equation
18.

Et;0'BF,

H 28% |

(224) (201)

Compound (201) showed the clear presence of a new C=N bond through the
IR at 1450 cm™ and gain of an ethyl group ("H NMR) and loss of N-H (*H
NMR and IR). The loss of the characteristic C=S signal in the '*C NMR and
the appearance of a new quaternary carbon at 181 ppm confirmed that S- and
not N- alkylation had occurred. High-resolution mass spectrometry data was

also fully consistent with the assigned structure.

Reactions of 1-azetine (201) with nitrile oxides proved unfruitful, resulting in
multispot processes from which none of the desired adducts could be
isolated. It was believed that this was due to the vinylic group competing for
the nitrile oxide. In order to avoid this, a reagent was required which is known
to react with electron rich imines but not with alkenes. One such reagent is

diphenylcyclopropenone (DPP). This is discussed in the next section.

4.4 Reactions of 1-azetines with DPP

Eicher® and others®® have shown that electron rich imines react with
cyclopropenones (225) to form pyrrolidines (226) as shown in Scheme 64.
Heimgartner went on to show that 2-amino-1-azetines also undergo this

reaction to form bicyclic pyrrolidines (227).%
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Previous work®’ in our own group had also shown that mixing 1-azetine (200)
with commercially available DPP (225, R = Ph) yielded bicylic adduct (228) in
80-90% vyield as shown in Scheme 65. Other 3,4-alkylated 1-azetines

underwent a similar reaction.

SEt
SEt Q |
— — Ph
- - A 1y
R R

Ph

(200) (225) (228)

Scheme 65

The mechanism suggested for this reaction is shown in Scheme 66 and
shows attack at the alkene double bond of DPP, by 1-azetine (200). This
forms an intermediate which undergoes an intramolecular reaction to produce

bicyclic system (228).



Results and Discussion

Csei O) ] 5(§Et SEt?
1 p A, 4R
Ph Ph L | ‘s

Ph = 2 Ph

Ph
(228)

Scheme 66

Previous work had not fully characterised adduct (228) and hence its
synthesis was repeated here. Compound (228) was isolated in 100% yield
after reacting 1-azetine (200) and DPP (225) in acetonitrile at room
temperature for 72 hours. The diagnostic '"H NMR signals were the four
distinct methyl groups and the diastereotopic SEt which showed as two sets
of double quartets (dq) for the CH, group. The *C NMR showed the carbonyl
group and the expected number of aromatic carbons for the mono substituted
benzene rings. The bridgehead sp> carbon this time appeared at 84 ppm. IR
spectroscopy confirmed the presence of a carbonyl in the molecule and high

resolution mass spectroscopic data confirmed the structural assignment.

It is of interest to note?” that DPP adduct (228), upon thermolysis at 200°C
yielded the unexpected indigo type product (231) via the mechanism

postulated below:

o (0]
SEt Retro
| [242] | . EtS () Ph
— L NS Ph - N
Ph
Ph
(228) (229)
-CoHy
@] I-! @)
Ph | N| Ph ~ Dimerise (-Sg) Sﬁ/Ph
N N
Ph Ph :
H o H  Ph

(231) (230)
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All attempts to isolate intermediates (229) or (230) were unsuccessful. It was
thought possible that bicyclic adduct (232) might undergo similar reaction, but,
due to the higher ease of formation of styrene over 2,3-dimethyl-2-butene
(see Schemes 59/60) do it at lower temperature and hence allow intermediate
(229) or (230) to be isolated. Compound (232) was easily synthesised by
reacting 1-azetine (213) with DPP to give compound (232) in good yield as
shown in Scheme 67. Compound (232) was formed as a single
diastereoisomer and showed all of the expected spectroscopic characteristics,
together with consistent accurate mass data. The stereochemical outcome of

this process will be discussed later.

(213) (DPP) (232)

Scheme 67

In the event, compound (232) was found to be stable to thermolysis. We next
looked at DPP adducts of the 4-vinyl-1-azetine (201).

4.5 Reactions of 4-vinyl-1-azetines with DPP

As discussed above (Section 4.4) DPP is known to react with electron rich
imines, but not with alkenes. With this in mind we next sought to use 1-
azetine (201) as a template for cycloaddition reactions in order to produce
bicyclic heterocycles in order to explore their chemical reactivities. Based on
the reactivity of electron rich imines, including that of 1-azetines (200) and
(213) towards DPP, we started by investigating the formal [2+3] cycloaddition
of 1-azetine (201) with DPP. It was anticipated that this reaction would form

cycloadduct (233) as shown in Scheme 68.
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In the event, the product isolated from this reaction was not the expected
cycloadduct (233) but rather a ring expanded 7-azabicyclo[4.2.1]nonane
(234), as shown in Scheme 69, isolated in 48% yield. The key indicator that
adduct (233) was not the product was the clear absence of the vinylic CH; in
the *C and "H NMR spectra.

(0]
SEtP
Me |N + H —_— Me N // Ph B —— N q
| Ph Ph | Ph EtS
Me
(233) (234)

Scheme 69

The structure of this new compound (234) was apparent from spectroscopic
studies. For example, detailed '"H NMR analysis showed the absence of the
distinctive vinylic CH, which was expected in compound (233), the presence
of the CH,-CH=CMe=CH; linkage ['H-'"H COSY] of the new ring system, an
extremely distinctive quaternary sp> carbon-phenyl linkage and a
characteristic quaternary sp® carbon-ethylthio linkage ['H-'*C HMBC]. The
infrared showed a carbonyl at 1737 cm™ and the mass spectroscopic data
was also fully consistent with the proposed structure. A mechanistic rationale
for the formation of 7-azabicyclo[4.2.1]lnonane (234) is shown in Scheme
70.%2% This involves attack at the alkene double bond of DPP, by 1-azetine

(201). This forms the expected compound (233) as an intermediate which



Results and Discussion

undergoes an intramolecular [3,3]-sigmatropic rearrangement (an aza-Cope

or amino-Claisen reaction) to give the 7-azabicyclo[4.2.1]nonene (234).
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Scheme 70

The aza-Cope rearrangement in this type of bicyclic system is unprecedented
and it is thought that the rearrangement was facilitated by both strain relief
and also by the fact that the azabicyclo[3.2.0]heptane ring system has an
inherent “half-open” book conformation at the ring junction, as shown in
Scheme 70, which allows the vinyl substituent and second alkene to overlap.
This proposal necessitates that the vinylic and SEt groups in cycloadduct
(233) adopt a trans relationship, with the larger SEt group on the less
hindered convex face of the molecule.

This hypothesis is supported by the reaction of 1-azetine (213) with DPP to
yield cycloadduct (232) as shown before in Scheme 67. Adduct (232) cannot
undergo [3,3]-sigmatropic rearrangement due the absence of the exocyclic
alkene, but did exhibit the expected trans relationship between the Ph and
SEt groups as evidenced through a strong NOE enhancement between the
SEt and the cis-H. To substantiate the aza-Cope, ring expansion hypothesis
further, literature precedent® was sought and it was found that the monocyclic
a-vinyl-azetidino systems, exemplified by compound (235) (equation 19) have
been shown to undergo strain-promoted facile aza-Cope (amino-Claisen)

[3,3]-sigmatropic rearrangement to give azocines (236), after opening of the
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four-membered ring, lending credence to the proposition of strain-relief acting

as a facilitator in [3,3]-sigmatropic rearrangements.

_ i _
MeO 0 N OMe
(235) ) (236) )

It was therefore concluded that reaction of 4-vinyl-1-azetine (201) with DPP
led to the successful synthesis of 7-azabicyclo[4.2.1]Jnonane structure (234),
via an interesting and novel rearrangement mechanism. This structure is also
an interesting 7-aza analogue of the well documented 9-
azabicyclo[4.2.1]Jnonene nucleus, which is the core component of several
important alkaloid natural products of which anatoxin-a (184) is the foremost

example.”>"®

(184)

It was therefore decided to react other 4-vinyl-1-azetines with DPP in an
attempt to gain access to other examples of this interesting and novel

rearrangement.

In order to study such processes we needed to synthesise 1-azetines with
similar structural characteristics to that of compound (201), with the most
important structural feature being the presence of an exocyclic double bond.
Therefore, 1-azetines (237) and (238) were selected for study. These were

easily available from the corresponding B-lactams as discussed below.
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Scheme 71 shows the mechanism for the synthesis of the 4-methyl-4-vinyl-1-
azetidin-2-one (239). The mechanism shows a stepwise reaction involving
attack of chlorosulfonyl isocyanate by 2,3-dimethyl-1,3-butadiene. This
results in the regioselective formation of the more stable tertiary carbocation,
which is subsequently attacked by the nitrogen lone pair to yield the B-lactam
ring. Treatment with aqueous base results in desulfonylation as discussed

previously. The regioisomer (240) was not formed.
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Scheme 71

Compound (239) showed the expected spectroscopic characteristics. These
include the infrared, which showed a carbonyl at 1762 cm™ typical of the

carbony! stretch of a B-lactam. The 'H NMR spectrum showed peaks in a
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ratio of 3:3:2:2:1 representative of the two-methyl groups, two methylene
groups and the N-H proton, as expected. The lack of coupling between the
aliphatic CH, and the NH verified the regiochemical assignment. *C NMR
data was also consistent with the assigned structure. Mass spectroscopy
showed the expected main peak of 126 (ES positive), which was confirmed by

accurate mass measurement.

When the 4-methyl-4-vinyl-1-azetidin-2-one (239) was thiated using
Lawesson’s reagent, the reaction successfully yielded the corresponding
thione (241) in good vyield (equation 20). The compound showed the
expected spectroscopic characteristics including the presence of a C=S bond
(IR and "®C NMR). The exocyclic alkene CH; and the ring CH; could be seen
at 4.9 and 2.85 ('H NMR). High resolution mass spectroscopy confirmed the

structural assignment.

Lawesson's Reagent
Me > Me (20)

N N,
Me *H 76% Me H

(239) (241)

Thione (241) was then converted into 1-azetine (237) using triethyloxonium

tetrafluoroborate (Meerwein’s reagent) in 61% yield as shown in equation 21.

Et;0'BF,”

N Me~] ! 1)
Me ‘ 61% Me

(241) (237)

1-azetine (237) showed the expected spectroscopic characteristics. For
example, the presence of a C=N bond at 148 ppm ("*C NMR) and loss of N-H
(*H NMR and IR). The loss of the characteristic C=S signal in the *C NMR

and the appearance of a new quaternary carbon at 171 ppm confirmed that
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S-alkylation had occurred. High-resolution mass spectroscopy data was also

fully consistent with the assigned structure.

With the synthesis of a second 4-vinyl-1-azetine successfully achieved it was
next subjected to cycloaddition reaction with DPP, in order to access a further
example of the rearranged 9-azabicyclo[4.2.1]Jnonane system. This was
undertaken using the same conditions as that of 1-azetine (201) shown in
Scheme 69 above. The product isolated from this reaction was indeed the
ring expanded 7-azabicyclo[4.2.1lnonane (243), as shown in Scheme 72,

isolated in 51% vyield.
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Scheme 72

The structure of the new compound (243) was confirmed from spectroscopic
studies. For example, the NMR showed the absence of a distinctive vinylic
CH,, fully consistent with that of the rearranged 9-azabicyclo[4.2.1]nonane
system and discounting cycloadduct (242) as the product of the reaction. The
2D NMR data also showed the presence of the extremely distinctive
quaternary sp® carbon-phenyl linkage and a characteristic quaternary sp®
carbon-ethylthio linkage. The infrared showed a carbonyl at 1768 cm™ and
the mass spectroscopic data was also fully consistent with the proposed

structure.

The mechanistic rationale for the formation of 7-azabicyclo[4.2.1]nonane
(243) is identical to that shown in Scheme 70, proceeding via the aza-Cope

(amino-Claisen) [3,3]-sigmatropic rearrangement.
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With the successful synthesis of 9-azabicyclo[4.2.1]nonane (243) a further
example of this novel rearrangement process was sought, using the reaction
of 1-azetine (238) with DPP. The known 4-vinyl-1-azetidin-2-one (244) was
synthesised by standard chlorosulfonyl isocyanate to alkene cycloaddition, as
shown in equation 22. Thiation with Lawesson’s reagent (58%) and alkylation
with Meerwein’s reagent (42%) gave the desired 4-vinyl-1-azetine (238) via

the thione (245), as shown in Scheme 73.
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(244) (245) (238)

Scheme 73

Compounds (244), (245) and (238) showed the expected spectroscopic
characteristics. These include, for compound (238) the presence of a C=N
bond at 183 ppm (**C NMR) and loss of N-H ('"H NMR and IR). The loss of
the characteristic C=S signal in the >C NMR and the appearance of a new
quaternary carbon confirmed that S- and not N-alkylation had occurred. High-
resolution mass spectroscopy data was also fully consistent with the assigned

structure.

4-vinyl-1-azetine (238) could now be used as a template for the cycloaddition
reaction with DPP in order to produce bicyclic heterocycle (247) as shown in
Scheme 74. Continual monitoring of the reaction (tlc) indicated when the
reaction had gone to completion. This reaction successfully yielded 7-
azabicyclo[4.2.1]lnonane (247) in 62% vyield. The final product showed the
expected spectroscopic characteristic. These include the absence of a
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distinctive vinylic CH, (NMR), fully consistent with that of the rearranged 9-
azabicyclo[4.2.1]Jnonane system and discounting cycloadduct (246) as the
product of the reaction. The NMR spectra (COSY, HMBC and HSQC) also
showed the presence of the extremely distinctive quaternary sp® carbon-
phenyl linkage and a characteristic quaternary sp> carbon-ethylthio linkage
together with a very clear ['H-"H COSY] CH,CH=CHCHj, chain. The infrared
showed a carbonyl at 1755 cm'1, and accurate mass measurement was also
consistent. The mechanistic rationale for the formation of 7-
azabicyclo[4.2.1]Jnonane (247) is once again identical to that shown in

Scheme 70, proceeding via the aza-Cope (amino-Claisen) [3,3]-sigmatropic

rearrangement.
SEtP
SEt e) P Ph
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Scheme 74

The 3-methyl-4-vinyl system (248c) shown below, synthesised from 2,4-

hexadiene in the usual way, failed to react with DPP.

SEt

(248c)

In conclusion the reaction of 4-vinyl-1-azetines with diphenylcyclopropenone,
has successfully provided access to the 7-azabicyclo[4.2.1]Jnonane nucleus,
which is an interesting analogue of the 9-azabicyclo[4.2.1]Jnonane system.
This latter structure is present in the important alkaloids anatoxin-a
(184)7®7729%  pis-homoepibatidine (187)"° and pinnamine (188).2"%" Anatoxin-

a together with its synthetic analogues, have been shown to have a high
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affinity for the nicotinic acetylcholine receptor (nAChR), important in a range
of neurotransmission diseases and hence guaranteeing the interest of the

synthetic community for some time to come.

LW w

(184) (187) (188)

4.6 Reactions of 5,6 and 7-membered cyclic imidates with DPP

In keeping with the established theme of reacting DPP with cyclic electron rich
imines,”% it was decided to investigate the reactions of other cyclic imines
with DPP, in an attempt to access further examples of analogues of alkaloid
natural products. The systems selected for study were the pyrrolizidines
(172), indolizidines (164), and pyrroloazepines (180), which, as with their
homotropane counterparts are known to exhibit significant pharmacological
properties and are of interest in the search for leads relevant to the treatment

of a wide range of diseases, discussed in the introduction.

(172) (164) (180)

Based on the reactivity of 1-azetines with DPP, it was anticipated that our

approach would provide compounds of general structure (249) (Scheme 75).
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This necessitated the synthesis of cyclic imines (250), (251) and (252). It was
anticipated that these systems should be accessible from the corresponding

and readily available lactams.

SEt SEt SEt
| | I
(250) (251) (252)

When 2-pyrrolidinone (253) was thiated using Lawesson’s reagent, the
reaction successfully yielded the corresponding thione (254) in 91% yield as
shown in equation (23). The product showed the expected spectroscopic
characteristics for example, loss of the lactam carbonyl (IR and '*C NMR)
together with gain of C=S bond which showed peaks at 1568 cm™ in the IR
and a distinctive quaternary carbon at 205 ppm in the >*C NMR. The "H NMR
also showed the expected ratio of 2:2:2:1 protons representative of the three-
methylene groups and the N-H proton, as expected. The mass spectroscopy
data was also fully consistent with the expected structure, showing the main
peak [M+1] at 102 (ES+) at 100%.

e) Lawesson's S
Reagent
— (23)
N, 91% N

~

H H

(253) (254)
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2-Pyrolidinthione (254) was then converted into thioimino ether (255) using
triethyloxonium tetrafluoroborate (Meerwein’s reagent) in 28% yield (equation
24). Attempts were made to improve the yield of this reaction, but were

unsuccessful due to the high volatility of the compound.

S Meerwein's SEt
Reagent |
N (24)
N, 28% N
H
(254) (255)

Thioimino ether (255) showed the expected spectroscopic characteristic. For
example, the presence of a new C=N bond at 172 ppm and loss of the
characteristic C=S signal ('*C NMR). The 'H NMR confirmed the addition of
an ethyl group to the molecule, with peaks at 1.9 and 1.3 6 respectively. The
IR also confirmed the loss of a C=S stretch within the molecule. High-
resolution mass spectroscopic data was fully consistent with the expected

structure.

Having successfully synthesised thioimino ether (255), the next task was to
use this compound to carry out a cycloaddition reaction with DPP in order to

access the desired bicyclic adduct (256) (Scheme 73).

Compound (256) was isolated in 26% yield after reacting thioimino ether (255)
and DPP in acetonitrile at room temperature for 24 hours (Scheme 76). The
'H NMR confirmed the presence of the diastereotopic SEt which showed as
two distinguishable doublet of quartets (dq) for the CH, group. The *C NMR
showed the carbonyl group and the expected number of aromatic carbons in
the appropriate ratios for mono substituted benzene rings. The bridgehead
sp® carbon appeared at 80 ppm. IR spectroscopy confirmed the presence of
a carbonyl in the molecule at 1678 cm™ and high resolution mass

spectroscopic data confirmed the structural assignment.
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Having successfully applied this synthetic approach to the synthesis of
compound (256), an example of the pyrrolizidine alkaloid system, we next
sought to use identical methodology to access examples of the indolizidine
and pyrroloazepine ring systems, represented by general structure (260) in
Scheme 77.
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Valerolactam (257, n = 2) and e-caprolactam (257, n = 3) were both thiated
using Lawesson’s reagent to yield the corresponding thiolactams (258, n = 2)
and (258, n = 3) in 88% and 98% yields respectively. As with their 5-
membered ring counterpart, both compounds showed the expected
spectroscopic characteristics. The characteristic difference was the presence
of further methylene signals in both the 'H and *C NMRs respectively. The
6-membered thiolactam (258, n = 2) contained a further methylene group to
that of its 5-membered ring counterpart ('H and *C NMR). The 7-membered
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thiolactam (258, n = 3) showed two extra methylene groups ('H and "*C NMR)

to that of its 5-membered ring counterpart.

Valerothiolactam (258, n = 2) and e¢-caprothiolactam (258, n = 3) were
subsequently both converted into their corresponding thioimino ethers (259, n
= 2) and (259, n = 3) with Meerwein’s reagent in 28 and 65% yields
respectively. As with the 5-membered thioimino ether, attempts to improve
the yields of the reactions were largely unsuccessful, again, due to the high
volatility of the compounds. As with the 5-membered system the 6 and 7-
membered thioimino ethers showed the expected spectroscopic
characteristics. The loss of the characteristic C=S signal (IR and *C NMR)
and gain of the ethyl groups is particularly noteworthy, together with the

presence of a new C=N bond in both systems.
Thioimino ethers (259, n = 2) and (259, n = 3) could now be used as

templates for the cycloaddition reaction to produce bicyclic heterocycles (260,
n = 2) and (260, n = 3) as shown in Scheme 78.
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Scheme 78

Compounds (260, n = 2) and (260, n = 3) were respectively isolated in 54 and
18% yield after reacting thioimino ether (259, n = 2) and (259, n = 3) with
DPP, in acetonitrile at room temperature for 24 hours. Both products showed

consistent spectroscopic data for the assigned structures. For example, for
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cycloadduct (260, n = 2) the 'H NMR data showed the presence of the
diastereotopic SEt as two doublets of quartets (dq) for the CH, group. The
3C NMR showed the carbonyl group and the expected number of aromatic
carbons, which were present also in the appropriate ratios in the '"H NMR
spectrum. The bridgehead sp® carbon appeared at 73 ppm in the *C NMR
spectrum. IR spectroscopy confirmed the presence of a carbonyl in the
molecule at 1760 cm™. High resolution mass spectroscopic data confirmed
the assignment.

Having gained access to examples of the pyrrolizidine, indolizidine, and
pyrroloazepine alkaloid natural products, it was next decided to investigate the
reaction of a substituted cyclic imine ring system (261) towards DPP (Scheme
79). This it was hoped would demonstrate greater flexibility in the reaction of
thioimino ethers with DPP and also verify the viability of this reaction pathway

in accessing analogues of alkaloid natural products.

0 SEt9
R\C(SEt R
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N Ph Ph
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(261)
Scheme 79

This necessitated the synthesis of a B-lactam ring that could undergo thiation
with Lawesson’s reagent and alkylation with Meerwein’s reagent, in order to
access the desired thioimino ether required for the cycloaddition with DPP.
The substituted 6-membered B-lactam ring (262) (Scheme 80) could be
synthesised using a [4+2] cycloaddition pathway. This is in contrast to the
way in which the B-lactam rings were synthesised previously via the [2+2]

cycloaddition pathway, as discussed in section 2.3 above.
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Scheme 80

Thus, reaction of isoprene with chlorosulfonyl isocyanate at -10°C (rather than
the -60°C required for a formal [2+2] cycloaddition reaction), followed by
addition of aqueous base to facilitate the removal of SO,Cl from the ring and
subsequent protonation of the nitrogen, yielded the desired lactam (262) in
26% vyield. Compound (262) showed the expected spectroscopic
characteristics, confirming the formation of the 6-membered ring product in
preference to the formation of the 4-membered ring described in section 2.3.
For example, the infrared spectrum showed the presence of a carbonyl group

at 1665 cm™, rather than the 1744 cm™ typical of a B-lactam.

The 'H NMR confirmed the presence of the methyl, methylene and methine
protons in a ratio of 3:2:2:1, together with the absence of the characteristic
alkene peaks and appropriate splitting patterns present in the equivalent 4-

membered ring product (222 - see page 71, Scheme 63).
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Scheme 81

The formation of the six membered ring at the higher temperature (and longer
reaction time — overnight compared to 4 hours) is indicative of the greater
stability of the 6-membered ring over the 4-membered ring. Formation of the
4-membered ring at lower temperature may imply that ring closure to the 4-
membered ring (ring closure B in Scheme 81) is irreversible at low
temperature, enabling isolation of the B-lactam. Higher temperature favours
reversal of the reaction leading to the B-lactam (route B) and hence leads to
preferential formation of the thermodynamically more stable 6-membered ring
(route A).

Lactam (262) was next thiated using Lawesson’s reagent, and the reaction
successfully yielded the corresponding thione in 66% yield (equation 25). The
compound showed the expected spectroscopic characteristics including the
presence of a C=S bond (IR and ™C NMR) and N-H bond (IR and 'H NMR).

Me o) Lawesson's Me S
Reagent |
| — N (25)
N, 66% .
H H
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The thione was then converted into the corresponding thioimino ether
(Scheme 82) using triethyloxonium tetrafluoroborate (Meerwein’s reagent).
This compound was found to be highly volatile in nature and was subject to
rapid decomposition. This is possibly due to the addition of a second double
bond to the system. Fortunately, in-situ reaction with DPP resulted in the
successful synthesis of biyclic compound (263), after reaction in acetonitrile at

room temperature for one week (Scheme 82).

i ] Q Vo - SEVO
Me S Meerwein's Reagent | Me SEt A |
| . g | | Ph Ph Wi
N\H i) 1 Hour, rt N —_
ii) 1 Hour Reflux Acetonitrile, rt Ph
34% yield
(263)

Scheme 82

The final product (263) showed the expected spectroscopic characteristics.
These include the presence of a carbonyl at 1766 cm™ (IR). The diagnostic
'H NMR signals were two methyl groups, three methylene groups, one of
which was the diastereotopic SEt methylene which showed as a complex
multiplet at 3.6 6 and also one vinylic CH group. All the protons were present
in the appropriate ratios. The *C NMR also confirmed the presence of a
carbonyl group at 195 ppm together with the expected number of aromatic
carbons with the appropriate quaternary:CH ratios for the two mono
substituted benzene rings. High resolution mass spectroscopic data

confirmed the structural assignment.

4.7 Synthesis of other cyclopropenones

With access to examples of analogues of the pyrrolizidines, indolizidines and
pyrroloazepines now developed, it was necessary to develop this area further.
We had already shown that the imine ring system can be varied in terms of
size and substitution of the ring and so the next task was to investigate the

possibility of using other cyclopropenone rings, in an attempt to demonstrate a
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greater degree of flexibility in the overall reaction and in the molecules that

could be subsequently synthesised.

This presented us with a key issue of the lack of commercially available
cyclopropenones, with DPP found to be the only known example. With this in
mind, it was therefore decided to look at routes for the synthesis of
cyclopropenones,® which could potentially be used in cycloaddition reactions
with the cyclic thioimidates synthesised above.  Synthetic routes to

cyclopropenones are still relatively unexplored and a significant number®? ar

e
neither acceptably flexible or versatile in their approach to be considered as

general.

Nakamura,®® however, has developed a general synthesis of
cyclopropenones, which utilises the chemistry of metalated cyclopropenone
acetals. This approach allows the insertion of a variety of groups, including
alkyl, into cyclopropenone acetal (264), via the metalated compound (265).
The corresponding disubstituted adduct can be procured by simple repetition
of the process on molecule (266). Hydrolysis of the substituted acetal (266)

results in the formation of corresponding cyclopropenone (267) (Scheme 83).
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Scheme 83

Following this approach it was decided to embark upon the synthesis of a
cyclopropenone to use as an alternative to that of DPP. This compound
would serve as a template for the subsequent cycloaddition reactions with the
previously synthesised cyclic thioimidates (268) (Scheme 84). This approach
would demonstrate both the desired degree of flexibility and also produce
further examples of analogues of the pyrrolizidines, indolizidines and

pyrroloazepines.
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An alkyl-substituted cyclopropenone (269) was chosen as the initial target for
synthesis, as it was thought that this would offer a greater degree of stability

compared with that of its unsubstituted counterpart (270).

/ik /&
H R Stability H H

(269) (270)
R = alkyl

This necessitated the synthesis of cyclopropenone acetal (266), which we
anticipated could be obtained from the corresponding 1,3-dichloroacetone
acetal (271) via the pathway shown in Scheme 85 and described previously

by Nakamura.*
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Scheme 85

The first task was to synthesise 1,3-dichlroacetone acetal (271). Thus,
reaction of 1,3-dichloroacetone with neopentyl glycol in the presence of p-
toluenesulfonic acid, at reflux, yielded 1,3-dichloroacetone acetal (271) in 72%
yield. The mechanism for this reaction (Scheme 86) involves the protonation
of the carbonyl oxygen, which activates the molecule for nucleophilic attack by
the oxygen lone pair from the alcohol. Loss of a proton then yields the neutral
hemiacetal intermediate (274). Protonation of the hemiacetal hydroxyl group
converts this into a good leaving group which yields an intermediate oxonium
ion. Intramolecular addition of the second alcohol group gives a protonated

acetal, which subsequently loses a proton to yield acetal (271).
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The acetalised product showed the expected spectroscopic characteristics.
For example, the 'H NMR spectrum showed a ratio of 6:4:4 protons
representative of the two-methyl groups and two sets of methylene protons,
as expected. The IR spectrum was also fully consistent with the expected

structure of the product.

Having successfully synthesised 1,3-dichloroacetone acetal (271) the next
task was to convert this compound into the substituted cyclopropenone acetal
(266) using a one pot cyclisation/alkylation reaction. With reference to
Scheme 85, this reaction required a minimum of 3 equivalents of sodium
amide in liquid ammonia, in order to favour the formation of the sodium salt
(273), rather than chlorocyclopropane (272). The formation of the sodium salt
(273) was essential in order to facilitate the formation of the alkyl-substituted
cyclopropenone product, rather than its unsubstituted counterpart (264). The
next stage of the reaction saw a slow and controlled addition of bromoethane
at -70°C to the reaction mixture, which was necessary to avoid the formation
of the 2,3-dialkylated product. This was followed by an equally steady and
controlled warming period to yield the desired cyclopropenone acetal (266).
The mechanism for this process is given in Scheme 87. The first step

involves the removal of a proton from 1,3-dichloroacetone acetal (271), using
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sodium amide at -70°C. This is followed by an intramolecular cyclisation to
form chlorocyclopropane (272), which through the subsequent attack of a
further mole of sodium amide results in the formation of sodium salt (273).
The final step is the attack of a primary alkyl halide, which serves as an

electrophile to yield the desired monosubstituted cyclopropenone acetal (266).
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Scheme 87

The cyclised product (266, R = Et) showed the expected spectroscopic
characteristics. For example, the '"H NMR showed the presence of the alkene
proton at 7.3 6. The NMR also showed a ratio of 6:4:3:2:1 protons
representative of the five proton environments as expected. The *C NMR

also showed the presence of the characteristic alkene double bond.

With access to cyclised product (266) successfully achieved, the final step
was to hydrolyse compound (266) into the desired cyclopropenone (269).
Therefore a solution of cyclopropenone acetal (266) in wet THF was
hydrolysed using Amberlyst 15 catalyst, to give mono ethylated
cyclopropenone (269). The mechanism for this reaction is shown in Scheme
88. This involves protonation, followed by oxonium formation and attack of

water.
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The final product (269) showed the expected spectroscopic characteristics.
These include the infrared, which showed a carbonyl at 1831 cm™ typical of
cyclopropenones.®?'% The "H NMR spectrum also showed the presence of
the ethyl group and also the characteristic alkene hydrogen. In the *C NMR
the alkene was present as a quaternary carbon (158 ppm) and a CH (147

ppm), together with a C=0 at 170 ppm.

With a viable route to cyclopropenone (269) now established, this compound
could be used in the cycloaddition reactions with the cyclic thioimidates

previously synthesised.

In the first of three reactions cyclic thioimidate (252) was reacted with
monoethylated cyclopropenone (269) in acetonitrile, at room temperature for
72 hours. This reaction successfully yielded cycloadduct (275) in 50% yield
(Scheme 89).
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Scheme 89

A plausible mechanism for this reaction is given in Scheme 90 and shows
attack at the alkene double bond of monoethylated cyclopropenone (269) by
thioimino ether (252) as previously discussed for DPP in Scheme 66. This

reaction is interesting because of the regiochemical outcome which is
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exhibited in the bicyclic product. HMBC NMR studies confirmed that the ethyl
group is present at position 2 of the product, showing a strong CH, to C=0
coupling for the ethyl group. The regiochemical outcome may be as a result
of the thioimidate selectively attacking the mono ethylated cyclopropenone at
the sterically least hindered carbon. The outcome is a single regioisomer,
which is orientated as shown in structure (275). The product showed the
expected spectroscopic characteristics, which included the presence of the
diastereotopic SEt as two doublet of quartets (dq) for the CH, group (*H
NMR). The 'H and *C NMR also confirmed the presence of the alkene
proton present in the molecule. The *C NMR showed the presence of the
bridgehead sp® carbon at 80 ppm and also a carbonyl group which was
shown at 204 ppm. IR spectroscopy also confirmed the presence of a
carbonyl in the molecule at 1681 cm™ much lower than the cyclopropenone
C=0 at 1831 cm™. High resolution mass spectroscopy data also showed the
main peak of 212 (ES+) at 100% indicating the gain of one proton [M+H] for

the molecule, which along with the expected HRMS, confirmed the structure.
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Pyrrolizidines, such as the jenamidines (276)70, are biologically active natural
products of much interest in synthesis, and it is hoped future work will allow a
route to the jenamidines to be developed. In the current work, we next looked
at the synthesis of the indolizidine (277) and pyrroloazepine (278).
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Cycloadducts (277) and (278) were isolated in 45 and 63% vyield after reacting
thioimidates (259, n = 2) and (259, n = 3) with the monoethylated
cyclopropenone (269), in acetonitrile at room temperature. It was found that
the six membered ring compound reacted more rapidly (24 hours), than its
seven membered ring counterpart, which required 72 hours to go to
completion on tlc. Both products showed consistent spectroscopic data for
the assigned structures. For example, cycloadduct (277) showed the
presence of the diastereotopic SEt as a multiplet (2 x dq) for the CH; group
("H NMR). The "H and C NMR also confirmed the presence of the alkene
proton present in the molecule. As with cycloadduct (275) HMBC studies
carried out on the molecule confirmed that the regiochemistry present within
this compound was as shown in structure (277). The *C NMR showed the
presence of the bridgehead sp® carbon at 72 ppm and also a carbonyl group
which was at 203 ppm. IR spectroscopy also confirmed the presence of a
carbonyl in the molecule at 1647 cm™. Mass spectroscopic data showed the
main peak of 226 (ES+) at 100% indicating the gain of one proton [M+H] for
the expected molecule, which along with a consistent accurate mass

measurement confirmed the assignment.

The diethylated cyclopropenone was also synthesised in parallel to this work.

It has been shown by other members of our research group to react with
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thioimidates of structure (256) in the same manner as DPP and its
monoethylated counterpart. It was next decided to explore the synthesis of
the unsubstituted cyclopropenone (270). This system was chosen as it was
anticipated that the resultant pyrrolizidines, indolizidines and pyrroloazepines

would be excellent for further transformations.

This process required the use of cyclopropenone acetal (264) as shown in
Scheme 85 above. Acetal (264) was isolated upon the treatment of

intermediate (273) (see Scheme 85, above) with ammonium chloride.

It was anticipated that crude cyclcopropenone acetal (264) would undergo de-
protection to yield crude cyclopropenone (270), which could then be purified
by column chromatography. Therefore Amberlyst 15 catalyst was added to a
solution of crude cyclopropenone acetal (264) in THF in an attempt to access
the desired cyclopropenone (270). Careful monitoring by tlc and IR showed
that the reaction had gone to completion after three hours. Thus, the sample
was evaporated to dryness and purification was attempted using silica column
chromatography. In the event the cyclopropenone proved troublesome to
purify by this method, which may be as a direct result of the highly volatile
nature of the compound (literature b.p. 26°C)."' Other cyclopropenones used
and synthesised in this thesis are far less volatile. Another possibility is that
the cyclopropenone was picking up water, as shown in Scheme 92, making it

difficult to recover from the column.
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Due to the challenging nature of the column purification process, the crude
cyclopropenone acetal (264) was deprotected using Amberlyst 15 catalyst
and the residue was distilled, which resulted in a larger amount of the desired
pure cyclopropenone (270) being obtained. @ The compound showed
consistent spectroscopic data for the assigned structure. For example, the IR

showed the presence of a carbonyl stretch at 1837 cm™.

With pure cyclopropenone (270) in hand, the next step was to carry out
cycloaddition reactions with cyclic thioimidates. Cyclic thioimidates (256, n =
2) and (256, n = 3) were selected to exemplify the cycloaddition process, in

order to produce bicyclic heterocycles (279) and (280) as shown in Scheme

93.
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Cycloadducts (279) and (280) were isolated in moderate yields after reacting
thioimidates (259, n = 2) and (259, n = 3) with cyclopropenone (270), in
acetonitrile at room temperature. The proposed mechanism for this reaction
is identical to that given in Scheme 90 above. As with its monoethylated
counterpart, it was found that the six membered ring compound reacted more
rapidly (24 hours), than its seven membered ring counterpart, which required

72 hours to go to completion on tlc.
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Cycloadduct (279) showed the presence of the alkene hydrogen atoms at 7.4
and 4.6 § as doublets ("H NMR) and also the diastereotopic SEt as two sets of
double quartets. The C NMR showed the presence of 5 CH, groups
together with the presence of the bridgehead sp3 carbon at 37 ppm, two
alkene CH’s and also a carbonyl group, which was present at 171 ppm. IR
spectroscopy also confirmed the presence of a carbonyl in the molecule at
1663 cm™.

Cycloadduct (280) also showed the presence of the diastereotopic SEt as a
multiplet for the CH, group ("H NMR). The 'H and "*C NMR also confirmed
that 6 CH, groups and the alkene protons were also present in the molecule.
IR spectroscopy showed the presence of a carbonyl in the molecule at 1662
cm™, a feature confirmed in the *C NMR spectrum. Compounds (279) and

(280) also gave fully consistent mass spectroscopic and HRMS data.

This work has resulted in the synthesis of examples of compounds which
contain the main framework present in simple alkaloid natural products in the
indolizidine, pyrrolizidine and pyrroloazepine classes. This offers huge

potential for future work.

It has already been demonstrated in this thesis that 4-vinyl-1-azetines
undergo a novel reaction with DPP to form a ring expanded O9-
azabicyclo[4.2.1]Jnonane system (Scheme 72). With access to
cyclopropenones other than DPP available through the synthesis shown
above, it was decided to investigate if this reaction would be emulated with a

different cyclopropenone (Scheme 94).
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When 1-azetine (201) was reacted with cyclopropenone (269) in acetonitrile at
room temperature, the reaction successfully yielded bicyclic adduct (281) in
good yield (Scheme 95). Compound (281) did not expand to form the 9-
azabicyclo[4.2.1]nonane system (282). The compound showed the expected
spectroscopic characteristics including the presence of the exocyclic double
bond protons at 5.4 and 5.1 & (1H NMR). The diastereotopic SEt appeared as
a multiplet for the CH, group in the 'H NMR along with the diagnostic 5-
membered ring C-H alkene proton at 7.6 5. The IR and ">*C NMR confirmed
the presence of the C=0 in the molecule, together with the presence of the

alkene carbons, with the vinylic CH;, group resonating at 132ppm.

48 The Use of 4-Vinyl-B-lactams in the Synthesis of

Pyrrolobenzodiazepine Analoques

Due to their antitumour antibiotic activity pyrrolobenzodiazepines (PBDs) are
a naturally occurring class of compound which have attracted significant
interest in the literature."® DC-81 (283) and tomaymycin (284) are typical
examples of these naturally occurring compounds and synthetic dimeric
analogues have been studied for their potential biological activity and are

currently in clinical development.'%%'%
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The corresponding pyrrolobenzothiadiazepines (PBTDs) (285), although
coming under far less scrutiny than their PBD counterparts, have been
shown'® to have, amongst others, activity in the treatment of CNS disorders
activity as antiarrhythmic agents and activity as non-nucleosidic reverse

transcriptase inhibitors.

> These

PBDs and PBTDs both have activity as antitumour antibiotics.
compounds bind covalently to the C2-NH, position of guanine within the minor
groove of DNA. PBD monomers can cover three DNA base pairs showing a
particular affinity for the Pur-G-Pur sequences and block transcription taking
place by inhibiting RNA polymerase activity. The potency of PBDs has been
improved significantly by linking two PBD units through their aryl ether
linkages, forming a dimer that can cross-link appropriately separated

guanines on opposite DNA strands.'®

These compounds are highly successful as antibiotics because they fit into
the minor groove of the DNA strand, such that little of the PBD unit remains
exposed. The complexes are resistant to repair enzymes that are reliant on
tracing distortion in DNA, as the PBDs bind in a manner that leaves little of the
molecule exposed. The failure of the repair enzymes to detect sites of cross-
linking also accounts for the bactericidal nature of these molecules as
interstrand cross links if not repaired will interfere with the process of DNA

replication and result in cell death.®
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Our interest in this area came about following a comprehensive programme of
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undertaken by our research group into the synthesis of PBTDs,
which are sulfonamide analogues of the PBDs. The PBTD analogues
synthesised by our research group use the pyrrole (287) as the source of the
five membered ring (Scheme 95), where compound (287) was obtained by a

ring-contraction process of the 1,2-thiazine-1-oxide (286).1%%
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It was on this basis that it was decided to explore the possibility of using 4-
vinyl beta lactams, which vary only by a single carbon atom to that of their
pyrrole counterparts, in an attempt to access azetidino analogues of PBDs. |t
was anticipated that the beta lactam would be used as a template for coupling
with an acid chloride and that the resulting compound would subsequently
undergo a 1,3-dipolar cycloaddition reaction, to form a PBD analogue (288)
(Scheme 96), which could then lose nitrogen to form new heterocyclic

products.
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Beta lactam (222) (see section 2.3) was selected for the attempted synthesis
of an initial PBD analogue. This was due to the molecule containing an
exocyclic C=C double bond, which would be required for the 1,3-dipolar

cycloaddition reaction to yield the desired PBD analogue.

O-azidobenzoy! chloride (289) has previously been shown by our research
group to couple successfully with pyrrolidines.'® Therefore, 0-azidobenzoyl
chloride (289) was synthesised from anthranilamide in two steps as shown by
the mechanisms in Scheme 97. The first step involves formation of the azide
and begins with nucleophilic attack of nitrous acid by anthranilamide, with
simultaneously loss of water. This intermediate is then deprotonated and
subsequent proton transfer then takes place resulting in the formation of a N-
hydroxylated species. The hydroxyl group undergoes further protonation and
eliminates water to yield a diazonium salt. The diazonium salt undergoes
aromatic nucleophilic substitution by sodium azide, which attacks the aromatic
ring forming a resonance-stabilised carbanion intermediate. The carbanion
intermediate then undergoes elimination of nitrogen, which is the driving force
for this reaction to occur, to yield o-azidobenzoic acid in 65% yield.
Subsequent spectroscopic analysis (IR and NMR) confirmed the structure of
o-azidobenzoic acid which showed the clear presence of an azide in the IR
and also an OH stretch for the carboxylic acid hydroxyl group. The 'H NMR
also confirmed the presence of the OH group from the carboxylic acid and the
'H and "*C NMR showed the presence of four aromatic protons and seven
carbons. The o-azidobenzoic acid was converted into the acid chloride (289)

by treatment with thionyl chloride.""®
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With access to the acid chloride (289) successfully achieved, the next task
was to investigate the reactivity of this compound towards beta lactam (222).
The two reactants were successfully coupled using triethylamine and
dimethylaminopyridine in dichloromethane to give the desired product (290).
Scheme 98 shows the mechanism for the reaction of beta lactam (222) with o-
azidobenzoyl chloride (289). The first step of the reaction involves the
nucleophilic attack of DMAP with o-azidobenzoyl chloride. DMAP acts as a
hypernucleophilic acylation agent and in its presence the acylation occurs
much more rapidly. The second step of the reaction involves attack of the
DMAP-coupled reagent by the nitrogen of the beta lactam. This is
accompanied by subsequent loss of the DMAP which is regenerated. The
final stage of the reaction involves loss of a proton to form coupled product
(290).
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Compound (290) was thermolysed by heating in toluene to yield a new
product, which was identified as the methyl imine (291) in 91% yield (Scheme
99). The mechanism for this reaction involves a 1,3-dipolar cycloaddition
between the azide and alkene. Loss of nitrogen from the resulting triazoline
and proton transfer, then gives the product (291) (Scheme 99). Compound
(291) showed the expected spectroscopic characteristics. These include the
infrared, which showed two carbony! stretches at 1685 and 1655 cm™. The
NMR also showed a ratio of 3:3:2 protons representative of the two methyl
groups and the methylene group. The mass spectroscopy data also showed
the main peak of 229 (ES+) consistent with M+1 for the proposed structure, a

feature confirmed by accurate mass measurement.
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Following the successful synthesis of azetidinobenzodiazepine (291) a further
example of this reaction was sought. Therefore, -lactam (244) was selected
for the attempted coupling with o-azidobenzoyl chloride (289) (equation 26). It
was hoped compound (292) could then be thermolysed to yield another

azetidino analogue of the PBDs.

0 O
H:N(‘ X H:K o (26)
| H |
N3
(244) (202)

In the event, B-lactam (244) did not undergo the initial coupling step, even
after prolonged and repeated attempts. In an attempt to synthesise a further
example of a PBD analogue, it was decided to explore the possibility of
thionating beta lactam (244) prior to attempting the coupling process. This
was based on the hypothesis that the increased availability of the nitrogen

lone pair might give an increased chance of coupling.

On reaction of thione (245) with o-azidobenzoyl chloride (289), compound
(293) was synthesised in 71% yield (equation 27). The proposed mechanism
for this reaction is identical to that shown in Scheme 98. Compound (293)
showed the expected spectroscopic characteristics. These include the
infrared, which showed a carbonyl stretch at 1687 cm’™', a C=S stretch at 1463

cm”, and peak at 2128 cm™, which is typical of an azide group. The NMR
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showed the appropriate ratio of protons and also the absence of an N-H
proton, which provided further confirmation that the coupling process had
taken place successfully. Mass spectroscopy also confirmed the correct
mass of the product with the main peak [M+1] of 259 (ES+) at 100%, together

with a fully consistent high resolution mass measurement.

N, o-azidobenzoyl N_ O

H chloride (27)

(245) (293)

Having successfully synthesised coupled compound (293) the next step was
to thermolyse this compound in order to obtain the desired PBD analogue.
This time, thermolysis in toluene gave the aziridino compound (295) in 48%
yield, as shown in the mechanism in Scheme 100. The first step again
involves a 1,3-dipolar cycloaddition reaction between the alkene of the lactam
and the azide group in order to form compound (294). This compound
spontaneously loses nitrogen to form aziridine (295) (Scheme 100).
Compound (295) showed the expected spectroscopic characteristics. These
include the infrared, which shows peaks at 1698 and 1454 cm™ representative
of the lactam and thiolactam moieties within the molecule. There were no
methyl peaks present in either the 'H or *C NMR spectra which precluded the
possibility of the product being the methyl imine akin to that formed in Scheme
99. There is also a distinct splitting pattern present in the '"H NMR spectrum
of compound (295). The two geminal protons on the aziridine couple only to
the proton H* and not to each other. Mass spectral analysis confirmed loss of
N2 and confirmed that the product was not triazoline (294). The formation of

aziridines in this way is well documented."’
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(293) (294) (295)
Scheme 100

The final synthesis in the coupling reaction series was that of methyl
thiolactam (224). Reaction of thiolactam (224) with o-azidobenzoyl chloride
resulted in the formation of coupled compound (296). The structure of this
product was confirmed by spectroscopic analysis. For example, the IR
showed the presence of an azide at 2128 cm™, a C=0 stretch at 1687 cm
and also a C=S stretch at 1463 cm™. The 'H NMR showed the appropriate
ratio of protons and the IR and '"H NMR showed the loss of N-H from the
molecule, which provided further confirmation that the coupling process had
taken place successfully. High resolution mass spectroscopy was also fully
consistent with the structure of the product. Having successfully completed
the coupling step, the final stage of the reaction was to thermolyse compound
(296) in order to obtain the desired PBD analogue. Thermolysis in toluene
surprisingly resulted in the production of compound (291) in 91% vyield. The
first step involves a 1,3-dipolar cycloaddition reaction between the alkene of
the lactam and the azide group, extraction of nitrogen to form the methyl imine
(as per Scheme 99), and subsequent hydrolysis as shown in Scheme 101.
The final product of the reaction was confirmed by spectroscopic analysis to
be identical to that of compound (291), the product shown in Scheme 99.
Compound (291) was present prior to chromatography and it is probable
therefore that the toluene was wet or that compound (297) underwent

atmospheric hydrolysis.
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Scheme 101

In conclusion, 4-vinyl-azetidinones were found to be excellent substrates for
the synthesis of azetidinobenzodiazepines via the use of intramolecular azide

to alkene 1,3-dipolar cycloadditions.
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Chapter 3: Experimental

5.0 Synthesis of 3-oxo-B-sultam

Synthesis of disodium-2-methyl-2-sulfonatopropionate

0] 0O

0
>‘/LOJ\’< (1) M50, %om
H H

(2) NaOH  5=8<

I' 'ONa
O
(195a) (195c)
C3H1403 C4H6N8205S
(158.09) (211.97)

A solution of isobutyric anhydride and concentrated sulphuric acid was stirred
at ambient temperature for 30 minutes before being heated to 90°C until no
precipitate remained. (In order to ascertain that sulfonation was complete an
aliquot was removed and a few drops of BaCl, were added. If no precipitate
was formed then the reaction was complete). The reaction mixture was
poured into ice-cold water and extracted with ether (3x200 mL) to remove the
isobutyric anhydride from the sulfonation process. A solution of sodium
hydroxide (30.8 g) and water (100 mL) was added to the aqueous phase
adjusting the pH to 8 and the resulting solution was concentrated by rotary
evaporation. The crude residue was dissolved in hot water (100 mL)
(charcoaling where necessary) and ethanol (260 mL). The product was
filtered and ethanol added to the mother liquor to yield a second batch of
product. Disodium-2-methyl-2-sulfonatopropionate (195c) was obtained in
46% vyield as a white solid.
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Synthesis of 2-(chlorosulfonyl)-2-methylpropionyl chloride

O O
=S< 0 =S
(@) I/ "ON DMF,70 C O /T ~
3 a 5 Cl
(195¢) (195d)
C4H6Na205S C4H6C|203S
(211.97) (203.94)

To a stirring solution of disodium-2-methyl-2-sulfonatopropionate (21.14 g,
99.7 mmol) in thionyl chloride (79 mL) at 0°C, was added dimethylformamide
(1.6 mL). The reaction mixture was heated at 70°C until gas production was
complete and then for an additional 5 hours. The solution was cooled to room
temperature and additional thionyl chloride was removed on the rotary
evaporator. The crude residue was dissolved in ether, filtered and again
evaporated to dryness under vaccum to give 2-(chlorosulfonyl)-2-

methylpropionyl chloride in 50% yield as a clear, yellow oil.

Synthesis of 4.4-dimethyl-1.2-thiazetidin-3-one-1.1-dioxide

o) @)
%m NHy() f

— 0=S—N,

_ |
07H g o H
0
(195d) (196)
C4HeC1,058 C4HNO;S
(203.94) (149.01)

2-(Chlorosulfonyl)-2-methylpropionyl chloride (10.21 g, 50.1 mmol) dissolved
in dry ether (24 mL) was added dropwise (VERY SLOWLY) over 3 hours, at
-78°C to liquid ammonia (50 mL) in dry ether (25 mL). After the addition was
complete, the mixture was warmed to room temperature and the solvent
allowed to evaporate. The residue was dissolved in chloroform (25 mL) and
water (25 mL) at 0°C. The pH was adjusted to 1 using cold hydrochloric acid
(1M) and the resulting solution was extracted using chloroform (3 x 50 mL).

The organic layers were combined, dried over sodium sulfate, filtered and
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evaporated to dryness under vacuum to give 4,4-dimethyl-1,2-thiazetidin-3-
one-1,1-dioxide (196; 4.58 g, 61% yield) as a white solid.
The sample was also able to be purified by silica column chromatography

using 3:1 petroleum ether:EtOAc solvent system.

Compound data

IR: Lmax_(cm™) thin film in chloroform: 3145.0 (m), 1752.7 (s), 1464.1 (w),
1387.7 (w), 1331.3 (s), 1271.0 (m).

NMR

'H: 8 (400 MHz, CDCls): 8.35 (1H, s, NH), 1.86 (6H, s, 2 x CH3).

'3C: 8, (100 MHz, CDCl3): 163.78 (C=0), 82.33 (q), 18.56 (2 x CHy).
(ESMS-): 64.2,100.2, 105.1, 148.1.

High Resolution Mass Spectroscopy: Electrospray (negative), calc. =
148.0074, measured = 148.0073.

Attempts to thionate 4,4-dimethyl-1,2-thiazetidin-3-one-1,1-dioxide (196) using
Lawesson’s reagent, resulted in the suspected hydrolysis of the sulfur

compound back to its oxygen analogue.

Similarly attempts to O-alkylate 4,4-dimethyl-1,2-thiazetidin-3-one-1,1-dioxide

(196) were also unsuccessful and the compound decomposed.

5.1 Synthesis of model and novel 1-azetines and their 1.3-dipolar

cycloadditions

Synthesis of 3,3,4,4-Tetramethylazetidin-2-one

O
Q Et,0, rt ——-|//
| *+ O=CEN—§—Cl ? —1l N
(0] o \H
(203)
CeH12 CCINO3S C7H13NO

(84.09) (140.93) (127.10)
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To 2,3-dimethyl-2-butene (4.3 mL, 35.7 mmol) dissolved in anhydrous ether
(10 mL), was added a solution of chlorosulfonylisocyanate (4.0 mL, 46.0
mmol) in dry ether (5 mL), dropwise over five minutes. The reaction was
carried out under an inert atmosphere of nitrogen at ambient temperature.
The resulting clear and colourless solution was left to stir at room temperature

for 24 hours.

Ether was removed by rotary evaporation to produce a bright yellow solid,
which was subsequently redissolved in fresh ether (20 mL) to yield a bright
yellow solution. The liquid was added to a vigorously stirred solution of water
(30 mL), ice (20 g), sodium hydrogen carbonate (9 g) and sodium sulfite (6 g)

which was stirred at 0°C for four hours.

The resulting solution was extracted with ether (5x20 mL), the organic layers
combined, dried over magnesium sulfate and concentrated under vacuum, to
yield 3,3,4,4-tetramethylazetidin-2-one (203; 4.41 g, 96% yield) as a white

solid.

Compound data

IR: Umax_(cm™) nujol mull: 3185.5 (s), 2922.7 (s), 1704.2 (s), 1459.6 (m),
1397.3 (m), 1376.8 (m), 1313.7 (m).

NMR

"H: 8y (400 MHz, CDCls): 6.49 (1H, s, NH), 1.26 (6H, s, CH3), 1.23 (6H, s,
CHs).

3C: 8, (100 MHz, CDCl3): 175.02 (C=0), 54.06 (q), 57.98 (q), 24.87 (CHs),
19.34 (CHs).

(ESMS+): 58.3, 85.3, 128.1.
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Synthesis of 3,3.4.4-Tetramethylazetidin-2-thione

O S
——( Lawesson's Reagent _%
—T N THF —T NS

H i) 1hr,rt H

i) 1 hr, reflux
(203) (209)
C7H13NO C7H13NS
(127.10) (143.08)

3,3,4,4-Tetramethylazetidin-2-one (2.0 g, 15.7 mmol) was dissolved in dry
tetrahydrofuran (30 mL) at room temperature under an inert atmosphere of
nitrogen. To this solution Lawesson’s reagent (3.18 g, 7.9 mmol) was added
in one portion and the sample was stirred for one hour. The resulting clear,
yellow solution was heated at reflux for a further hour and monitored for
completion by tlc. The sample was concentrated under vacuum and purified
by flash silica column chromatography, (eluent: petroleum ether:ethyl
acetate/3:1) to yield 3,3,4,4-tetramethylazetidin-2-thione (205; 2.03 g, 90%

yield) as a white solid.

Compound data

IR: Umax_(cm™) thin film in chloroform: 3379.7 (w), 3134.5 (m), 2989.9 (m),
1498.4 (s), 1373.9 (m), 1216.2 (m).

NMR

'H: 84 (400 MHz, CDCl3): 8.60 (1H, s, NH), 1.25 (6H, s, CH3), 1.41 (6H, s,
CHs).

3C: 8, (100 MHz, CDCl3): 212.10 (C=S), 68.52 (q), 56.76 (q), 23.47 (CH3),
20.82 (CHs).

(ESMS+): 58.3, 85.2, 110.1, 144.2.
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Synthesis of 2-(ethylthio)-3.3.4.4-tetramethyl-1-azetine

S SEt
—% Meerwein's Reagent ——l(

TN i) 1 hr,rt — N
H ii) 1 hr, reflux
(205) (200)
C7H13NS C9H17NS

(143.08) (171.11)

To 3,3,4,4-tetramethylazetidin-2-thione (0.68 g, 4.76 mmol) under an inert
atmosphere of nitrogen, at room temperature, was added Meerwein’s reagent
(1M solution in methylene chloride, 7.16 mL, 7.13 mmol) dropwise over five
minutes. The mixture was stirred for one hour at room temperature, before
being heated at reflux for an additional hour. The sample was cooled to room
temperature and added dropwise over 30 minutes to an ice cold aqueous
solution of potassium carbonate (50%) at -10°C and stirred for one hour,
before being filtered through celite. The resulting clear, yellow solution was
extracted using dichloromethane (3x20 mL), the organic layers combined,
dried over magnesium sulfate, filtered and rotary evaporated to dryness. The
crude sample was subsequently purified using silica column chromatography,
(eluent: petroleum ether:ethyl acetate/3:1, to yield 2-(ethylthio)-3,3,4,4-
tetramethyl-1-azetine (200; 0.36 g, 44% yield) as a clear orange oil.

Compound data

IR: Umax (cm™): 2963.3 (m), 2876.8 (W), 1535.1 (m), 1448.6 (m), 1372.1 (m).
NMR

"H: 8y (400 MHz, CDCls): 2.98 (2H, q, J 7.4, CHy), 1.34 (3H, t, J 7.4, CHa),
1.27 (6H, s, CH3), 1.14 (6H, s, CHa).

'3C: 8, (100 MHz, CDCl3): 187.08 (C=N), 69.95 (q), 51.32 (q), 23.79 (CH3),
21.82 (CHy), 20.62 (CH3), 14.87 (CHs).
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Synthesis of 2-Ethoxycarbonyl-5-(ethylthio)-6.6.7,7-tetramethyl-4-oxa-
1,3-diazabicyclo[3.2.0]-hept-2-ene

SEt

__lrSEt —‘f/ o,
P . N
1N 1 N
CO,Et
(200) (2063)
CgH47NS C13H22N203S

A71.11) (286.14)

To ethylchloroximidoacetate (0.22 g, 1.46 mmol) was added 2-(ethylthio)-
3,3,4 ,4-tetramethyl-1-azetine (0.25 g, 1.46 mmol) in THF (10 ml) in one
portion forming a clear, pale yellow solution. A solution of triethylamine (0.28
mL, 1.61 mmol) in THF (5 mL) was added drop-wise over 5 hours. The
mixture was left to stir overnight at ambient temperature under an inert
atmosphere of nitrogen. The resulting solution was evaporated to dryness
and purified using silica column chromatography (eluent: Petroleum
ether:Ethyl acetate/5:1), to yield 2-ethoxycarbonyl-5-(ethylthio)-6,6,7,7-
tetramethyl-4-oxa-1,3-diazabicyclo[3.2.0]-hept-2-ene (206a; 0.24 g, 61%

yield) as a white solid.

Compound data

IR: Umax (cm™): 2971.3 (m), 2930.6 (m), 1737.0 (s), 1548.8 (s), 1448.4 (m),
1374.6 (m), 1194.7 (s).

NMR

"H: 84 (400 MHz, CDCls): 4.35 (2H, dq, J 7.1, 3.6 CHy), 2.63 (2H, 2 x dq, J
7.5, 3.0, CHy), 1.53 (3H, s, CH3), 1.36 (3H, t, J 7.1, CH3), 1.26 (3H, s, CHa),
1.24 (3H, t, J 7.5, CH3), 1.21 (3H, s, CH3), 1.20 (3H, s, CHs).

'3C: 8, (100 MHz, CDCl3): 158.38 (C=0), 153.12 (C=N), 121.15 (C-O), 73.69
(q), 62.50 (CHy), 54.29 (q), 26.20 (CHs), 21.66 (CHy), 20.49 (CHs), 20.08
(CH3), 20.49 (CHs), 14.21 (CHa), 14.00 (CHs).
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The attempted thermolysis of 2-ethoxycarbonyl-5-(ethylthio)-6,6.7,7-

tetramethyl-4-oxa-1,3-diazabicyclo[3.2.0]-hept-2-ene

SEt
— O\N Methanol or tg/luene or DMF
—T N Reflux, 24 hrs
CO,Et

A sample of 2-ethoxycarbonyl-5-(ethylthio)-6,6,7,7-tetramethyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene (0.18g) was dissolved in dry methanol (10 mL)
and heated at reflux, under an inert atmosphere of nitrogen, for 24 hours.
TLC confirmed no reaction had taken place and 50% of the sample was
removed, the solvent replaced with toluene and heated simultaneously with
the sample in methanol, for a further period of 24 hours. The reactions were
continually monitored by tlc throughout the heating period. TLC showed no
further reaction had taken place and the samples were subsequently
combined and heated at reflux in anhydrous dimethylformamide (5 mL) for
one week. The tlc showed no reaction and eventual decomposition of the

sample to a multi-spot inseparable mixture.

Synthesis of benzaldehyde nitrile oxide

Q N—OH
NH,OH.HCI I
H EtOH, rt H
R
NaOAc
C7HeO C7H7NO
(106.04) (121.05)

To a mixture of hydroxylamine hydrochloride (10.5 g, 150.9 mmol) and
sodium acetate (15 g) in ethanol (150 mL) was added at room temperature
under an inert atmosphere of nitrogen, with vigorous stirring, benzaldehyde (8
g, 75.5 mmol). The reaction was left to stir for five hours at room temperature.
The solution was filtered to remove precipitates and the resulting mother
liquor was evaporated to dryness under vacuum. The solid was dissolved in

dichloromethane, the aqueous Ilayer removed and extracted with
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dichloromethane (2x10 mL), and the combined organics dried over sodium
sulfate, filtered and rotary evaporated to dryness to yield benzaldoxime

(10.43 g, 87%) as a clear, yellow oil.

Compound data

IR: Umax_(cm™): 3388.4 (m, broad), 3085.8 (m), 3064.0 (m), 3030.4 (m),
2819.8 (m), 2737.6 (m), 1703.1 (vs), 1597.4 (s), 1584.1 (s), 1455.8 (s), 1390.9
(m), 1311.1 (s).

NMR

"H: 84 (400 MHz, CDCls): 9.45 (1H, s, CH), 7.59 (2H, m, 2 x Ar-H), 7.42 (3H,
m, 3 x Ar-H), 2.18 (1H, s, OH).

3C: 8, (100 MHz, CDCls): 150.05 (CH), 131.78 (q), 130.35 (CH), 128.80
(CH), 127.01 (CH).

Synthesis of benzaldoxime chloride

hi~OH N~OH
o — O
(204)
C/H;NO C,HgCINO
(121.05) (155.01)

To a solution of N-chlorosuccinimide (5.5 g, 41.3 mmol) in anhydrous
dichloromethane (50 mL) was added dry pyridine (0.5 mL) in one portion with
continual stirring. This process was undertaken at room temperature, under
an inert atmosphere of nitrogen and the resulting clear and colourless solution
was stirred for ten minutes. Upon subsequent addition of benzaldoxime (5.0
g, 41.3 mmol) in one portion, the solution turned a clear orange colour and
was left to stir overnight at ambient temperature. The sample was
concentrated under vacuum and purified using column chromatography
(eluent: petroleum ether:ethyl acetate/5:1), to yield benzaldoxime chloride

(204; 4.34 g, 68% vyield) as a clear, yellow oil.
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Compound data

IR: vmax (cm™): 3330.9 (s, broad), 3063.0 (s), 1702.2 (s), 1600.1 (s), 1578.1
(m), 1447.7 (m), 1376.1 (m), 1235.6 (s).

NMR

"H: &y (400 MHz, CDCls): 9.02 (1H, s, broad, OH), 7.85 (2H, m, 2 x Ar-H),
7.43 (3H, m, 3 x Ar-H).

3C: 8. (100 MHz, CDCl3): 147.50 (q), 139.85 (q), 130.61 (CH), 128.68 (CH),
127.15 (CH).

Synthesis of 5-(ethylthio)-6,6,7,7-tetramethyl-2-phenyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene

N-OH SEt
| sE N ¥
| Ph™ “Cl N
——N B ——N-Y
Et;N <
THF Ph
(200) (206b)
CgH{7NS C16H22N20S

(171.11) (290.15)

To benzaldoxime chloride (0.22 g, 1.46 mmol) was added 2-(ethylthio)-
3,3,4 ,4-tetramethyl-1-azetine (0.25 g, 1.46 mmol) in THF (10 mL) in one
portion. To this, a solution of triethylamine (0.22 mL, 1.61 mmol) in THF (5
mL) was added dropwise over 6 hours. The mixture was left to stir for 24
hours at ambient temperature under an inert atmosphere of nitrogen. The
resulting solution was evaporated to dryness and the product purified using
silica column chromatography (eluent: petroleum ether:ethyl acetate/9:1) to
yield the title compound (206b; 0.31 g, 71% yield) as a white solid.
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Compound data

IR: Lyax (cm™): 2970.1 (m), 2927.8 (w), 1552.9 (w), 1447.6 (m), 1361.1 (m),
1160.4 (m).

NMR

'H: 84 (400 MHz, CDCl3): 7.73 (2H, d, J 6.7, Ph), 7.41. (3H, m, Ph), 2.68 (2H,
2 xdq, J 7.5, 4.9, CHy), 1.61 (3H, s, CH3), 1.26 - 1.28 (9H, 2 x s, 3 x CHj3),
1.00 (3H, s, CHa).

3C: 8. (100 MHz, CDCl3): 159.57 (C=N), 130.73 (CH), 128.65 (CH), 127.71
(9), 127.09 (CH), 118.12 (q), 71.58 (q), 52.71 (q), 26.82 (CH3), 21.73 (CHy),
21.32 (CH3), 20.85 (CHs), 19.83 (CH3), 14.66 (CHj3).

MS(CI(NH3)): 52.2, 128.1, 145.1, 231.1, 291.2.

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
291.1526, measured = 291.1523.

Svynthesis of 0-azidobenzohydroximoyl chloride

H Cl
~ NCS N
N-OH Pyridine N—OH
_—
93%
C/HgN,O C7HsCIN,O
(162.05) (196.02)

To a solution of N-chlorosuccinimide (2.28 g, 17.1 mmol) and pyridine (0.15
mL, d= 0.978) dissolved in dry dichloromethane (15 mL) was added o-
azidobenzaldoxime (2.77 g, 17.1 mmol), in one portion at room temperature
under an inert atmosphere of nitrogen. The resulting bright orange solution
was stirred overnight before removing the solvent by rotary evaporation to
produce a brown solid. This was subsequently purified by silica column
chromatography (eluent: petroleum ether:ethyl acetate/7:3) to yield o-
azidobenzohydroximoyl chloride (3.11 g, 93% yield) as a brown solid.
Melting point; 79-82°C (literature melting point: 80-82°C). "1
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Compound data

IR: Umax (cm™): 3237.1 (vs, broad), 3058.9 (s), 2131.4 (vs), 1772.2 (s), 1708.1
(vs), 1489.9 (s), 1445.8 (m), 1351.7 (m).

NMR

'H: 84 (400 MHz, CDCls): 9.60 (1H, s, OH), 7.59-7.48 (2H, m, Ar-H), 7.24
(2H, m, Ar-H).

13C: &, (100 MHz, CDCl3): 138.33 (g, C=N), 136.20 (q), 131.54 (CH), 131.13
(CH), 124.74 (CH), 119.01 (CH), 60.62 (q).

Synthesis of 2-(2’-azidoaryl)-5-(ethylthio)-6,6,7,7-tetramethyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene

SEt Cl SEt
——( N-OH —45[/0\
—rN Ns3 N

THF, rt
53% N3
(200) (206¢)
CoH17NS C16H21N50S

171.11) (331.15)

To a stirring solution of o-azidobenzohydroximoy! chloride (0.68 g, 3.46 mmol)
in anhydrous tetrahydrofuran (10 mL) was added 2-(ethylthio)-3,3,4,4-
tetramethyl-1-azetine (0.59 g, 3.46 mmol) in one portion, under an inert
nitrogen atmosphere. The sample was stirred for 10 minutes before
triethylamine (0.53 mL, 3.80 mmol) in anhydrous tetrahydrofuran (5 mL) was
added dropwise over 5 hours and the reaction left to stir overnight. When the
reaction was complete the sample was reduced in volume using rotary
evaporation and the sample purified by silica column chromatography (eluent:
petroleum ether:ethyl acetate/7:1), to yield 2-(2’-azidoaryl)-5-(ethylthio)-
6,6,7,7-tetramethyl-4-oxa-1,3-diazabicyclo[3.2.0]-hept-2-ene (206¢c; 0.61 g,
53% yield) as a yellow solid, melting point: 167-171°C.
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Compound data

IR: Lmax (cm™): 3053.3 (W), 2974.3 (w), 2129.6 (m), 1582.1 (w), 1492.1 (w),
1265.6 (s).

NMR

'H: 84_(400 MHz, CDCls): 7.66 (1H, dd, J 6.3, 1.5, Ar-H), 7.47. (1H, td, J 8.0,
1.7, Ar-H), 7.24 (3H, m, 3 x Ar-H), 2.70 (2H, 2 x dq, J 7.5, 2.6, CH; (SEt)),
1.51 (3H, s, CH3), 1.31 (3H, s, CH3) 1.30 (3H, t, J 7.5, CH3(SEt)), 1.27 (3H, s,
CHg), 0.97 (3H, s, CHs).

3C: 8, (100 MHz, CDCls): 157.10 (q), 138.37 (q), 131.46 (CH), 130.77 (CH),
124.64 (CH), 119.57 (CH), 119.22 (q), 117.34 (q), 71.87 (q), 53.18 (q), 26.60
(CHs), 21.80 (CHy), 21.10 (CHs), 20.62 (CH3), 19.98 (CH3), 14.77 (CHj3).
MSES+: 159.0, 332.1, 685.1.

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
332.1540, measured = 332.1544.

5.2 Thermolysis reactions of 2-(2’-azidoaryl)-5-(ethylthio)-6.6.7.7-

tetramethyl-4-oxa-1,3-diazabicyclo[3.2.0]-hept-2-ene.

Synthesis of  2-(2’-aminoaryl)-5-(ethylthio)-6,6,7,7-tetramethyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene

SEt SEt
_ 1 2o _| 30
AN — — N
N3 HoN
(206c) (208)
C16H21N50S C16H23N30S
(331.15) (305.16)

2-(2’-azidoaryl)-5-(ethylthio)-6,6,7,7-tetramethyl-4-oxa-1,3-diazabicyclo[3.2.0]-
hept-2-ene (0.15 g) was dissolved in dry dimethylformamide (10 mL) under an
inert nitrogen atmosphere. The mixture was heated at reflux for 2 hours and

monitored by tlc. The sample was concentrated by rotary evaporation and
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purified using silica column chromatography (eluent: petroleum ether:ethyl
acetate/7:1), to yield 2-(2’-aminoaryl)-5-(ethylthio)-6,6,7,7-tetramethyl-4-
oxa-1,3-diazabicyclo[3.2.0]-hept-2-ene (208; 0.059 g, 43%) yield as an

orange oil.

Compound data

IR: vmax (cm™): 3475.5 (w), 3356.7 (w), 2966.7 (m), 2927.6 (m), 1618.9 (s),
1492.0 (m), 1359.8 (m), 1261.8 (m).

NMR

'H: 84 (400 MHz, CDCl3): 7.30 (2H, m, 2 x Ar-H), 6.71 (2H, m, 2 x Ar-H), 2.65
(2H, m, CH, (SEt)), 1.56 (3H, s, CH3), 1.32 (3H, s, CH3), 1.29 (3H, t, J 7.2,
CHj3), 1.26 (3H, s, CH3), 0.99 (3H, s, CHj3).

3C: 8. (100 MHz, CDCl3): 159.81 (q), 146.35 (q), 131.25 (CH), 129.76 (CH),
117.06 (CH), 116.45 (q), 116.06 (CH), 111.78 (q), 71.86 (q), 51.83 (q), 29.64
(CHy), 26.53 (CH3), 25.73 (CH3), 21.28 (CH3), 19.57 (CH3), 14.66 (CHa).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
306.1635, measured = 306.1635.

Svynthesis of 3-(2’-azidoaryl)-5-(2,3-dimethyl-1-buten-3-yl)-1,2,4-

oxadiazole

| %o\ |0\

—4—N /N e | N~
N3 N3
(208) (210)

C16H21N50S C14H15Ns0
(331.15) (269.13)

2-(2’-aminoaryl)-5-(ethylthio)-6,6,7,7-tetramethyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene (0.15 g) was dissolved in dry toluene (10 mL)

under an inert nitrogen atmosphere. The reaction was heated at reflux for 44
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hours and monitored by tlc. The sample was concentrated by rotary
evaporation and purified using silica gel column chromatography (eluent:
petroleum ether:ethyl acetate/7:1), to yield the title compound (210; 0.077 g,
63% yield) as an orange oil.

Compound data

IR: Lmax (cm™): 2982.4 (w), 2129.5 (s), 2099.7 (m), 1557.7 (w), 1484.6 (m),
1348.4 (m).

NMR

'H: 84 (400 MHz, CDCl3): 8.01 (1H, m, Ar-H), 7.53 (1H, m, Ar-H), 7.29 (2H,
m, Ar-H), 4.96 (2H, d, J 11.2, CHy) 1.76 (3H, s, CH3), 1.72 (6H, s, 2 x CH3).
3C: 8. (100 MHz, CDCl3): 183.76 (q), 166.09 (q), 147.04 (q), 138.73 (q),
131.83 (Ar-H), 131.64 (Ar-H), 124.79 (Ar-H), 119.25 (Ar-H), 118.69 (q),
111.77 (CHy), 41.96 (q), 25.71 (CH3), 19.71 (CHj3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
270.1349, measured = 270.1353.

Reaction of 2-(2’-azidoaryl)-5-(ethylthio)-6,6,7,7-tetramethyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene with trimethylphosphite

SEt SEt
— O, ] (o}
NN — - 4 AN
H\
N3 N
O:P/‘OMe
\
OMe
(206¢) (2064)
C16H21N50S C1gH2gN304PS
(331.15) (413.15)

A solution of 2-(2’-azidoaryl)-5-(ethylthio)-6,6,7,7-tetramethyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene (0.16 g, 0.50 mmol) and trimethylphosphite
(0.12 mL, 1.01 mmol), were stirred together in tetrahydrofuran for 24 hours at

room temperature under an atmosphere of nitrogen. Water (0.091 mL, 5.05
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mmol) was added via syringe in one portion and the reaction was left to stir
under a nitrogen atmosphere for a further 24 hours. The sample was
concentrated under vacuum and purified using flash silica column
chromatography (eluent: petroleum ether:ethyl acetate/1:2) to vyield the

phosphoramidate (206d; 0.13 g, 65% yield) as a yellow oil.

Compound data

IR: vmax (cm™): 3046.9 (m), 2956.2 (m), 1582.1 (w), 1492.1 (w), 1265.6 (s).
NMR

'H: 844 (400 MHz, CDCls): 8.34 (1H, d, J 9.0 N-H), 7.48 (1H, d, J 7.7, Ar-H),
7.40 (1H, d, J 8.2, Ar-H), 7.31 (1H, m, Ar-H), 6.95 (1H, t, J 7.4, Ar-H), 3.78
(6H, t, J 7.4, 2 x OMe), 2.59 (2H, m, CH), 1.54 (3H, s, CH3), 1,29 (3H, s,
CH3), 1.22 (3H, t, 7.2, CH3), 0.93 (3H, s, CH3).

'3C: 8, (100 MHz, CDCls): 159.20 (C=N), 139.33 (q), 131.52 (CH), 129.57
(CH), 120.69 (CH), 117.31 (q), 116.62 (CH), 113.82 (q), 113.71 (q), 72.40 (q),
53.41 (2x CHs), 52.13 (q), 29.40 (CH), 21.64 (CH3), 21.09 (CHsj), 19.50
(CHs), 14.51 (CHs), 11.25 (CHy).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
414.1578, measured = 414.1564.

Svynthesis of 5-(ethylthio)-6,6,7,7-tetramethyl-2,3-diphenyl-1-
azabicyclo[3.2.0]-hept-2-en-4-one

0
SEf SEt
T — | Ph
Ph
(200) (228)
CoH{7NS Ca4Ho7NOS

(A71.11) (377.18)

To a stirred solution of 2-(ethylthio)-3,3,4,4-tetramethyl-1-azetine (0.10 g, 0.54
mmol) in dry acetonitrile (10 mL) was added, with stirring,

diphenylcyclopropenone (0.11 g, 0.53 mmol) in one portion. The reaction was
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left to stir under an inert atmosphere of dry nitrogen for 96 hours (monitored
by tlc until completion). The crude sample was concentrated under vacuum
and purified by silica column chromatography (eluent: petroleum ether:ethyl
acetate/4:1) to yield the title compound (228; 0.20 g, 91% yield) as a yellow
solid, melting point: 162-164°C (literature melting point: 162-163°C). 2"

Compound data

IR: Vmax (cm™): 3356.2 (m), 1637.8 (s), 1496.8 (m), 1375.7 (w), 1171.8 (m)
NMR

'H: 814 (400 MHz, CDCls): 7.53, 7.43 & 7.30 (10H, m, Ar-H), 2.47 (2H, 2 x dq,
J7.5,44,and 7.4, 4.4 CH;, (SEt)), 1.74 (3H, s, CH3), 1.32 (3H, s, CH3), 1.25
(3H, s, CH3) 1.18 (3H, t, J 7.5, CH3), 0.74 (3H, s, CH3).

3C: 8, (100 MHz, CDCl3): 202.25 (C=0), 175.06 (q), 133.62 (q), 131.36 (q),
131.13 (CH), 129.41 (CH), 128.77 (CH), 128.46 (CH), 128.14 (CH), 126.56
(CH), 123.32 (q), 84.13 (q), 70.14 (q), 42.31 (q), 27.91 (CHs3), 23.01 (CHs),
22.50 (CHs), 22.34 (CHy), 19.66 (CHs3), 14.36 (CHs).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
378.1886, measured = 378.1888.

5.3 Synthesis and Reactions of 2-(ethylthio)-4-phenyl-1-azetine

Svynthesis of 4-Phenylazetidin-2-one

| __ 0 Et,0, rt °
) + O=c=N—§-C =] L
Ph o P H
(216)
CeHs CCINO3S CoHeNO
(104.06) (140.93) (147.07)

To a stirring solution of styrene (3.95 mL, 37.9 mmol) in anhydrous ether (10
mL), under an inert atomosphere of nitrogen, was added chlorosulfonyl
isocyanate (3 mL, 34.5 mmol) in anhydrous ether (5 mL), dropwise over 15

minutes at ambient temperature. The reaction mixture was left to stir
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overnight, at which point it was concentrated in vacuo to produce a white solid
which was subsequently redissolved in fresh ether (20 mL). The solution was
added to a vigorously stirred solution of water (30 mL), ice (20 g), sodium
hydrogen carbonate (9 g) and sodium sulfite (6 g) which was stirred at 0°C for
four hours. The resulting solution was extracted with ether (5x20 mL), the
organic layers combined, dried over magnesium sulfate and concentrated
under vacuum, to yield 4-phenylazetidin-2-one (216; 3.39 g, 80% yield) as a

white solid.

Compound data

IR: Umax (cm™): 3412.0 (m), 1757.9 (vs), 1456.2 (w), 1361.8 (w).

NMR

"H: 8 (400 MHz, CDCl3): 7.40 (5H, m, 5 x Ar-H), 6.65 (1H, s, N-H), 4.73 (1H,
dd, J 16.2, 5.7 CH), 3.46 (1H, dd, J 16.1, 5.6 CH), 2.88 (1H, m, CH).

3C: 8, (100 MHz, CDCl3): 168.35 (C=0), 140.25 (q), 128.85 (Ar-H), 128.21
(Ar-H), 125.67 (Ar-H), 50.38 (CH), 47.96 (CH>).

Low Resolution Mass Spectroscopy (CV_ES+): 59.5, 79.4, 106.3, 107.3,
148.3, 165.3.

Synthesis of 4-Phenylazetidin-2-thione

O S
% Lawesson's Reagent ):f
=
—N THF N
N\
Ph H i) 1 Hour, rt PH “H
ii) 1 Hour Reflux
(216) (217)
CgHgNO CoHgNS
(147.07) (163.05)

To 4-phenylazetidin-2-one (2.89 g, 19.7 mmol) dissolved in dry
tetrahydrofuran (30 mL) at room temperature, under a nitrogen atmosphere,
was added Lawesson’s reagent (3.98 g, 9.85 mmol) in one portion, with
stirring. The mixture was left to stir for one hour at room temperature after
which time all the solid had dissolved to give a clear yellow liquid. The

reaction was heated at reflux for a further hour (monitored for completion by
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tic). Upon cooling to room temperature the solution was concentrated by
rotary evaporation and purified using flash silica column chromatography
(eluent: petroleum ether:ethyl acetate/3:1), to yield 4-phenylazetidin-2-
thione (217; 1.52 g, 47% yield) as a white solid.

Compound data

IR: vmax (cm™) (liquid film): 3392.4 (w), 3019.3 (s), 1494.8 (m), 1474.5 (s),
1453.2 (s), 1215.7 (vs).

NMR

"H: 8 (400 MHz, CDCl3): 8.70 (1H, s, N-H), 7.30 (5H, m, 5 x Ar-H), 5.10 (1H,
dd, J 16.1, 5.6 CH), 3.42 (1H, 16.0, J 5.7 CH), 2.92 (1H, m, CH).

'3C: 8, (100 MHz, CDCl3): 203.76 (C=S), 137.43 (q), 128.36 (Ar-H), 128.09
(Ar-H), 125.10 (Ar-H), 58.31 (CH), 50.49 (CHy,).

Low Resolution Mass Spectroscopy: 103.3, 105.3, 106.3, 123.2, 130.3,
131.3, 164.2, 166.2.

Synthesis of 2-(ethylthio)-4-phenyl-1-azetine

S SEt
;{ Meerwein's Reagent )j(
N . - N
N i) 1 Hour, rt
Ph H i) 1 Hour Reflux ~ Ph
(217) (213)
CgHgNS C11H13NS
(163.05) (191.08)

Thiolactam (217) (1.52 g, 9.33 mmol) was dissolved in Meerwein’s reagent
(1M in methylene chloride, 13.9 mL, 14.0 mmol) at room temperature with
stirring under an inert nitrogen atmosphere. The solution was stirred for one
hour at ambient temperature, before being heated at reflux for a further hour
and was clear, orange in colour. The sample was cooled to room temperature
and added dropwise over 30 minutes to an ice cold solution of potassium
carbonate (50%) at -10°C and stirred for one hour. The sample was filtered
through celite and the filtrate extracted into methylene chloride. The organic

layers were combined, dried over sodium sulfate, filtered and concentrated in
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vacuo to yield a clear, orange oil. The sample was purified using silica
column chromatography (eluent: petroleum ether:ethyl acetate/4:1), to yield 2-

(ethylthio)-4-phenyl-1-azetine (213; 0.48 g, 86% yield) as a clear, yellow oil.

Compound data

IR: vmax (cm™) (liquid film): 3004.3 (m), 1712.1 (vs), 1420.6 (m), 1363.6 (s),
1222.4 (s).

NMR

'H: 8,4.(400 MHz, CDCl3): 7.25 (5H, m, 5 x Ar-H), 4.95 (1H, m, CH), 3.49 (1H,
dd, J 16.0, 4.0 CH), 2.99 (1H, dg, J 7.5, 2.6 SCH,), 2.89 (1H dd, J 16.0, 4.0
CH), 1.34 (3H t, J 7.5, CH3).

13C: &, (100 MHz, CDCl3): 170.46 (q), 140.24 (q), 127.77 (Ar-H), 126.74 (Ar-
H), 125.36 (Ar-H), 64.50 (CH), 59.71 (CHy), 22.77 (CHj), 20.37 (CHs).

Synthesis of 5-(ethylthio)-2,7-diphenyl-4-oxa-1,3-diazabicyclo[3.2.0]-
hept-2-ene

SEt _OH SEt
N THF o
(- 0 I O
Ph” Cl EtsN N~
Ph
Ph
(213) (214a)
C11H13NS C18H1gN20S
(191.08) (310.11)

To a stirred solution of the phenylazetine (0.40 g, 2.11 mmol) and chloroxime
(0.32 g, 2.11 mmol) in dry tetrahydrofuran (10 mL) was added, with stirring,
under an inert atmosphere of nitrogen, triethylamine (0.32 mL, 2.32 mmol) in
dry tetrahydrofuran (5 mL) dropwise, over 5 hours. The reaction was allowed
to stir overnight, at ambient temperature. The sample was reduced in volume
and purified using silica column chromatography (eluent: petroleum
ether:ethyl acetate/10:1), to yield the title compound (214a; 0.13 g, 20%

yield) as a clear, yellow oil.
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Compound data

IR: Lmax (cm™) (liquid film): 3423.1 (m, broad), 3054.2 (w), 1592.7 (w), 1421.9
(w), 1265.3 (vs).

NMR

'H: 84 (400 MHz, CDCls): 7.4-7.5 (10H, m, 10 x Ar-H), 4.85 (1H, q, J 8.4
CH(Ph)), 3.71 (1H, q, J 8.4, CH), 2.89 (1H, m, CHy), 2.77 (2H m, SEt), 1.37
(3Ht, J 8.0, CH3).

3C: 8. (100 MHz, CDCl3): 192.21 (q), 160.73 (q), 156.07 (q), 140.49 (q),
130.85 (Ar-CH), 128.87 (Ar-CH), 128.78 (Ar-CH), 128.67 (Ar-CH), 128.12 (Ar-
H), 127.16 (Ar-CH), 66.67 (CH), 45.40 (CHy), 22.53 (CHy), 14.66 (CHs).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
311.1213, measured = 311.1214.

Thermolysis reaction of 5-(ethylthio)-2,7-diphenyl-4-oxa-1,3-

diazabicyclo[3.2.0]-hept-2-ene

SEt
O

o)
\ EtS N
No— )
N\< N Ph
Ph Ph

Ph
(214a) (219)
C1gH1gN20S C1oH1oN20S
(310.11) (206.13)

A solution of 5-(ethylthio)-2,7-diphenyl-4-oxa-1,3-diazabicyclo[3.2.0]-hept-2-
ene (0.13 g), in toluene (10 mL) was heated at reflux, under an inert
atmosphere of nitrogen. The reaction was then heated at reflux temperature
and the progress of the reaction was monitored throughout by tlc, showing
completion within a 48 hour period, after which the sample was concentrated
by rotary evaporation and purified using column chromatography (eluent:
petroleum ether:ethyl acetate/16:1), to yield 5-(ethylthio)-3-phenyl-1,2,4-
oxadiazole (219; 0.072 g, 83% yield) as a clear, yellow oil.
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Compound data

IR: Umax (cm™) (liquid film): 2934.6 (m), 1543.7 (m), 1522.1 (s), 1473.9 (m),
1359.3 (m), 1265.8 (s), 1194.6 (w).

NMR

'H: 3y (400 MHz, CDCls): 7.18-7.33 (5H, m, Ar-H), 3.38 (2H, q, J 7.5, CH
(SEt)), 1.56 (3H t, J 7.4, CHs).

3C: 8, (100 MHz, CDCl3): 137.84 (q), 130.85 (Ar-CH), 128.87 (Ar-CH),
126.08 (q), 125.34 (Ar-CH), 28.89 (CHy), 21.43(CH3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
207.1404, measured = 207.1407.

Synthesis of 2-(2’-azidophenyl)-5-(ethylthio)-7-phenyl-4-oxa-1,3-

diazabicyclo[3.2.0]-hept-2-ene

SEt C\' SEt
D' d N-OH O
N
N 1. N N
Ph ™ PHh
THF
N
EtsN ®

2.
(213) (218b)
C14H43NS C1gH17N50S
(191.08) (351.12)

The chloroxime (0.21 g, 1.05 mmol) and the azetine (0.2 g, 1.05 mmol) were
dissolved in dry tetrahydrofuran (10 mL) at room temperature, under an
atmosphere of dry nitrogen. To this solution was added triethylamine (0.16
mL, 1.16 mmol) in dry tetrahydrofuran (5 mL) dropwise over 6 hours. The
sample was left to stir overnight before being concentrated on the rotary
evaporator and purified using silica column chromatography (eluent:
petroleum ether:ethyl acetate/6:1), to yield the title compound (218b; 0.22 g,

60% vyield) as a clear, orange oil.
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Compound data

IR: Lmax (cm™) (liquid film): 2929.9 (w), 2128.7 (vs), 1597.7 (m), 1582.5 (s),
1493.1 (s), 1300.3 (s).

NMR

'H: 84 (400 MHz, CDCls): 7.3 - 7.5 (9H, m, 9 x Ar-H), 4.82 (1H, dd, J 7.2, 4.2,
CH(Ph)), 3.69 (1H, dd, J 7.5, 4.2, CH) 2.86 (2H, m, CH; (SEt)), 2.76 (1H, m,
CHy), 1.37 (3H, t, J 7.6, CHa).

'3C: 8. (100 MHz, CDCl3): 158.81 (q), 140.67 (q), 139.09 (q), 131.85 (Ar-CH),
131.22 (Ar-CH), 128.79 (Ar-CH), 128.25 (Ar-CH), 126.36 (Ar-CH), 124.79 (Ar-
H), 119.59 (Ar-H), 117.47 (q), 111.14 (q), 67.04 (CH), 45.45 (CH,), 22.74
(CHyz), 14.86 (CHy).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
352.1227, measured = 352.1230.

Thermolysis reaction on 2-(2’-azidophenyl)-5-(ethylthio)-7-phenyl-4-oxa-
1.3-diazabicyclo[3.2.0]-hept-2-ene

SEtO EtS_ O~
\N Reflux \« /N
J:N / - N
Ph Toluene b
N3 N
(218b) (220a)
C18H17N508 C10H9N5OS
(351.12) (247.05)

A solution of 2-(2’-azidophenyl)-5-(ethylthio)-7-phenyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene (0.19 g, 0.54 mmol), in toluene (10 mL) was
heated at reflux, under an inert atmosphere of nitrogen and monitored for
completion by tlc (7 hours). The sample was concentrated and purified by
silica column chromatography (eluent: petroleum ether:ethyl acetate/7:1), to
yield 3-(2’-azidophenyl)-5-(ethylthio)-1,2,4-oxadiazole (220a; 0.044 g, 33%

yield) as a clear, yellow oil.
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Compound data

IR: Lmax (cm™) (liquid film): 2931.3 (w), 2129.5 (vs), 2098.3 (vs), 1582.5 (m),
1520.1 (s), 1470.7 (s), 1339.3 (s), 1303.8 (s).

NMR

'H: 8y (400 MHz, CDCl3): 7.90 (1H, dd, J 7.4, 5.3, Ar-H), 7.45 (1H, m, Ar-H),
7.20 (2H, m, Ar-H), 3.26 (2H, q, J 7.5 CH, (SEt)), 1.45 (3H t, J 7.5, CH3).

'3C: 8. (100 MHz, CDCl3): 176.94 (q), 165.97 (q), 138.17 (q), 131.44 (Ar-CH),
130.90 (Ar-CH), 124.20 (Ar-CH), 118.65 (Ar-CH), 117.49 (q), 26.60 (CHy>),
14.10 (CHa).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
248.0601, measured = 248.0601.

Reaction of 2-(2’-azidophenyl)-5-(ethylthio)-7-phenyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene with trimethylphosphite

SEt SEt
O, PPhs, H,0 Q
N ! Ny
N\< N, -P(O)Phs o \<
Ph
AN ArNH,
(218b) (218c)
C18H16N5OS C18H18N30S
(350.24) (324.24)

A solution of 2-(2’-azidophenyl)-5-(ethylthio)-7-phenyl-4-oxa-1,3-
diazabicyclo[3.2.0]-hept-2-ene (0.0468 g, 0.13 mmol) and triphenylphosphine
(0.039 g, 0.15 mmol), were stirred together in tetrahydrofuran (5 mL) for 24
hours at room temperature under an atmosphere of nitrogen. Water (0.05
mL, 5.05 mmol) was then added in one portion and the reaction was heated at
reflux for a further 24 hours. The sample was concentrated under vacuum
and purified by silica column chromatography (eluent: petroleum ether:ethyl
acetate/6:1) to yield the corresponding amine (218c; 0.015 g, 35% yield) as

a yellow oil.
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Compound data

IR: Umax (cm™): 3448.2 (w), 2976.5 (m), 2847.6 (m), 1593.0 (s), 1412.2 (m),
1389.9 (m), 1301.6 (w), 1178.2 (m).

NMR

'H: 84 (500 MHz, CDCls): 7.55 (2H, m, Ar-H), 7.35 (2H, m, Ar-H), 7.30 (1H,
m, Ar-H), 7.05 (1H, m, Ar-H), 6.89 (1H, dd, J 5.0, 1.0, Ar-H), 6.63 (1H, dd, J
10.0, 1.0, Ar-H), 6.35 (1H, m, Ar-H), 5.39 (2H, s, NH), 4.75 (1H, dd, J 10.0,
5.0, CH), 3.57 (1H, dd, 10.0, 10.0, PhCHCHy), 2.76 (1H, m, PhCHCHy,), 2.67
(2H, m, CH3CHy), 1.27 (3H, t, J 7.5, CH3).

3C: 8. (125 MHz, CDCls): 161.87 (q), 147.13 (q), 140.71 (q), 131.59 (CH),
129.72 (CH), 128.81 (CH), 128.35 (CH), 126.68 (CH), 116.64 (CH), 115.72
(CH), 110.03 (q), 106.86 (q), 67.44 (CH), 45.16 (CH), 29.69 (CH)), 14.79
(CHa).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
325.2435, measured = 325.2445.

5.4 Synthesis and Reactions of 4-vinyl-1-azetines with DPP

Synthesis of 4-ethenyl-2-azetidinone

0
7 q Et,0, -10°C
+ 0=C=N-§—0 ———— N,
\ o) | H
(244)
CaHe CCINOSS CsHNO
(54.05) (140.93) (97.05)

To 1,3-butadiene (10 mL) condensed into dry ether (40 mL) at -10°C, was
added a solution of chlorosulfonyl isocyanate (3.0 ml, 34.5 mmol) in dry ether
(10 mL) over one hour, under atmospheric nitrogen. The temperature was
maintained at -10°C for a further period of 3 hours and warmed slowly to room
temperature overnight, to produce a clear, yellow solution. The solution was
added to an ice cold mixture of water (70 mL), ice (30 g), NaHCO3 (9.0 g) and

Na,SO; (6.0 g) and stirred for one hour at -10°C. The reaction was allowed to
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warm to room temperature before being extracted with ether (6x20 mL). The
combined organic layers were dried over anhydrous sodium sulfate, filtered
and evaporated to dryness under reduced pressure to yield 4-ethenyl-2-

azetidinone (244; 2.01 g, 60% yield) as a clear, yellow oil.

Compound data

IR: Umax (cm™) (liquid film): 3274.6 (m, broad), 1755.4 (s), 1448.2 (m), 1413.8
(m), 1380.1 (m), 1254.7 (w).

NMR

"H: 844 (400 MHz, CDCls): 6.49 (1H, s, N-H), 5.92 (1H, ddd, J 17.2, 10.2, 3.2,
CH), 5.32 (1H, d, J 17.2, CH,), 5.20 (1H, d, J 10.2, CHy), 4.13 (1H, m, CH),
3.25 (1H, m, CHy), 2.70 (1H, d, J 17.2 CHy).

3C: 8, (100 MHz, CDCl3): 167.82 (C=0), 137.43 (CH), 116.93 (CH.), 49.40

(CH,), 48.93 (CH).

Synthesis of 4-ethenyl-azetidin-2-thione

0) S
Lawesson's Reagent

N, THF N,

| H i) 1 Hour, rt | H
ii) 1 Hour Reflux

(244) (245)
CsH7NO CsH7NS
(97.05) (113.03)

To the lactam (1.00 g, 10.3 mmol) dissolved in dry THF (15 mL), was added
Lawesson’s reagent (2.08 g, 5.15 mmol) in one portion, with stirring. The
reaction was stirred at ambient temperature, under an inert atmosphere of dry
nitrogen for one hour, before being heated at reflux for an additional hour.
The reaction was monitored for completion by tlc and was subsequently
cooled to room temperature, to give a crude product as a clear orange liquid.
The sample was concentrated by rotary evaporation and purified using silica
column chromatography (eluent: petroleum ether:ethyl acetate/4:1), to yield 4-

ethenyl-azetidin-2-thione (245; 0.67 g, 58% yield) as a clear, yellow oil.
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Compound data

IR: Lmax (€M) (liquid film): 3174.1 (m, broad), 1482.6 (s), 1426.0 (m), 1407.2
(w), 1237.1 (m).

NMR

"H: 844 (400 MHz, CDCls): 8.68 (1H, s, N-H), 5.96 (1H, ddd, J 17.1, 10.3, 3.0,
CH), 5.35 (1H, d, J 17.1, CHy), 5.26 (1H, d, J 10.3, CHy), 4.62 (1H, m, CH>),
3.30 (1H, m, CHy), 2.84 (1H, m, CH).

'3C: 8, (100 MHz, CDCl3): 203.65 (C=S), 135.14 (CH), 118.34 (CH,), 58.01
(CH), 48.34 (CHy).

Synthesis of 2-ethylthio-4-ethenyl-1-azetine

S SEt
Meerwein's Reagent |

H i) 1 Hour,rt
| ii) 1 Hour Reflux |

(245) (236)
CsH7NS C7H14NS
(113.03) (141.06)

To 4-ethenyl-azetidin-2-thione (0.67 g, 5.93 mmol) was added
triethyloxonium tetrafluoroborate (Meerwein’s reagent) (1M in methylene
chloride, 8.9 mL, 8.89 mmol) dropwise over 2 minutes at ambient
temperature, under an inert atmosphere of nitrogen. The solution was stirred
for one hour at room temperature and heated to reflux for an additional hour.
The reaction was cooled to room temperature, before being added to an ice
cold aqueous solution of potassium carbonate (50%) dropwise over 20
minutes. The mixture was filtered through celite, the cake washed with water
and the filtrate extracted using dichloromethane (3x30 mL). The organic
layers were combined, dried over sodium sulfate, filtered and the solvent
evaporated under vacuum to yield an orange oil. The crude sample (0.6 g)
was purified by silica column chromatography (eluent: petroleum ether:ethyl
acetate/4:1), to yield 2-ethylthio-4-vinyl-1-azetine (236; 0.35 g, 42% yield)

as a clear, yellow oil.



Experimental

Compound data

IR: Lmax (cm™) (liquid film): 2978.8 (w), 2930.5 (w), 1530.1 (m), 1374.0 (w),
1357.0 (w), 1171.3 (m).

NMR

"H: 8y (400 MHz, CDCl3): 6.00 (1H, ddd, J 17.1, 10.3, 3.8 CH), 5.30 (1H, m,
CH), 5.18 (1H, d, J 10.3, CH), 4.42 (1H, m, CH), 3.32 (1H, dd, J 14.6, 4.2,
CH,), 3.02 (2H, d, J 7.4 CH, of SEt), 2.82 (1H, dd, J 14.6, 1.9, CH,), 1.36 (3H,
t, J 7.4, CHa).

3C: 8. (100 MHz, CDCl3): 182.96 (q), 137.67 (CH), 116.20 (CH.), 64.44 (CH),
41.22 (CHy), 23.21 (CHy), 14.55 (CHs).

Synthesis of 4-methyl-4-ethenyl-2-azetidinone

0
N 9 Et,0, rt Me
+ O=C=N—§—Cl  — N,
0 | H
(222)
CsHg CCINO3S CsHgNO
(68.06) (140.93) (111.07)

A solution of isoprene (10.3 mL, 103.2 mmol) dissolved dry ether (30 mL)
under an inert atmosphere of nitrogen gas was cooled to -65°C. To this
solution was added chlorosulfonyl isocyanate (9 mL, 103.2 mmol) in dry ether
(10 mL), dropwise over one hour throughout which the temperature was
maintained at -65°C to produce a clear and colourless solution. After the
addition was complete the reaction was allowed to warm to -10°C and the
flask subsequently transferred to an ice-salt bath. The sample was added
dropwise over five minutes to an ice cold solution of water (150 mL), ice (80
g), NaHCO3; (27 g) and Na,SO; (18 g) and stirred for one hour at -10°C. The
reaction was allowed to warm to room temperature before being extracted
with ether (6x50 mL). The combined organic layers were dried over

anhydrous sodium sulfate, filtered and evaporated to dryness under reduced
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pressure to yield 4-methyl-4-ethenyl-2-azetidinone (222; 8.66 g, 75% yield)

as a clear, yellow oil.

Compound data

IR: Umax (cm™) (liquid film): 3265.6 (m, broad), 1743.6 (m), 1413.4 (w), 1376.3
(w).

NMR

"H: 84 (400 MHz, CDCl3): 6.75 (1H, s, N-H), 6.03 (1H, dd, J 17.2, 10.6, CH),
5.24 (1H, d, J 17.2, CHy), 5.11 (1H, d, J 10.6, CHy), 2.82 (2H, s, CH>), 1.53
(3H, s, CHa).

3C: 8, (100 MHz, CDCl3): 167.32 (C=0), 141.08 (CH), 113.66 (CH,), 54.36
(q), 50.71 (CH>), 24.68 (CHj3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
112.1022, measured = 112.1023.

Synthesis of 4-methyl-4-vinylazetidin-2-thione

S
Lawesson's Reagent
Me > Me
N_ THF N,
| H i) 1 Hour, rt | H
i) 1 Hour Reflux

(222) (223)
CGHQNO CeHgNS
(111.07) (127.05)

To 4-methyl-4-ethenyl-2-azetidinone (1.00 g, 9.01 mmol) dissolved in dry
tetrahydrofuran (15 mL), was added Lawesson’s reagent (1.82 g, 4.50 mmol)
in one portion. The reaction was stirred at ambient temperature, under an
inert atmosphere of dry nitrogen for one hour. The sample was heated at
reflux for a further hour, before being cooled to room temperature. The
sample was concentrated under vacuum and purified by flash silica column
chromatography (eluent: petroleum ether:ethyl acetate/4:1), to yield 4-methyl-

4-ethenylazetidin-2-thione (223; 0.99 g, 87% yield) as a clear, yellow oil.
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Compound data

IR: Lmax (cm™) (liquid film): 3159.2 (m, broad), 2971.6 (m), 1477.1 (s), 1406.5
(m), 1219.4 (m).

NMR

'H: 84_(400 MHz, CDCI3): 8.89 (1H, s, N-H), 6.05 (1H, dd, J 17.2, 10.6, CH),
5.28 (1H, d, J 17.2, CHy), 5.21 (1H, d, J 10.6, CH3), 2.95 (2H, s, CH,), 1.61
(3H, s, CHg).

3C: 8, (100 MHz, CDCl3): 202.12 (C=S), 138.96 (CH), 114.95 (CH,), 63.59
(9), 54.49 (CHy), 23.68 (CHj).

Synthesis of 2-ethylthio-4-methyl-4-ethenyl-1-azetine

S SEt
Me Meerwein's Reagent‘ Me |
N, ] N
H i) 1 Hour,rt
| ii) 1 Hour Reflux |
(223) (201)
CeHgNS CgH13NS
(127.05) (155.08)

To thiolactam (098 g, 7.72 mmol) was added triethyloxonium
tetrafluoroborate (Meerwein’s reagent) (1M in methylene chloride, 11.6 mL,
11.6 mmol) in one portion at ambient temperature under an inert atmosphere
of nitrogen. The solution was stirred for one hour at room temperature and
heated at reflux for an additional hour. The reaction was cooled to room
temperature, before being added to an ice cold solution of potassium
carbonate (50%) dropwise over 30 minutes. The mixture was filtered through
celite, the cake washed with water and the filtrate extracted using
dichloromethane (3x30 mL). The lower layers were combined, dried over
sodium sulfate, filtered and the solvent evaporated in vacuo. The crude
product (0.47 g) was purified by silica column chromatography (eluent:
petroleum ether:ethyl acetate/5:1), to yield 2-ethylthio-4-methyl-4-ethenyl-1-
azetine (201; 0.34 g, 28% yield) as a clear, orange oil.
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Compound data

IR: Umax (cm™) (liquid film): 2970.8 (m), 2930.5 (m), 1526.9 (m), 1449.6 (w),
1412.9 (w), 1225.2 (m).

NMR

"H: 8 (400 MHz, CDCl3): 6.06 (1H, dd, J 17.2, 10.6, CH), 5.21 (1H, d, J 17.2,
CHy), 5.15 (1H, d, J 10.6, CHy), 3.02 (2H, q, J 7.6, CH>), 2.94 (1H, s, CH),
2.91 (1H, s, CH), 1.47 (3H, s, CH3), 1.38 (3H, t, J 7.6, CH5).

'3C: 8, (100 MHz, CDCls): 180.78 (C=N), 141.55 (CH), 113.41 (CH,), 67.18
(q), 46.55 (CHy), 24.76 (CH3), 23.83 (CH>), 14.53 (CHj3).

High Resolution Mass Spectroscopy: EI [M-HJ, calc. = 154.0685, measured =
154.0684.

Synthesis of 4-methyl-4-(propen-2-yl)-1-azetidin-2-one

? O

X + O:C:N—ﬁ—CI Et,0, -65°C N
0 H

(239)
CeH10 CCINOsS C/H1NO
(82.08) (140.93) (125.08)

A solution of 2,3-dimethyl-1,3-butadiene (1.9 mL, 17.2 mmol) in dry ether (10
mL) was cooled to -65°C and left to stir for 10 minutes under a nitrogen
atmosphere mixture. To this reaction was added chlorosulfonyl isocyanate
(1.5 mL, 17.2 mmol) in dry ether (5 mL), dropwise over 20 minutes throughout
which the temperature was maintained at -65°C, producing a clear and
colourless solution. After the addition was complete, the reaction was allowed
to warm to -10°C and the flask subsequently transferred to an ice-salt bath.
The solution was added dropwise over five minutes to an ice cold solution of
water (50 mL), ice (20 g), NaHCO3; (9 g) and Na,;SO3 (6 g) and stirred for one
hour at -10°C before being warmed to room temperature. The mixture was
extracted with ether (4x30 mL) and the combined organic layers were dried

over anhydrous sodium sulfate, filtered and evaporated to dryness under
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reduced pressure to yield the title compound (239; 1.64 g, 76% yield) as a

clear and colourless oil.

Compound data

IR: Umax (cm™) (liquid film): 3242.6 (s, broad), 2972.8 (m), 1762.2 (vs), 1446.2
(m), 1412.3 (m), 1373.3 (m).

NMR

"H: 8y (400 MHz, CDCls): 6.80 (1H, s, N-H), 4.93 (1H, s, CH,), 4.86 (1H, s,
CHy), 2.85 (1H, d, J 14.5, CHy), 2.75 (1H, d, J 14.5 CHy), 1.82 (3H, s, CHj3),
1.53 (3H, s, CH3).

3C: 8, (100 MHz, CDCls): 167.63 (C=0), 146.74 (q), 110.50 (CHy), 57.31
(CHy), 49.55 (q), 24.99 (CH3), 18.72 (CH3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
126.0913, measured = 126.0914.

Synthesis of 4-methyl-4-(propen-2-yl)-1-azetidin-2-thione

Lawesson's Reagent

N THF N
H i) 1 Hour, rt H
i) 1 Hour Reflux

(239) (241)
C7H141NO C7H11NS
(125.08) (141.06)

To 4-methyl-4-(propen-2-yl)-1-azetidin-2-one (1.64 g, 13.1 mmol) dissolved in
dry tetrahydrofuran (15 mL), was added Lawesson’s reagent (2.65 g, 6.56
mmol) in one portion. The reaction was stirred at ambient temperature, under
an inert atmosphere of dry nitrogen for one hour. The sample was then
heated at reflux for a further hour, before being cooled to room temperature.
The sample was concentrated under vacuum and purified by silica flash
column chromatography (eluent: petroleum ether:ethyl acetate/3:1), to yield

the title compound (241; 1.40 g, 76% yield) as a clear, orange oil.
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Compound data

IR: Umax (cm™) (liquid film): 3019.1 (m, broad), 2978.5 (m), 1599.9 (m), 1503.8
(m), 1474.3 (m), 1215.8 (s).

NMR

'H: 84_(400 MHz, CDCl3): 9.45 (1H, s, N-H), 4.96 (2H, s, CHy), 2.96 (1H, d, J
14.7, CHy), 2.92 (1H, d, J 14.7 CHy), 1.78 (3H, s, CH3), 1.64 (3H, s, CH3).
'3C: 8. (100 MHz, CDCl3): 202.10 (C=S), 145.02 (q), 111.46 (CH>), 66.60 (q),
53.45 (CHy), 24.02 (CH3), 18.36 (CHj3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
142.0685, measured = 142.0684.

Synthesis of 2-ethylthio-4-methyl-4-(propen-2-yl)-1-azetine

S SEt
Meerwein's Reagent |
N\H i) 1 Hour, rt N
if) 1 Hour Reflux
(241) (237)
C7H11NS CoH15NS
(141.06) (169.09)

To 4-methyl-4-(propen-2-yl)-1-azetidin-2-thione (1.40 g, 9.93 mmol) was
added triethyloxonium tetrafluoroborate (Meerwein’s reagent) (1M in
methylene chloride, 14.9 mL, 14.89 mmol) in one portion at ambient
temperature under an inert atmosphere of nitrogen. The solution was stirred
for one hour at room temperature and heated to reflux for an additional hour,
forming a clear red liquid. The reaction was cooled to room temperature,
before being added to an ice cold aqueous solution of potassium carbonate
(50%) dropwise over 30 minutes, producing a yellow liquid. The mixture was
filtered through celite, the cake washed with water and the filtrate extracted
using dichloromethane (3x30 mL). The lower layers were combined, dried
over sodium sulfate, filtered and the solvent evaporated under vacuum. The
crude product was purified by silica column chromatography (eluent:
petroleum ether:ethyl acetate/5:1), to yield the title compound (237; 1.15 g
(CRUDE), 1.03 g, (PURE), 61% yield) as a clear, yellow oil.
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Compound data

IR: Umax (cm™) (liquid film): 2929.0 (w), 1530.0 (m), 1375.1 (w), 1249.1 (m),
1216.4 (w).

NMR

'H: & (400 MHz, CDCl3): 4.93 (1H, s, CH,), 4.84 (1H, s, CHy), 2.98 (1H, d,
14.3, ring CHy), 2.83 (1H, d, J 14.3, ring CH,), 1.78 (3H, s, CH3), 1.46 (3H, s,
CH3), 1.25 (3H, t, J 7.1, CHa).

3C: 8, (100 MHz, CDCls): 171.07 (q), 147.76 (q), 110.44 (CH,), 69.39 (q),
46.30 (CHy), 24.82 (CHs), 23.31 (CHy), 14.58 (CH3), 14.13 (CH3).

Synthesis of 3-methyl-4-(1-propen-1-yl)-1-azetidin-2-one

N\ 7 Et,0, -65°C
+ O=C=N-§—CI 3
I
7 0
(248a)
CeHio CCINO3S CrH{NO
(82.08) (140.93) (125.08)

To a solution of 2,4-hexadiene (0.98 mL, 17.2 mmol) dissolved in dry ether
(10 mL), was added a mixture of chlorosulfonyl isocyanate (1.5 mL, 17.2
mmol) and dry ether (10 mL) dropwise over 30 minutes. The reaction was
carried out at -10°C, under an atmosphere of dry nitrogen. The mixture was
warmed slowly to room temperature over 3 hours before the clear and
colourless solution was added dropwise to an ice cold solution of water (40
mL), ice (20 g), NaHCO3 (9 g) and Na,SOg; (6 g). The aqueous solution was
left to stir for one hour at -10°C and warmed slowly to room temperature. The
sample was extracted with ether (4x30 mL) and the combined organic layers
were dried over anhydrous sodium sulfate, filtered and evaporated to dryness
under reduced pressure to yield 3-methyl-4-(1-propen-1-yl)-1-azetidin-2-
one (248a; 0.96 g, 45% yield) as a mixture of diasteroisomers, a clear and

colourless oil.
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Compound data

IR: Umax_(cm™) (liquid film): 3252.3 (m, broad), 2934.3 (m), 1752.4 (vs),
1453.4 (m), 1381.3 (m), 1175.3 (m).

NMR

'H: 844 (500 MHz, CDCls): 6.31 (1H, s, N-H), 5.72 (1H, dq, J 15.3, 6.6, CH -
Ha), 5.50 (1H, ddgq, J 15.3, 7.6, 1.6, CH - Hb), 4.18 (1H, dd, J 6.6, 1.3, CH -
Hc?) and 3.69 (1H, dd, J 7.6, 1.9, CH - Hc'), 3.35 (1H, m, CH - Hd?) and 3.12
(1H, m, CH - Hd"), 1.75 (3H, dd, J 6.6, 1.2, CH3 - 2) and 1.71 (3H, dd, J 6.4,
1.6, CH3- 1), 1.31 (3H, d, J 7.5, CH3- 2) and 1.13 (3H, d, J 7.6, CHsz - 1).

3C: 8, (125 MHz, CDCl3): 172.19 (C=0), 171.61 (C=0), 130.23 (CH), 130.18
(CH), 128.65 (CH), 127.40 (CH), 57.89 (CH), 53.36 (CH), 53.11 (CH), 49.51
(CH), 17.75 (CH3), 17.54 (CHa3), 12.54 (CHa3), 9.68 (CHs).

Svynthesis of 3-methyl-4-(propen-1-yl)-1-azetidin-2-thione

S
Lawesson's Reagent

THF N,

i) 1 Hour, rt | H
ii) 1 Hour Reflux

(248a) (248b)
C7H11NO C7H11NS
(125.08) (141.06)

To 3-methyl-4-(1-propen-1-yl)-1-azetidin-2-one (0.96 g, 7.71 mmol) dissolved
in dry tetrahydrofuran (15 mL), was added Lawesson’s reagent (1.60 g, 3.85
mmol) in one portion. The reaction was stirred at ambient temperature, under
an inert atmosphere of dry nitrogen for one hour. The sample was heated at
reflux for a further hour, before being cooled to room temperature. The
sample was concentrated under vacuum and purified by silica flash column
chromatography (eluent: petroleum ether:ethyl acetate/4:1, silica gel, Aldrich,
70-230 mesh, 60 Angstrom for column chromatography) to yield the title
compound (248b; 0.62 g, 57% yield) as a mixture of diasteroisomers, a clear,

orange oil.
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Compound data

IR: Lmax (cm™) (liquid film): 3190.6 (m, broad), 2857.4 (m), 1498.1 (s), 1418.7
(m), 1278.5 (m), 1114.3 (m).

NMR

'H: 84 (400 MHz, CDCls): 8.59 (1H, s, N-H), 5.75 (1H, m, CH - Ha), 5.55 (1H,
m, CH - Hb), 4.67 (1H, dd, J 7.6, 2.7, CH - Hc?) and 3.69 (1H, d, J 8.0, CH -
Hc'), 3.29 (1H, m, CH - Hd?) and 2.84 (1H, dq, J 14.9, 7.7, CH - Hd"), 1.74
(3H, m, CHs), 1.33 (3H, d, J 7.3, CH3- 2) and 1.18 (3H, d, J 7.7, CH3 - 1).

3C: 8. (100 MHz, CDCl3): 209.63 (C=S), 208.91 (C=S), 131.71 (CH), 130.29
(CH), 127.96 (CH), 125.26 (CH), 66.79 (CH), 62.62 (CH), 55.49 (CH), 52.19
(CH), 17.86 (CH3), 17.64 (CHs), 14.31 (CHs), 11.78 (CHs).

Synthesis of 2-ethylthio-3-methyl-4-(propen-1-yl)-1-azetine

SEt
Meerwein's Reagent |
i) 1 Hour, rt N
i) 1 Hour Reflux |
(248b) (248c)
C7H11NS CgH15NS
(141.06) (169.09)

To 3-methyl-4-(1-propen-1-yl)-1-azetidin-2-thione (0.62 g, 4.40 mmol) was
added triethyloxonium tetrafluoroborate (Meerwein’s reagent) (1M methylene
chloride, 6.6 mL, 6.60 mmol) in one portion, with stirring, at ambient
temperature and under an atmosphere of dry nitrogen. The solution was
stirred for one hour at room temperature and heated at reflux for an additional
hour, forming a clear orange solution. The reaction was cooled to room
temperature, before being added to an ice cold solution of potassium
carbonate (50%) dropwise over 30 minutes. The mixture was filtered through
celite, the cake washed with water and the filtrate extracted using
dichloromethane (3x30 mL). The lower layers were combined, dried over
sodium sulfate, filtered and the solvent evaporated under vacuum. The crude

product (0.77 g) was purified by silica column chromatography (eluent:
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petroleum ether:ethyl acetate/5:1), to yield the title compound (248c; 0.12 g,

16% yield) as a mixture of diastereoisomers, as a volatile, clear, orange oil.

Compound data

IR: Lpax (cm™): 2969.5 (m), 2929.5 (m), 1522.3 (m), 1451.7 (w), 1378.0 (w),
1216.7 (m).

NMR

"H: 8y (400 MHz, CDCls): 5.74 (1H, m, CH - Ha), 5.54 (1H, m, CH - Hb), 4.44
(1H, dd, J 7.5, 4.3, CH - Hc?) and 3.94 (1H, d, J 7.5, CH - Hc'), 3.43 & 2.91
(1H, m, CH - Hd), 3.12 (2H, m, SEt-CH,), 1.73 (3H, m, CH3), 1.36 (3H, t, J
7.5, SEt-CHs), 1.26 (3H, d, J 7.4, CH3- 2) and 1.07 (3H, d, J 7.5, CHs - 1).

3C: &, (100 MHz, CDCl;): 186.96 (q), 130.24 (CH), 129.88 (CH), 128.03
(CH), 127.80 (CH), 72.14 (CH), 68.01 (CH), 49.27 (CH), 46.19 (CH), 22.52
(CHy), 22.45 (CHa), 18.02 (CHs), 17.82 (CHs), 14.62 (CH3), 11.91 (CHs).

7-azabicyclo[4.2.1]Jnonane section

Svynthesis of 6-ethylthio-3.4-dimethyl-1,8-diphenyl-7-
azabicyclo[4.2.1lnona-3,7-dien-9-one

0 (@)

SEt A SEt @ \ o
Me [ | ph”  Ph Mo T Ph
Me N —— | Me © N // Ph >// Me
Acetonitrile, rt é\J[S
Ph

Me

(237) (243)
CoH15NS CaH2sNOS
(169.09) (375.17)

To a stirred solution of 2-ethylthio-4-methyl-4-(propen-2-yl)-1-azetine (0.15 g,
1.06 mmol) in dry acetonitrile (10 mL) was added, with stirring
diphenylcyclopropenone (0.22 g, 1.06 mmol) in one portion and the reaction
placed under an inert atmosphere of dry nitrogen. The mixture was stirred at
room temperature for two weeks (monitored by tlc). After two weeks the

solvent was changed to CDCl;. The reaction was continually stirred and
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monitored for completion (NMR), which occurred after a week of heating at
reflux. The solvent was removed by rotary evaporation and the crude product
purified using column chromatography (eluent: petroleum ether:ethyl
acetate/5:1, Silica gel) to yield the title compound (243; 0.19 g, 51% yield)

as a clear, yellow oil.

Compound data

IR: Lmax (cm™): 2926.93 (s), 2851.87 (w), 1662.03 (vs), 1577.61 (vs), 1451.02
(w), 1416.45 (w).

NMR

"H: 81 (400 MHz, CDCls): 7.66 (2H, dd, J 7.5, 1.0, 2 x Ar-H), 7.32-7.39 (3H,
m, 3 x Ar-H), 7.23-7.30 (3H, m, 3 x Ar-H), 7.14 (2H, dd, J 6.5, 1.6, 2 x Ar-H),
2.87 (1H, d, J 16.8, CH,), 2.83 (1H, d, J 16.8, CH;), 2.78 (1H, d, J 16.8, CH>),
2.74 (1H, d, J 16.8, CHy), 2.66 (1H, dq, J 11.5, 7.4, CH,CH3), 2.55 (1H, dq, J
11.3, 7.4, CH2CHs), 1.700 (3H, s, CH3), 1.695 (3H, s, CH3), 1.28 (3H, t, J 7.4,
CHs CHy).

3C: 8. (100 MHz, CDCls): 215.10 (q), 173.72 (q), 136.75 (q), 132.20 (q),
130.84 (CH), 129.00 (CH), 128.31 (CH), 128.27 (CH), 127.90 (CH), 127.17
(CH), 125.26 (q), 124.00 (q), 83.01 (q), 63.56 (q), 46.09 (CH;), 42.55 (CH,),
23.87 (CHy), 23.60 (CHs), 23.34 (CH3), 14.36 (CHs).

High Resolution Mass Spectroscopy: CI (positive (NH3), calc. = 376.1732,
measured = 376.1730.
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Synthesis of 6-ethylthio-4-methyl-1,8-diphenyl-7-azabicyclo[4.2.1]nona-

3,7-dien-9-one

o} O\
SEt A SEt? &
M pn”_ Ph T i
Hod  — "> |Me N/ TN T N>/ "
Acetonitrile, rt EtS
Ph Me
(201) (234)
CaHisNS C23H23NOS
(55.08) (361.15)

To a stirred solution of 2-ethylthio-4-methyl-4-ethenyl-1-azetine (0.10 g, 0.65
mmol) in dry acetonitrile (5 mL) was added, with stirring
diphenylcyclopropenone (0.13 g, 0.65 mmol) in one portion and the reaction
placed under an inert atmosphere of dry nitrogen. The mixture was stirred at
room temperature for two days and heated at reflux for a further five days until
the reaction was complete (one week in total). The solvent was removed by
rotary evaporation and the crude product was purified by silica column
chromatography (eluent: petroleum ether:ethyl acetate/7:1, silica gel, Aldrich)
to vyield 6-ethylthio-4-methyl-1,8-diphenyl-7-azabicyclo[4.2.1]nona-3,7-
dien-9-one (234; 0.090 g, 48% yield) as a clear, yellow oil.

Compound data

IR: Umay (thin film, cm™): 2963.39 (m), 2916.87 (m), 1768.70 (s), 1714.04 (s),
1671.67 (m), 1590.16 (m), 1560.98 (m), 1446.84 (m), 1283.15 (m).

NMR

'H: 8,4 (400 MHz, CDCl3): 7.68 (2H, d, J 7.7, Ar-H), 7.34 (4H, m, Ar-H), 7.25
(2H, t, J 7.7, Ar-H), 7.16 (2H, d, J 7.2, Ar-H), 5.41 (1H, s, CH), 3.14 (1H, d, J
16.4, CHy), 3.00 (1H, dd, J 9.9, 6.6, CHy), 2.79 (2H, m, SCHy), 2.68 (2H, m,
CH,), 1.73 (3H, s, CHs), 1.21 (3H, t, J 7.5, CHa).

3C: 8. (100 MHz, CDCl3): 214.52 (q), 173.65 (q), 136.46 (q), 132.04 (q),
131.81 (q), 130.85 (CH), 128.94 (CH), 128.28 (CH), 128.21 (CH), 127.84
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(CH), 126.97 (CH), 118.42 (CH), 82.62 (q), 63.95 (q), 42.91 (CH,), 34.88
(CHy), 27.53 (CHj3), 23.57 (CHy), 14.21 (CH3).

High Resolution Mass Spectroscopy: CIl (positive (NH3), calc. = 362.1286,
measured = 362.1291.

Svynthesis of 6-ethylthio-1,8-diphenyl-7-azabicyclo[4.2.1]nona-3,7-dien-9-

one

(0]
2
SEt > o Ph
H Ph Ph
H 'N _— Ph| —= >,/ H
Acetonitrile, rt N
EtS
H
(238) (247)
C7H11NS C22H21NOS
(141.06) (347.13)

To a stirred solution of 2-ethylthio-4-ethenyl-1-azetine (0.16 g, 0.95 mmol) in
dry acetonitrile (5 mL) was added, with stirring diphenylcyclopropenone (0.20
g, 0.95 mmol) in one portion and the reaction placed under an inert
atmosphere of dry nitrogen. The mixture was stirred at room temperature
until the reaction was complete (one week, monitored by tlc for completion).
The solvent was removed by rotary evaporation and the crude product was
purified by silica column chromatography (eluent: petroleum ether:ethyl
acetate/6:1) to yield 6-ethylthio-1,8-diphenyl-7-azabicyclo[4.2.1]nona-3,7-
dien-9-one (247; 0.27g, 62% yield) as a dark orange solid.
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Compound data

IR: Umax (cm™): 3056.9 (w), 2982.5 (m), 2929.9 (m), 1768.6 (s), 1732.2 (vs),
1592.1 (w), 1565.9 (m), 1497.9 (w), 1446.1 (m), 1266.3 (s), 1244.9 (s), 1046.8
(s).

NMR

'H: 8,4 (400 MHz, CDCl3): 7.69 (2H, d, J 7.8, Ar-H), 7.36 (4H, m, Ar-H), 7.26
(2H, t, J 7.8, Ar-H), 7.18 (2H, d, J 7.2, Ar-H), 5.62 (1H, m, CH), 5.53 (1H, m,
CH), 3.16 (1H, m, CHy), 3.16 (1H, m, SCH,CH3), 2.96 (2H, 2 x dd, J 10.0, 6.5
& J 10.0, 8.3 CHy), 2.67 (2H, m, CHy), 2.57 (1H, m, SCH,CHj3), 1.28 (3H, t, J
7.5, SCH,CHj3).

'3C: 8. (100 MHz, CDCl3): 214.62 (C=0), 173.68 (q, C=N), 136.39 (q), 131.65
(CH), 130.95 (q), 129.02 (CH), 128.32 (CH), 128.28 (CH), 127.93 (CH),
126.98 (CH), 124.70 (C=CH), 123.74 (C=CH), 82.88 (q), 63.30 (q), 38.51
(CH3), 34.36 (CHy>), 23.63 (CHy), 14.19 (CH3).

High Resolution Mass Spectroscopy: CIl (positive (NH3), calc. = 348.1417,
measured = 348.1419.

Attempted synthesis of 6-ethylthio-2.,5-dimethyl-1.8-diphenyl-7-
azabicyclo[4.2.1]nona-3,7-dien-9-one

(6]
SEt (0] Ph PhMe
[ A X
N H
Me H
)

(248c

To a stirred solution of 3-methyl-4-(propen-1-yl)-1-azetine (0.094 g, 0.56
mmol) in dry acetonitrile (5 mL) was added, with stirring
diphenylcyclopropenone (0.12 g, 0.56 mmol) in one portion and the reaction
placed under an inert atmosphere of dry nitrogen. The mixture was stirred at
room temperature for one week and then heated at reflux for a further week,
until tlc showed that no starting materials were present. The solvent was

removed by rotary evaporation and the crude product was columned by silica
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column chromatography (eluent: petroleum ether:ethyl acetate/3:1) in an
attempt to isolate the purfied product. In the event after several unsuccessful

attempts, the desired compound could not be isolated.

5.5 Synthesis and Reactions of 5-, 6- and 7-membered cyclic imidates
with DPP

2-pyrrolidinone system

2-pyrrolidinethione

O
C{/ Lawesson's Reagent CT/;
N THF N

N

H i) 1 Hour, rt H
i) 1 Hour Reflux
(253) (254)
C4H;NO C4H,NS
(85.05) (101.03)

To 2-pyrrolidinone (1.00 g, 11.76 mmol) dissolved in dry tetrahydrofuran (20
mL) was added with stirring, Lawesson’s reagent (2.38 g, 5.88 mmol) in one
portion. The reaction was stirred at room temperature, under an atmosphere
of dry nitrogen for one hour, before being heated to reflux for a further hour.
Completion of the reaction was confirmed by tlc, the solvent was removed by
rotary evaporation and the crude sample purified by silica gel column
chromatography (eluent: petroleum ether:ethyl acetate/1:1) to vyield 2-
pyrrolidinethione (254; 1.08 g, 91% yield) as a white solid, melting point:
108-111°C.
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Compound data

IR: Lmax (thin film, cm™): 3114 (m), 3029 (w), 2832 (m), 2863 (m), 1573 (s),
1398 (m), 1326 (m).

NMR

'H: 84 (400 MHz, CDCl3): 8.70 (1H, s, NH), 3.68 (2H, t, J 7.5, CH,), 2.92 (2H,
t, J 7.5, CHy), 2.23 (2H, quin., J 7.5, CH>).

3C: 8, (100 MHz, CDCl3): 22.91 (CHy), 43.21 (CH,), 49.65 (CH,), 205.84
(C=S).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
102.0372, measured = 102.0372.

Synthesis of 5-Ethylthio-3.4-dihydro-2H-pyrrole

S SEt
d Meerwein's Reagent O'/
N i) 1Hour,rt N

AN

H i) 1 Hour Reflux

(254) (255)
C4H7NS C5H11NS
(101.03) (129.06)

To 2-pyrrolidinethione (1.08 g, 10.7 mmol) under an atmosphere of dry
nitrogen was added, in one portion, with stirring, Meerwein’s reagent (1M
solution in dichloromethane, 16.0 mL, 16.0 mmol). The mixture was stirred at
room temperature for one hour, before being heated to reflux for an additional
hour. The reaction was cooled to room temperature and subsequently added
to an ice cold solution of 50% aqueous potassium carbonate (7.5 g) dropwise
over 30 minutes. The mixture was filtered through celite, the cake washed
with water and the filtrate extracted using dichloromethane (2x20 mL). The
organic layers were combined, dried over magnesium sulfate, filtered and the
solvent evaporated under vacuum. The crude product was purified by silica
gel column chromatography (eluent: petroleum ether:ethyl acetate/2:1) to
yield 5-ethylthio-3,4-dihydro-2H-pyrrole (255; 0.39 g, 28% yield) as a clear

and colourless oil.
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Compound data

IR: Umax (thin film, cm™): 3222 (w), 2930 (m), 2867 (m), 1690 (s), 1590 (s),
1530 (w), 1452, (w), 1429 (w), 1295 (m).

NMR

"H: 844 (400 MHz, CDCls): 3.84 (2H, t, J 7.2, CHy), 3.04 (2H, q, J 7.4, CH; on
Et), 2.59 (2H, t, J 8.2, CHy), 1.97 (2H, quin., J 7.7, CHy), 1.33 (3H, t, J 7.4,
CHs).

3C: 8. (100 MHz, CDCl3): 14.37 (CHs), 23.35 (CHy), 24.90 (CH,), 38.59,
(CH2) 60.76 (CHy), 172.28 (C=N).

Synthesis of 5-ethylthio-2,3-diphenyl-1-azabicyclo[3.3.0]oct-2-en-4-one

O
SEt A 3Et
| Ph Ph Ph
CN( > \_N-Y/
Acetonitrile, rt
Ph
(255) (256)
C6H11NS C21H21NOS
(129.06) (335.13)

To 5-ethylthio-3,4-dihydro-2H-pyrrole (0.39 g, 3.02 mmol), dissolved in dry
acetonitrile (10 mL) was added, in one portion, with stirring,
diphenylcyclopropenone (0.62 g, 3.02 mmol). The solution was placed under
an atmosphere of dry nitrogen and stirred at ambient temperature for 24
hours, after which tlc confirmed the reaction had gone to completion. The
solvent was concentrated under vacuum and the crude sample purified by
silica gel column chromatography (eluent: petroleum ether:ethyl acetate/4:1)
to yield 5-ethylthio-2,3-diphenyl-1-azabicyclo[3.3.0]oct-2-en-4-one (256;
0.26 g, 26% vyield) as a clear, yellow oil.
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Compound data

IR: Lmay (thin film, cm™): 2971 (w), 1678 (s), 1602 (w), 1554 (w), 1398 (w).
NMR

"H: 84 (400 MHz, CDCl3): 7.44-7.35 (5H, m, Ar-H), 7.21-7.12 (5H, m, Ar-H),
3.54 (1H, m, CH), 3.08 (1H, m, CH), 2.65 (1H, dq, J 7.5, 2.6, CH, (SEt)), 2.56
(1H, dq, J 7.5, 2.6, CH; (SEt)), 2.23 (2H, m, CH), 2.06 (1H, m, CH), 1.94 (1H,
m, CH), 1.19 (3H, t, J 7.5, CHj3).

'3C: 8. (100 MHz, CDCl3): 200.06 (C=0), 174.94 (q), 131.29 (q), 131.03 (q),
130.96 (CH), 129.51 (CH), 128.70 (CH), 128.61 (CH), 127.95 (CH), 126.05
(CH), 116.17 (q), 80.37 (q), 48.40 (CHy), 32.85 (CH,), 26.44 (CH;), 23.09
(CH2), 14.24 (CHj3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
336.1420, measured = 336.1417.

Synthesis of thiovalerolactam

Cﬁ = Lawesson's Reagent Cf S
N N<
“H THF H

i) 1Hour,rt
i) 1 Hour Reflux
(257) (258)
CsHgNO CsHgNS
(99.07) (115.05)

To valerolactam (3.00 g, 30.26 mmol) dissolved in dry tetrahydrofuran (25 mL)
was added with stirring, Lawesson’s reagent (6.12 g, 15.13 mmol) in one
portion. The reaction was stirred at room temperature, under an atmosphere
of dry nitrogen for one hour, before being heated to reflux for a further hour.
Completion of the reaction was confirmed by tlc, the solvent was removed by
rotary evaporation and the crude sample purified by silica gel column
chromatography (eluent: hexane:ethyl acetate/4:1) to yield thiovalerolactam
(258; 2.70 g, 88% yield) as a white solid, melting point: 112-116°C.
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Compound data

IR: Lmax (cm™): 3163 (m), 3085 (m), 2953 (m), 2863 (m), 1568 (s), 1352 (m),
1320 (m).

NMR

'H: 8,4 (400 MHz, CDCls): 9.38 (1H, s, NH), 3.33 (2H, d, J 5.0, CH,), 2.86 (2H,
t, J 7.5, CHy), 2.35 (2H, m, CH,), 1.76 (2H, m, CH,).

3C: 8, (100 MHz, CDCls): 202.30 (C=S), 44.53 (CHy), 38.96 (CH,), 20.61
(CHz), 19.98 (CHy).

Svynthesis of 6-ethylthio-2,3,4,5-tetrahydropyridine

S
Cﬁ Meerwein's Reagent O/SEt
N~ i) 1 Hour, rt N

ii) 1 Hour Reflux

(258) (259)
CsHoNS C7H13NS
(115.05) (143.08)

To thiovalerolactam (2.70 g, 26.73 mmol) under an atmosphere of dry
nitrogen was added, in one portion, with stirring, Meerwein’s reagent (1M
solution in dichloromethane, 40.1 mL, 40.10 mmol) in 5mL portions. The
mixture was stirred at room temperature for one hour, before being heated to
reflux for an additional hour. The reaction was cooled to room temperature
and subsequently added to an ice cold solution of 50% aqueous potassium
carbonate (5 g) dropwise over 30 minutes. The mixture was filtered through
celite, the cake washed with water and the filtrate extracted using
dichloromethane (4x30 mL). The organic layers were combined, dried over
magnesium sulfate, filtered and the solvent evaporated under vacuum. The
crude product was purified by silica gel column chromatography (eluent:
petroleum  ether:ethyl acetate/4:1) to vyield 6-ethylthio-2,3,4,5-
tetrahydropyridine (259; 0.17 g, 28% yield) as a clear and colourless oil.



Experimental

Compound data

IR: Umax (thin film, cm™): 2932 (s), 2868 (M), 1736 (W), 1633, (s), 1447 (w).
NMR

"H: 814 (400 MHz, CDCl3): 3.65 (2H, m, CH2-N), 2.89 (2H, q, J 7.3, CHy), 2.29
(4H, m, 2 x CHy), 1.69 (2H, m, CHy), 1.28 (3H, t, J 7.3, CHs).

'3C: 8. (100 MHz, CDCls): 164.30 (C=N), 49.77 (CH,), 30.86 (CH.), 22.15
(CHa), 21.92 (CHy), 19.40 (CHy), 13.64 (CHs).

Synthesis of 5-ethylthio-2,3-diphenyl-1-azabicyclo[4.3.0]lnon-2-en-4-one

% SEt 0
SEt A
| Ph
q P Ph, (N
Ph

Acetonitrile, rt

(259) (260)
C;H43NS C2oH23NOS
(143.08) (349.15)

To 6-ethylthio-2,3,4,5-tetrahydropyridine (0.19 g, 1.33 mmol), dissolved in dry
acetonitrile (10 mL) was added, in one portion, with stirring,
diphenylcyclopropenone (0.27 g, 1.33 mmol). The solution was placed under
an atmosphere of dry nitrogen and stirred at ambient temperature for 24
hours, after which tlc confirmed the reaction had gone to completion. The
solvent was concentrated under vacuum and the crude sample purified by
silica gel column chromatography (eluent: hexane:ethyl acetate/3:1) to yield 5-
ethylthio-2,3-diphenyl-1-azabicyclo[4.3.0]non-2-en-4-one (260; 0.25 g,
54% yield) as a clear, yellow oil.



Experimental

Compound data

IR: Umax (thin film, cm™): 3059 (w), 3024 (w), 2971 (w), 2927 (w), 1760 (s),
1592 (m), 1564 (m), 1497 (w), 1446 (w), 1360 (s).

NMR

'H: 844 (500 MHz, CDCl3): 7.42-7.33 (3H, m, Ar-H), 7.24-7.17 (2H, m, Ar-H),
7.07-7.00 (4H, m, Ph), 6.96-6.90 (1H, m, Ar-H), 3.54 (1H, dt, J 11.9, 6.4, N-
CHy), 3.46 (1H, dt, J 11.1, 5.9, N-CHy), 2.45 (2H, 2 x dq, J 9.2, 5.9, CH;
(SEt)), 2.15 (2H, m, CHy), 1.85 (1H, m, CH3), 1.78 (1H, m, CH>), 1.65 (1H, m,
CHy), 1.50 (1H, m, CHy), 1.18 (3H, t, J 7.5, CHj3).

'3C: 8. (100 MHz, CDCIl3): 198.00 (C=0), 169.50 (C-S), 131.12 (q), 129.98
(CH), 128.51 (CH), 127.60 (CH), 126.71 (CH), 124.96 (CH), 109.45 (q), 72.17
(9), 41.05 (CHy), 32.40 (CHy), 27.85 (CHy), 22.44 (CH), 19.95 (CHy), 13.10
(CHa).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
350.1573, measured = 350.1574.

Synthesis of 4-methyl-1,2,5,6-tetrahydropyridine-6-one

AN (IDI Me (0]
C
PUR
N “H
SO,CI
(262)
CeHgNO

(111.07)

A solution of isoprene (4.4 mL, 44.1 mmol) was dissolved in dry ether (10 mL)
at room temperature under an inert atmosphere of nitrogen gas. The solution
was left to stir for 10 minutes before chlorosulfonyl isocyanate (4 mL, 46.0
mmol) in anhydrous ether (5 mL), was added dropwise over 10 minutes. The
clear and colourless solution was left to stir at room temperature overnight
under an atmosphere of dry nitrogen. The resulting solution was evaporated
to dryness, dissolved in fresh ether (20 mL) and then added dropwise over 20
minutes to an ice cold solution of water (30 mL), ice (20 g), NaHCO3 (9 g) and

Na,SOs; (6 g). The resulting solution was then stirred for one hour at -10°C.
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The mixture was allowed to warm to room temperature before being extracted
with ether (6x50 mL). The combined organic layers were dried over
anhydrous sodium sulfate, filtered and evaporated to dryness under reduced
pressure to yield 4-methyl-1,2,5,6-tetrahydropyridine-6-one (262; 0.51 g,

26% yield) as a yellow oil.

Compound data

IR: vmax (cm™): 3303 (w), 3221 (w), 2976 (w), 2915 (w), 1737 (m), 1666 (s),
1499 (w).

NMR

"H: 84_(400 MHz, CDCls): 7.26 (1H, s, NH), 5.44 (1H, m, CH), 3.92 (2H, m,
CHa), 2.80 (2H, t, J 7.4, CHy), 1.75 (3H, s, CHs).

3C: 8, (100 MHz, CDCls): 170.42 (C=0), 129.76 (q), 114.67 (CH), 43.29
(CH.), 35.63 (CHy), 22.01 (CHs).

Synthesis of 4-methyl-1,2,5,6-tetrahydropyridine-6-thione

Me O Lawesson's Reagent Me S
| N\H THF | N “H
i) 1 Hour, rt
ii) 1 Hour Reflux
(262)
CgHgNO CgHoNS
(111.07) (127.05)

To 4-methyl-1,2,5,6-tetrahydropyridine-6-one (0.20 g, 1.80 mmol) dissolved in
dry tetrahydrofuran (10 mL) was added with stirring, Lawesson’s reagent
(0.36 g, 0.90 mmol) in one portion. The reaction was stirred at room
temperature, under an atmosphere of dry nitrogen for one hour, before being
heated to reflux for a further hour. Completion of the reaction was confirmed
by tlc, the solvent was removed by rotary evaporation and the crude sample
purified by silica gel column chromatography (eluent: petroleum ether:ethyl
acetate/1:1) to yield 4-methyl-1,2,5,6-tetrahydropyridine-6-thione (0.19 g,
66% yield) as a white solid, melting point: 127-130°C.
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Compound data

IR: Lmax (cm™): 3200 (m), 2972 (m), 2931 (m), 1731 (m), 1633 (s), 1520 (s),
1433 (w), 1338 (m).

NMR

"H: 84 (400 MHz, CDCl): 9.09 (1H, s, NH), 5.49 (1H, s, CH), 3.91 (2H, m,
CHy), 3.36 (2H, t, J 7.5, CHy), 1.73 (3H, s, CHs).

3C: 8. (100 MHz, CDCl3): 198.83 (C=S), 129.61 (q), 112.97 (CH), 45.47
(CHy), 43.45 (CHy), 21.64 (CHs).

Synthesis of 7-Methyl-5-ethylthio-2,3-diphenyl-1-azabicyclo[4.3.0]non-2-

en-4-one

0 0
Me | S Meerwein's Reagent Me | SEt A Me SE
N., i) 1 Hour, rt | N Ph"  Ph | N/ ©Th
ii) 1 Hour reflux

Acetonitrile, rt Ph
(263)
CgHoN'S CgH13NS C3H23NOS
(127.05) (155.08) (361.15)

To 4-methyl-1,2,5,6-tetrahydropyridine-6-thione (0.10 g, 0.79 mmol) under an
atmosphere of dry nitrogen was added, in one portion, with stirring,
Meerwein’s reagent (1M solution in CH,Cly, 1.18 mL, 1.18 mmol) in 5 mL
portions. The mixture was stirred at room temperature for one hour, before
being heated to reflux for an additional hour. The reaction was cooled to
room temperature and subsequently added to an ice cold solution of 50%
potassium carbonate (2.5 g) dropwise over 30 minutes. The mixture was
filtered through celite, the cake washed with water (20 mL) and the filtrate
extracted using dichloromethane (4x30 mL). The organic layers were
combined, dried over sodium sulfate, filtered and the solvent evaporated in
vaccuo. The crude product was isolated and then reacted immediately with
diphenylcyclopropenone (0.16g, 0.79 mmol) in dry acetonitrile (5 mL) added in
one portion, with stirring. The reaction was placed under an atmosphere of
dry nitrogen and stirred at ambient temperature until tlc showed the reaction

had gone to completion (one week). The solvent was concentrated under
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vacuum and the crude sample purified by silica gel column chromatography
(eluent: hexane:ethyl acetate/5:1) to yield the title compound (263; 0.15 g,
34% vyield, 2 steps) as a dark brown solid, melting point 176-178°C.

Compound data

IR: Lmax (thin film, cm™): 2970.36 (m), 2926.97 (m), 1766.10 (s), 1713.34 (s),
1673.07 (m), 1595.06 (m), 1563.45 (m), 1446.84 (m), 1358.12 (s), 1015.34
(s).

NMR

'H: 84 (500 MHz, CDCls): 7.46 (3H, m, Ar-H), 7.26 (2H, m, Ar-H), 7.03 (3H,
m, Ar-H), 5.59 (1H, s, C=CH), 3.69 (2H, m, NCH), 2.60 (2H, m, CH,CSEt),
2.59-2.51 (2H, 2 x dq, J 12.1, 7.5, and 12.1, 7.5, SCH;Me), 1.73 (3H, s, CHj3),
1.21 (3H,t,J 7.5, S CHCHy).

3C: 8, (100 MHz, CDCls): 195.44 (q), 171.87 (q), 135.97 (q), 131.04 (q),
130.36 (CH), 130.10 (CH), 129.00 (CH), 128.32 (CH), 127.65 (CH), 125.47
(CH), 119.48 (q), 113.24 (q), 74.22 (q), 39.23 (CHy), 31.25 (CH)), 23.36
(CH3), 22.94 (CHj3), 14.15 (CHs).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
362.1573, measured = 362.1577.

€-Caprolactam system

Conversion of e-Caprolactam into e-Thiocaprolactam

= Lawesson's Reagent S
N THF No
H ; H

i) 1Hour, rt
i) 1 Hour Reflux

(257) (258)

CgH11NO CgH11INS
(113.08) (129.06)
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To e-caprolactam (1.00 g, 8.85 mmol) dissolved in dry tetrahydrofuran (20
mL) was added with stirring, Lawesson’s reagent (1.79 g, 4.42 mmol) in one
portion. The reaction was stirred at room temperature, under an atmosphere
of dry nitrogen for one hour, before being heated to reflux for a further hour.
Completion of the reaction was confirmed by tlc, the solvent was removed by
rotary evaporation and the crude sample purified by silica gel column
chromatography (eluent: petroleum ether:ethyl acetate/3:1) to yield
e-thiocaprolactam (258; 1.12 g, 98% yield) as a white solid, melting point:
117-121°C.

Compound data

IR: Umax (cm™): 3180 (m), 2928 (s), 1552 (s), 1439 (s), 1368 (m).

NMR

"H: 844 (400 MHz, CDCl3): 9.21 (1H, s, NH), 3.39 (2H, d, J 6.0, CH>), 3.36 (2H,
d, J 6.0, CHy), 1.89 (2H, m, CHy), 1.73 (2H, m, CHy), 1.67 (2H, m, CH,).

3C: 8. (100 MHz, CDCl3): 209.94 (C=S), 46.89 (CH,), 44.77 (CH.), 30.16
(CHy), 27.84 (CHy), 24.28 (CH.).

Svynthesis of 7-ethylthio-3.4,5,6-tetrahydro-2H-azepine

S Meerwein's Reagent \ SEt
N< THF N
H .

i) 1 Hour, rt
i) 1 Hour reflux

(258) (259)
C6H11NS C8H15NS
(129.06) (157.09)

To e-thiocaprolactam (1.14 g, 8.84 mmol) under an atmosphere of dry
nitrogen was added, in one portion, with stirring, Meerwein’s reagent (1M
solution in dichloromethane, 13.3 mL, 13.3 mmol). The mixture was stirred at
room temperature for one hour, before being heated to reflux for an additional
hour. The reaction was cooled to room temperature and subsequently added
to an ice cold solution of 50% potassium carbonate (7.5 g) dropwise over 30

minutes. The mixture was filtered through celite, the cake washed with water
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(20 mL) and the filtrate extracted using dichloromethane (3x20 mL). The
organic layers were combined, dried over anhydrous magnesium sulfate,
filtered and the solvent evaporated under vacuum. The crude product was
purified by flash silica column chromatography (eluent: petroleum ether:ethyl
acetate/2:1) to yield 7-ethylthio-3,4,5,6-tetrahydro-2H-azepine (259; 0.90 g,

65% yield) as a clear and colourless oil.

Compound data

IR: Lmax (thin film, cm™): 2929 (s), 2855, (m), 1688 (vs), 1632 (s), 1440 (m).
NMR

"H: 84 (400 MHz, CDCl3): 3.64 (2H, m, CH2-N), 2.84 (2H, q J 7.5, SCHy), 2.43
(2H, m, CHy), 1.77 (2H, m, CH,), 1.52 (2H, m, CHy), 1.25 (3H, t, J 7.5, CHa).
3C: 8, (100 MHz, CDCl3): 171.39 (C=N), 52.67 (CH,), 36.90 (CHy), 31.17
(CHa), 26.91 (CHy), 24.17 (CHy), 24.00 (CHy), 13.77 (CHs).

Synthesis of 5-ethylthio-2,3-diphenyl-1-azabicyclo[5.3.0]dec-2-en-4-one

(0] 0]

SEt SEt

O( Ph Ph / Ph
N —_— N
Acetonitrile, rt

Ph

(259) (260)
CgH15NS Co3H25NOS

(157.09) (363.17)

To 7-ethylthio-3,4,5,6-tetrahydro-2H-azepine (0.60 g, 3.82 mmol), dissolved in
dry acetonitrile (10 mL) was added, in one portion, with stirring,
diphenylcyclopropenone (0.79 g, 3.02 mmol). The solution was placed under
an atmosphere of dry nitrogen and stirred at ambient temperature for 24
hours, after which tlc confirmed the reaction had gone to completion. The
solvent was concentrated under vacuum and the crude sample purified by
silica gel column chromatography (eluent: petroleum ether:ethyl acetate/4:1)

to yield the title compound (260; 0.25 g, 18% vyield) as a clear, yellow oil.



Experimental

Compound data

IR: Lmax (thin film, cm™): 2977 (s), 2929 (s), 1688 (vs), 1602 (s), 1508 (s),
1447 (s).

NMR

'H: 84 (400 MHz, CDCls): 7.47-7.33 (5H, m, Ar-H), 7.12-7.04 (5H, m, Ar-H),
3.81 (1H, m, CH), 3.43 (1H, m, CH), 2.77 (1H, dd, J 8.0, 14.8, CH), 2.50 (2H,
g, J 7.5, CHy), 1.79-1.68 (3H, m, CH and SEt(CHy)), 1.48 (2H, m, CH,), 1.26
(2H, m, CHy), 1.17 (3H, t, J 7.5, CH3).

3C: 8. (100 MHz, CDCls): 197.55 (C=0), 173.57 (C=C), 131.51 (q), 130.68
(9), 130.15 (CH), 129.03, (CH), 128.51 (CH), 128.22 (CH), 127.74 (CH),
125.30 (CH), 112.64 (q), 60.37 (q), 42.99 (CHy), 37.44 (CH,), 29.31 (CHy,),
29.16 (CHy), 23.45 (CHy), 22.51 (CHy), 14.01 (CHj3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
364.1729, measured = 364.1729.

5.6 Experimental for The Use of 4-Vinyl-B-lactams in the Synthesis of

Pyrrolobenzodiazepine Analoques

Svynthesis of 0-azidobenzoic acid

CO.H HCI CO.H
O i (X
—_— >
NH, N3

NaN02
NaOAc (aq)
H,0
C7H7N02 C7H5N302
(137.05) (163.04)

To a stirring solution of anthranilamide (1.00 g, 7.34 mmol) in concentrated
hydrochloric acid (15 mL) and water (15 mL), was added a solution of sodium
nitrite (0.51 g, 7.34 mmol) in water (10 mL), dropwise at 0°C. The resulting
mixture was stirred for 30 minutes at 0°C and it was observed that all the solid
material had gone into solution. The mixture was subsequently added to an
ice cold solution of sodium azide (0.48 g, 7.34 mmol) and sodium acetate (30

g) in water (100 mL), resulting in the formation of a cream precipitate
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(observed as a floating foam), which was filtered and washed with water
(3x50 mL). The sample was dried overnight at <100°C, to yield o-

azidobenzoic acid (0.78 g, 65% yield) as a pale yellow solid.

Synthesis of o-azidobenzoyl chloride

CO.H COcClI
: Reflux ©i
_»
N SO,CI

N3
(289)

C7H5N30; C7H4CIN3O
(163.04) 181.00

A stirring solution of o0-azidobenzoic acid (0.3 g) in thionyl chloride (10 mL)
was heated at reflux, under an atmosphere of dry nitrogen for 2 hours. The
reaction mixture was cooled to room temperature and excess thionyl chloride
was removed by rotary evaporation, redissolved in methylene chloride which
was removed by rotary evaporation (4x5 mL), to yield o-
azidobenzoylchloride as a brown oil. This product was used without further

purification.

Attempted syntheses of 1-(0-azidobenzoyl)-4-ethenyl-1-azetidin-2-one

0 Q 0
—%
(E'ﬁ ’ @f% "
)

N3

(244) (292
CsH,NO C12H10N40O2
(97.12) (242.23)

To a solution of lactam (244) (0.25 g, 2.58 mmol) and dimethylaminopyridine
(0.1 g, 0.82 mmol) in dry dichloromethane (20 mL), was added with stirring

and under an atmosphere of dry nitrogen, o-azidobenzoylchloride (0.50 g) in
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dry dichloromethane (10 mL), dropwise over 20 minutes at -78°C and -10°C.
The reaction was stirred for 30 minutes before triethylamine (0.72 mL, 5.15
mmol) was added dropwise over 10 minutes and allowed to warm from -78°C
and -10°C. The reaction mixture was then warmed and left to stir at ambient
temperature for 24-72 hours, before being concentrated by rotary evaporation
and subjected to flash silica column chromatography (eluent: petroleum
ether:ethyl acetate/3:1). The reaction did not yield the desired product after
repeated attempts. Identical attempts using o-azidobenzoylchloride (0.2 g)

were similarly unsuccessful.

Synthesis of 1-(0-azidobenzoyl)-4-ethenyl-1-azetidin-2-thione

S le S
C
N, e N_ O
: |
—— N3 . TN
DCM, -10°C
(245) (293)

CsH/NS C12H19N4OS
(113.03) (258.06)

To a solution of 4-ethenyl-1-azetidin-2-one (0.16 g, 1.42 mmol) and
dimethylaminopyridine (0.1 g, 0.82 mmol) in dry dichloromethane (20 mL),
was added with stirring and under an atmosphere of dry nitrogen, o-
azidobenzoylchloride (0.28 g, 1.56 mmol) in dry dichloromethane (10 mL),
dropwise over 20 minutes at -10°C. The reaction was stirred for 30 minutes
before triethylamine (0.29 mL, 2.83 mmol) was added dropwise over 10
minutes at -10°C. The reaction mixture was warmed to room temperature and
left to stir at ambient temperature for 24 hours, before being concentrated by
rotary evaporation and purified by flash silica column chromatography (eluent:
petroleum ether:ethyl acetate/4:1) to yield 1-(o-azidobenzoyl)-4-ethenyl-1-
azetidin-2-thione (293; 0.26 g, 71% yield) as a yellow solid, melting point: 79-
82°C.
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Compound data

IR: Lmax (cm™): 2927.9 (s), 2853.4 (s), 2128.3 (s), 1687.0 (s), 1462.9 (m),
1375.5 (m), 1303.6 (m).

NMR

'H: 84 (400 MHz, CDCl3): 7.53 (1H, td, J 7.8, 1.5, ArH), 7.39 (1H, dd, J 7.6,
1.2, ArH), 7.21 (2H, m, 2xArH), 6.09 (1H, ddd, J 17.2, 10.4, 7.0, CH), 5.49
(1H,d J 17.2, CH), 5.38 (1H, d, J 10.4, CH), 5.15 (1H, m, CH), 3.24 (1H, dd, J
17.1,5.9, CH), 2.84 (1H, dd, J 17.1, 3.1, CH).

3C: 8. (100 MHz, CDCls): 47.10 (CHy), 59.42 (CH), 118.52 (CH), 119.46
(CHz), 124.97 (CH), 126.06 (q), 129.32 (CH), 132.40 (CH), 133.59 (CH),
163.97 (C=0), 201.89 (C=S).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
259.0648, measured = 259.0648.

Svynthesis of (Aziridino[1,2-alazetidino[2,1-c])[1,4]benzodiazepine-7-one-

E% e f

9-thione

(293) (295)
C12H1oN40OS C12H1oN20S
(258.06) (230.05)

A solution of 1-(o-azidobenzoyl)-4-ethenyl-1-azetidin-2-thione (0.074 g)
dissolved in dry toluene (6 mL) was heated at reflux under an atmosphere of
dry nitrogen for 24 hours when TLC confirmed that the reaction had gone to
completion. The sample was cooled to room temperature and purified by
silica column chromatography (eluent: petroleum ether:ethyl acetate/1:2) to

yield the title compound (295; 0.032 g, 48% yield) as a yellow oil.
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Compound data

IR: Lmax (cm™): 2873.3 (w), 1698.2 (s), 1653.5 (s), 1601.9 (m), 1483.4 (m),
1355.8 (m), 1345.6 (s), 1195.4 (m).

NMR

'H: 844 (500 MHz, CDCls): 7.80 (1H, dd, J 8.1, 1.6, ArH), 7.45 (1H, dt, J 7.7,
1.6, ArH), 7.17 (1H, d, J 8.1, ArH), 7.10 (1H, dt, J 0.8, 7.6, ArH), 4.20 (1H, ddd
J 8.9, 57,29, CH), 3.31 (1H, dd, J 16.8, 5.7, CH), 3.17 (1H, ddd, J 8.9, 4.3,
3.5, CH), 3.10 (1H, dd, J 16.8, 2.7, CH), 2.81 (1H, d, J 4.5, CH), 2.26 (1H, d, J
3.5, CH).

3C: 8, (125 MHz, CDCl3): 35.13 (CHy), 42.00 (CH), 45.14 (CHy), 58.86 (CH),
122.90 (CH), 123.47 (CH), 132.20 (CH), 133.76 (CH), 150.04 (q), 163.89
(C=0), 199.55 (C=S).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
231.0587, measured = 231.0588.

Synthesis of 1-(0-azidobenzoyl)-4-methyl-4-ethenyl-1-azetidin-2-one

i
0 C O
Me Cl Me
N, N_ O
H N3
N3
)

DCM, -10°C

(222) (290
CgHgNO Cy3H12N405
(111.07) (256.10)

To a solution of 4-methyl-4-vinyl-2-azetidinone (0.25 g, 2.25 mmol) and
dimethylaminopyridine (0.1 g, 0.82 mmol) in dry dichloromethane (20 mL),
was added with stirring and under an atmosphere of dry nitrogen, o-
azidobenzoylchloride (0.45 g, 2.48 mmol) in dry dichloromethane (10 mL),
dropwise over 20 minutes at -10°C. The reaction was stirred for 30 minutes
before triethylamine (0.63 mL, 4.50 mmol) was added dropwise over 10

minutes at -10°C. The reaction mixture was warmed to room temperature and
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left to stir at ambient temperature for 24 hours, before being concentrated by
rotary evaporation and purified by flash silica column chromatography (eluent:
petroleum ether:ethyl acetate/6:1) to yield 1-(o-azidobenzoyl)-4-methyl-4-
ethenyl-1-azetidin-2-one (290; 0.20 g, 35% vyield) as a yellow oil.

Compound data

IR: Lmax (cm™): 2927.3 (w), 2855.4 (w), 2133.0 (vs), 1793.0 (vs), 1681.3 (s),
1599.7 (m), 1580.4 (w), 1488.8 (m), 1448.9 (m), 1330.4 (vs), 1280.2 (s).

NMR

'H: 84 (400 MHz, CDCl3): 7.47 (1H, m, ArH), 7.41 (1H, m, ArH), 7.21 (2H, m,
ArH), 6.22 (1H, dd, J 17.3, 10.8, CH), 5.47 (1H, d, J 17.3, CH), 5.38 (1H, d, J
10.8, CH), 3.09 (1H, d, J 16.1, CH), 2.98 (1H, d, J 16.2, CH), 1.87 (3H, s,
CHa).

3C: 8, (100 MHz, CDCls): 22.46 (CH3), 50.21 (CH,), 54.94 (q), 115.92 (CHy),
118.52 (CH), 124.67 (CH), 126.80 (CH), 129.09 (q), 132.16 (CH), 138.07
(CH), 138.14 (q), 163.45 (q), 163.49 (q).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
257.1045, measured = 257.1046.

Formation of 9,9a-Dimethyl-azetidino[2,1-c][1.,4]benzodiazepine-1,3-

Reflux
Toluene
(290)

dione

(291)
C13H12N402 C12H10N202
(256.10) (228.07)

A solution of 1-(o-azidobenzoyl)-4-methyl-4-ethenyl-1-azetidin-2-one (0.15 g)
dissolved in dry toluene (7 mL) was heated at reflux under an atmosphere of

dry nitrogen. After 24 hours TLC confirmed that the reaction had gone to
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completion. The reaction was cooled to room temperature and the crude
sample purifed by column chromatography (eluent: methylene chloride
:ether/1:1) to yield the title compound (291; 0.060 g, 40% yield) as a pale
yellow oil.

Compound data

IR: Lmax (cm™): 2923.3 (w), 1800.1 (m), 1721.3 (s), 1685.5 (vs), 1655.9 (vs),
1609.2 (s), 1463.5 (s), 1350.1 (s), 1325.8 (s), 1116.9 (m).

NMR

'H: 844 (500 MHz, CDCls): 8.20 (1H, dd, J 8.0, 1.2, ArH), 7.67 (1H, td, J 7.7,
1.4, ArH), 7.59 (1H, d, J 8.1, ArH), 7.40 (1H, t, J 7.6, ArH), 3.67 (1H, d J 16.0,
CH), 3.32 (1H, d, J 16.0, CH), 2.37 (3H, s, CH3), 1.89 (3H, s, CHj3).

3C: 8, (125 MHz, CDCl3): 19.93 (CHs), 26.23 (CHa), 43.43 (CHy), 73.20 (q),
123.65 (q), 126.52 (CH), 126.91 (CH), 127.15 (CH), 134.15 (CH), 149.45 (q),
155.06 (q), 157.88 (C=0), 204.15 (C=0).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
229.0973, measured = 229.0974.

Synthesis of 1-(0-azidobenzoyl)-4-methyl-4-ethenyl-1-azetidin-2-thione

S % S
Me “cl Me
N, N. O
H N3 |
DCM, -78°C N3
(224) (296)
CeHgNS C13H12N4OS
(127.05) (272.07)

To a solution of 4-methyl-4-vinylazetidin-2-thione (0.25 g, 1.97 mmol) and
dimethylaminopyridine (0.2 g, 1.64 mmol) dissolved in dry dichloromethane
(30 mL), was added with stirring and under an atmosphere of dry nitrogen, o-
azidobenzoylchloride (0.45 g, 2.48 mmol) in dry dichloromethane (10 mL),
dropwise over 15 minutes at -78°C. The reaction was stirred for 30 minutes at
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-78°C before triethylamine (0.27 mL, 1.97 mmol) was added dropwise over 10
minutes at -78°C. The reaction mixture was warmed and left to stir at ambient
temperature for 48 hours, before being concentrated by rotary evaporation
and purified by flash column chromatography (eluent: petroleum ether:ethyl
acetate/5:1) to yield 1-(o-azidobenzoyl)-4-methyl-4-ethenyl-1-azetidin-2-
thione (296; 0.26 g, 49% vyield) as a yellow oil.

Compound data

IR: Lmax (cm™): 2924.3 (vs), 2853.0 (vs), 2128.7 (m), 1687.3 (s), 1485.7 (w),
1463.3 (s), 1404.1 (w), 1376.0 (s), 1304.1 (s).

NMR

'H: 844 (400 MHz, CDCls): 7.41 (1H, td, J 7.8, 1.5, ArH), 7.24 (1H, dd, J 7.6,
1.4, ArH), 7.10 (2H, m, 2xArH), 6.20 (1H, dd, J 17.3, 10.8, CH), 5.34 (1H, d J
17.3, CH), 5.25 (1H, d, J 10.8, CH), 2.93 (1H, d, J 16.9 CH), 2.81 (1H, d, J
16.9, CH), 1.78 (3H, s, CHj3).

'3C: 8, (100 MHz, CDCl3): 22.08 (CHs), 54.25 (CH,), 67.30 (q), 116.07 (CHy),
118.32 (CH), 125.88 (CH), 126.44 (q), 128.63 (CH), 131.88 (CH), 137.50
(CH), 138.08 (q), 163.92 (C=0), 201.40 (C=S).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
273.0723, measured = 273.0725.

Formation of 9,9a-Dimethyl-azetidino][2,1-c][1,4]benzodiazepine-1,3-

dione

S o) 0O
Me
N .O Reflux N
Toluene ! Me
N3 N
Me
(296) (291)
C1 3H12N4OS C12H10N202

272.07 (228.07)
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A solution of thiolactam (296) (0.26 g, 0.96 mmol) was dissolved in toluene
(15 mL) and heated at reflux. The reaction was monitored by TLC and
showed the formation of a new product after 48 hours. The mixture was
subsequently concentrated under vacuum and purified by silica column
chromatography (eluent: petroleum ether:ethyl acetate/5:1) to yield the title

compound (291; 0.20 g, 91% yield) as a clear, yellow oil.

Compound data

IR: Lmax (cm™): 2923.7 (w), 1799.9 (m), 1721.0 (s), 1684.9 (vs), 1655.1 (vs),
1609.1 (s), 1463.1 (s), 1349.8 (s), 1325.4 (s), 1116.3 (m).

NMR

"H: 84 (400 MHz, CDCl3): 8.20 (1H, dd, J 8.0, 1.2, ArH), 7.67 (1H, td, J 7.7,
1.4, ArH), 7.59 (1H, d, J 8.1, ArH), 7.40 (1H, t, J 7.6, ArH), 3.67 (1H, d J 16.0,
CH), 3.32 (1H, d, J 16.0, CH), 2.37 (3H, s, CH3), 1.89 (3H, s, CH3).

3C: 8, (100 MHz, CDCl3): 19.93 (CHs), 26.23 (CHs), 43.43 (CHy), 73.20 (q),
123.65 (q), 126.52 (CH), 126.91 (CH), 127.15 (CH), 134.15 (CH), 149.45 (q),
155.06 (q), 157.88 (C=0), 204.15 (C=0).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
229.0972, measured = 229.0975.

Attempted synthesis of 1-(o-azidobenzoyl)-4-ethenyl-1-azetidin-2-one

LohEg

To a suspension of sodium hydride (0.1 g) (pre-washed with petroleum ether
3 x 5 mL) in dimethylformamide (12 mL) at 0°C under an atmosphere of dry
nitrogen, was added 4-ethenyl-azetidin-2-one (0.25 g, 2.58 mmol) in dry

tetrahydrofuran (10 mL). The yellow opaque mixture was stirred for 15
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minutes after which o0-azidobenzoylchloride (0.47 g, 2.58 mmol) in dry
tetrahydrofuran (10 mL) was injected through a septum dropwise over 10
minutes, which darkened to a brown colour. The solution was warmed slowly
to ambient temperature and left to stir overnight, under dry nitrogen. The
reaction was unsuccessful as confirmed by TLC, showing that only starting

materials were present in the mixture.

Attempted synthesis of 1-(o-azidobenzoyl)-4-ethenyl-1-azetidin-2-one

using DMF and pyridine

To a stirring solution of 4-ethenyl-azetidin-2-one (0.31 g, 3.18 mmol) in
dimethylformamide (30 mL)/dichloromethane (30 mL) at -10°C or 0°C and
under an atmosphere of dry nitrogen, was added pyridine (0.45 mL, 5.51
mmol) dropwise over 5 minutes. To this mixture was added o-
azidobenzoylchloride (0.25 g, 1.38 mmol) dropwise over 20 minutes and the
solution was then warmed slowly to room temperature over 1 hour. The
reaction was heated to 60°C and monitored by TLC for completion, but was

subsequently shown to be unsuccessful.

Attempted synthesis of 1-(o-azidobenzoyl)-4-ethenyl-1-azetidin-2-one

using 1,1-carbonyldiimidazole

A sample of 4-ethenyl-azetidin-2-one (0.25 g, 2.56 mmol) was dissolved in
freshly distilled ethyl acetate (30 mL), under an atmosphere of dry nitrogen at
room temperature. To this solution was added o-azidobenzoic acid (0.42 g,
2.58 mmol) dissolved in freshly distilled ethyl acetate (5 mL) in one portion,
followed by 1,1-carbonyldiimidazole (0.50 g, 3.09 mmol), at an equivalent rate
of addition. The mixture was heated at reflux and monitored by TLC for
completion. The resulting light orange sample was concentrated under
vacuum and subjected to silica column chromatography (eluent: petroleum

ether:ethyl acetate/1:1). No identifiable product could be isolated.
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Attempted synthesis of 1-(o-azidobenzoyl)-4-ethenyl-1-azetidin-2-one

using LDA

To a solution of diisopropylamine (0.25 mL 1.76 mmol) dissolved in dry
tetrahydrofuran (10 mL) was added butyllithium, dropwise (1.6M solution in
hexane, 1.1 mL, 1.76 mmol) at -78°C, under an inert atmosphere of nitrogen.
The mixture was warmed to between -10°C and 0°C and the clear yellow
solution was stirred for 30 minutes. To the above solution was added 4-
ethenyl-azetidin-2-one (0.2 g, 1.60 mmol) in dry tetrahydrofuran (3 mL)
dropwise over 10 minutes, followed by o0-azidobenzoyl chloride (0.32 g, 1.76
mmol) in dry tetrahydrofuran (5 mL) dropwise over 10 minutes. The resulting
dark orange opaque solution was stirred at 0°C for 3 hours, before being
warmed to room temperature and left to stir for 24 hours. Saturated aqueous
ammonium chloride solution (10 mL) was syringed into the reaction (2 x 5 mL
portions) and the sample opened to the atmosphere and stirred for 30 minutes
at ambient temperature. The aqueous layer was subsequently separated,
extracted with ethyl acetate (3 x 10 mL), dried over anhydrous magnesium
sulfate, filtered and evaporated to dryness under vacuum. The desired

product was not present in the mixture.

Attempted synthesis of 1-(o-azidobenzoyl)-4-ethenyl-1-azetidin-2-one

using potassium carbonate

To a solution of potassium carbonate (0.53 g, 3.86 mmol) in deionised water
(6.3 mL) was added in one portion, with stirring, 4-ethenyl-azetidin-2-one
(0.24 g, 1.93 mmol) in dichloromethane (2.4 mL). The solution was stirred at
ambient temperature for 5 minutes before o-azidobenzoylchloride (0.35 g,
1.93 mmol) in dichloromethane (3.5 mL) was added dropwise over 5 minutes.
The reaction was left to stir at room temperature for 72 hours, before water
(11.2 mL) was added in one portion. The sample was extracted with
dichloromethane (2 x 20 mL), dried over anhydrous magnesium sulfate,
filtered and concentrated under vacuum. No product corresponding to the title

compound was present in the mixture.
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Attempted synthesis of 0-([5-(4-methyl-1-azetidin-2-on-4-yl)-1,2,3-

triazolin-1-yl])benzoic acid

O (0] 0
Me Toluene
N + OH A Me
N Reflux N
| H HO,C N \H
N /
3
No
N
(222)

To a solution of lactam (222) (0.1 g, 0.90 mmol) in dry toluene (5 mL) was
added o-azidobenzoic acid (0.15 g, 0.90 mmol) under a dry atmosphere of
nitrogen, at ambient temperature. The reaction was heated at reflux for 72
hours and the mixture purified by silica column chromatography (eluent:

petroleum ether:ethyl acetate/1:1). The desired product was not present.

5.7 Cyclopropenone work

Svynthesis of 1,3-dichloroacetone acetal

Q Neopentyl glycol %
% Benzene o o
Cl Cl cat.TsOH

cl cCl
(271)
C3H4CI0 CgH14Cl20,
(125.96) (212.04)

A mixture of 1,3-dichloroacetone (15 g, 118.1 mmol), neopentyl glycol (13.53
g, 130.0 mmol) and p-toluenesulfonic acid (0.45 g, 2.36 mmol) was dissolved
in benzene (10 mL) and refluxed for 24 hours, with azeotropic [Dean-Stark]
removal of water. The resulting solution was partitioned between hexane (50
mL) and saturated sodium hydrogen carbonate (20 mL). The organic layer
was decanted and subsequently washed with water (10 mL) and saturated
sodium chloride (10 mL), before being dried over magnesium sulfate, filtered
and concentrated under vacuum to produce a clear, yellow oil. The crude
sample was distilled (bp 130-131°C, 50 mmHg, literature value bp 99-100°C,
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3.5 mmHg) to yield pure 1,3-dichloroacetone acetal (271; 18.20 g, 72%

yield) as a clear and colourless oil.

Compound data

IR: Lmax (cm™): 2961 (m), 2871 (m), 1473 (w), 1430 (w), 1397 (w), 1326 (w),
1256 (w), 1217 (m), 1107 (vs), 1032 (s).

NMR

"H: 8, (400 MHz, CDCl3): 3.80 (4H, s, CH,-Cl), 3.57 (4H, s, CH,-O-), 1.00
(6H, s, CHs).

3C: 8. (100 MHz, CDCls): 97.16 (q), 70.95 (CH,), 41.83 (CH,), 29.75 (q),
22.30 (CHs).

Synthesis of 2-Ethylcyclopropenone Acetal

) e [ e
K

00 ~ looO~ T o0o_O | — =
Rﬂ NHs() 5 NH,CI

Et,0, -78°C
Cl ClI cl Na Et
(271) 272) (273) (266)
CgH14C1,0, C10H1602
(212.04) (168.12)

To suspension of sodium amide (5.12 g, 131.0 mmol) in dry ammonia (70 mL)
cooled at -70°C, was added a solution of dichloroacetone acetal (9 g, 42.3
mmol) in freshly distilled ether (25 mL) over 30 minutes. After this period the
reaction was stirred for 1 hour and the temperature was maintained at or
below -50°C. An additional portion of sodium amide (1 g) was added to the
reaction and stirring was continued for a further 30 minutes at -50°C.
Bromoethane (3.2 mL, 42.3 mmol) in dry ether (15 mL) was added slowly over
a period of 45 minutes at -70°C and the reaction stirred for a further 10
minutes. The cooling bath was allowed to warm slowly to -50°C over 30
minutes before ammonium chloride (6 g) was added in 0.5 g portions. The

cooling bath was removed and the ammonia left to evaporate, during which



Experimental

time ether (70 mL) was added slowly. The reaction was warmed to room
temperature and left to stir overnight. The ethereal solution was subsequently
filtered and concentrated by rotary evaporation to yield a brown opaque oil, as
crude 2-ethylcyclopropenone acetal (266), which was used without

purification.

Synthesis of ethylcyclopropenone — (THF METHOD)

% o
Amberlyst 15

o) o) _—

A THF or

acetone, rt Et
Et
(266) (269)
C1oH1602 CsHeO
(168.12) (82.04)

To crude 2-ethylcyclopropenone acetal (7.15 g), dissolved in tetrahydrofuran
(40 mL) was added Amberlyst 15 catalyst, (0.2 g) with stirring. The solution
was stirred at ambient temperature and monitored by tlc and IR. Upon
completion of the reaction (2 hours 30 minutes), the Amberlyst was removed
by filtration, the sample concentrated on the rotary evaporator and
subsequently purified using column chromatography (eluent: hexane:ethyl
acetate/1:2) to yield ethylcyclopropenone (269; 0.46 g) as a clear, orange oil

(data as below).

Svynthesis of ethylcyclopropenone — (ACETONE METHOD)

To crude 2-ethylcyclopropenone acetal (4.00 g), dissolved in freshly distilled
acetone (200 mL) was added Amberlyst 15 catalyst, (0.6 g) with stirring. The
solution was stirred for 1 hour at ambient temperature under an atmosphere
of dry nitrogen and monitored by tlc and IR. Upon completion (372 hours), the
reaction was quenched with triethylamine (0.3 mL, 21.5 mmol) added in one
portion and the sample stirred for a further 5 minutes. The resin was removed

by filtration, the solvent evaporated and the residue purified by column
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chromatography (eluent: hexane:ethyl acetate/1:2) to yield

ethylcyclopropenone (269; 0.38 g) as a clear, orange oil.

Compound data

IR: Umax (cm™): 2983 (w), 1831 (vs), 1739 (vs), 1592 (m), 1374 (m), 1243 (vs).
NMR

'H: 844 (400 MHz, CDCls): 8.41 (1H, s, CH), 2.65 (2H, q, J 7.5, CHy), 1.25 (3H,
t, J 7.5, CHs)

3C: 8, (100 MHz, CDCl3): 170.62 (C=0), 158.10 (CH), 147.67 (q), (CH2),
(CHs),

High Resolution Mass Spectroscopy: Electrospray (positive), calc. = 83.0490,
measured = 83.0492.

Svynthesis of cyclopropenone acetal

™ e

0. "0 —— 0. 0
e A
cl dl

To a suspension of sodium amide (6.05 g, 167.4 mmol) in dry liquid ammonia
(80 mL) cooled at -70°C, was added a solution of dichloroacetone acetal (11.5
g, 54.0 mmol) in freshly distilled ether (30 mL) over 30 minutes. After this
period the opaque, yellow solution was stirred for 1 hour and the temperature
was maintained at or below -50°C. An additional portion of sodium amide
(1 g) was then added to the reaction and stirring was continued for a further
30 minutes at -50°C. The cooling bath was allowed to warm slowly to -50°C
over 30 minutes before ammonium chloride (4 g) was added in 0.5 g portions,
resulting in an opaque, orange solution. The cooling bath was removed and
the ammonia left to evaporate, during which time ether (80 mL) was added
slowly. The reaction was warmed to room temperature and left to stir
overnight. The ethereal solution was subsequently filtered and concentrated

by rotary evaporation to yield the crude product as a clear, orange oil.
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Attempted synthesis of unsubstituted cyclopropenone — (THF METHOD)

% O
Amberlyst 15 g

.
THF or
acetone, rt H H
140.08 54.01

To the crude cyclopropenone acetal (2 g), dissolved in tetrahydrofuran (12
mL) was added Amberlyst 15 catalyst, (0.2 g) with stirring. The solution was
stirred at ambient temperature overnight and monitored by tic and IR. The
Amberlyst was removed by filtration, the sample concentrated on the rotary
evaporator and subsequently purified using column chromatography (eluent:
petroleum ether:ethyl acetate/1:1). Column purification was unsuccessful and
did not yield the desired cyclopropenone. All attempts to isolate the pure
material were unsuccessful. In subsequent reactions, the crude material was

used as a solution in THF.

Crude cyclopropenone was prepared from cyclopropenone acetal (2 g) as
above. The mixture was added to Amberlyst 15 catalyst (0.2 g) in THF (12
mL) and the solution was stirred for five hours at ambient temperature, under
an atmosphere of dry nitrogen. Careful monitoring by IR and tlc indicated
formation of the desired cyclopropenone after 4%z hours. The resulting crude
solution was partitioned between water and dichloromethane in an attempt to
facilitate the separation of the impeding glycol from the desired
cyclopropenone. This resulted in a significant reduction of glycol present in
the sample. The crude product obtained still contained a small proportion of
glycol, but this material was further reacted with imines (252), (256) and (259)

shown below.
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The general procedure for the reaction of imines (252), (256) and (259)

with crude cyclopropenone

To a solution of imine (252), (256) and (259) (0.25 g) in dry acetonitrile (10
mL) was added crude cyclopropenone in one portion. The reaction was
stirred at room temperature under an atmosphere of dry nitrogen and
monitored by tlc. After 72 hours it was shown that each reaction had gone to
completion. Therefore the sample was concentrated under vacuum and
purified by column chromatography (eluent: hexane:ethyl acetate). The
various bicyclic compounds were obtained in yields below 20% and the data

for each compound is shown below.

Compound data for reaction with 5-ethylthio-3.4-dihydro-2H-pyrrole

IR: Umax (cm™): 2997 (m), 2956 (m), 1666 (s), 1614 (s), 1598 (w), 1522 (w),
1435 (m), 1350 (m), 1217 (m), 1017 (m).

NMR

'H: 84 (500 MHz, CDCls): 7.66 (1H, d, J 3.6, C=CH), 5.24 (1H, d, J 3.6,
C=CH), 3.45 (1H, ddd, J 11.1, 7.6, 6.0, CH,CHHN), 3.24 (1H, m, CH,CHHN),
241 (2H, 2 x dq, J 11.8, 7.6 and 11.8, 7.6, SCH,CH3), 2.10 (1H, m,
CH,CHN), 2.00 (1H, ddd, J 13.2, 7.8, 6.0, CH,CH,N), 1.90 (1H, ddd, 17.2,
13.2, 7.7, CH,CSEt), 1.81 (1H, ddd, J 13.2, 8.1, 6.0, CH,CSEt), 1.11 (3H, t, J
7.5, S-CH,CHs3).

'3C: 8. (100 MHz, CDCls): 164.73 (C=0), 140.00 (CH), 105.12 (CH), 78.90
(CHy), 70.42 (q), 70.31 (CH3), 37.14 (CHy), 29.82 (CH), 21.89 (CH3)

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
184.0793, measured = 184.0795.
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Compound data for reaction with 6-ethylthio-2,3.4,5-tetrahydropyridine

IR: Umax (cm™): 2989 (m), 2941 (m), 1689 (s), 1601 (s), 1522 (w), 1417 (m),
1375 (m), 1249 (m).

NMR

'H: 84 (500 MHz, CDCl3): 7.39 (1H, d, J 13.1, C=CH), 5.66 (1H, d, J 13.1,
C=CH), 3.85 (2H, dt, J 12.1, 6.6, CH,CH2N), 2.45 (1H, dq, J 12.0, 7.5, S-
CH2CHa), 2.35 (1H, dq, J 12.0, 7.6, S-CH,CH3), 1.85 (2H, m, CH,CH2N), 1.75
(1H, dddd, J 13.0, 11.1, 3.9, 3.9, CH,CH,CH,CSEt), 1.66 (1H, bd, 9.8,
CH,CSEt), 1.60 (1H, m, CH,CSEt), 1.45 (1H, dddd, 13.2, 12.3, 4.2, 3.9,
CH,CH,CH,CSEt), 1.18 (3H, t, J 7.5, SCH2CH3).

3C: 8, (100 MHz, CDCl3): 170.89 (C=0), 151.47 (CH), 83.93 (CH), 67.94
(CHy), 67.87 (CH), 36.82 (q), 26.57 (CHy), 24.81 (CHy), 21.62 (CH3), 19.62
(CHy).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
198.0949, measured = 198.0949.

Compound data for reaction with 7-ethyl-3.4,5,6-tetrahydro-2H-azepine

IR: Umax (cm™): 2907 (m), 2876 (w), 1676 (s), 1588 (s), 1487 (w), 1427 (w).
NMR

"H: 84_(500 MHz, CDCls): 7.55 (1H, s, C=CH), 7.47 (1H, s, C=CH), 4.02 (1H,
d, J 11.1, CH,CH2N), 3.88 (1H, d, J 11.1, CH2CH2N), 3.46 (2H, m, CH,CSEt),
3.20 (2H, dd, J 12.0, 1.8, CH,CH,CH2N), 1.97 (1H, dq, J 12.0, 7.5, SCH,CHj3),
1.83 (1H, dqg, 12.0, 7.5 S-CH,CHj3), 1.66 (2H, m, CH>,CH,CH,CHzN), 1.47 (1H,
m, CH,CH,CSEt), 1.35 (1H, m, CH,CH,CSEt), 0.86 (3H, t, J 7.5, S-CH,CH3).
'3C: 8. (100 MHz, CDCls): 166.45 (C=0), 149.90 (CH), 133.02 (CH), 97.16
(q), 68.83 (CHy), 55.96 (CHy), 33.87 (CHy,), 28.57 (CHy), 27.12 (CH,), 24.58
(CH>), 21.64 (CHs).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
212.1108, measured = 212.1108.
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Synthesis of 5-ethylthio-3-ethyl-1-azabicyclo[3.3.0]oct-2-en-4-one

SEt 0 SEt O
T A Et
N Et N~/

Acetonitrile, rt H
(252) (275)
C6H11NS C11H17NOS
(129.06) (211.10)

To a solution of 5-ethylthio-3,4-dihydro-2H-pyrrole (0.05 g, 0.39 mmol) in dry
acetonitrile (5 mL) was added 2-ethylcyclopropenone (0.06 g, 0.78 mmol) in
one portion. The reaction was stirred at room temperature under an
atmosphere of dry nitrogen for 72 hours at which point TLC showed the
reaction was complete. The sample was concentrated under vacuum and
purified by column chromatography (eluent: hexane:ethyl acetate/2:1) to yield

the title compound (275; 0.043 g, 50% yield) as a clear, yellow oil.

Compound data

IR: Lmax (cm™): 2966 (m), 2930 (m), 2874 (w), 1681 (vs), 1591 (s), 1456 (w),
1375 (m).

NMR

'H: &y (500 MHz, CDCls): 7.41 (1H, s, CH), 3.38 (1H, m, CH, next to
nitrogen), 3.15 (1H, m, CH; next to nitrogen), 2.38 (2H, q, J 7.6, CH; on ring
Et), 2.09 (2H, q J 7.6, CH; of SEt), 2.00 (2H, m, CHy), 1.79 (2H, m, CHy), 1.09
(3H, t, J 7.5, CH3 of SEt), 1.00 (3H, t, J 7.4, CH3, ring Et).

'3C: 8, (100 MHz, CDCl3): 203.64 (C=0), 164.95 (CH), 121.36 (q), 80.01 (q),
48.83 (CHy), 33.78 (CHy), 26.57 (CHy), 23.12 (CHy), 15.73 (CH3),14.05 (CHs),
12.99 (CHa).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
212.1105, measured = 212.1108.
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Synthesis of 5-ethylthio-3-ethyl-1-azabicyclo[4.3.0]non-2-en-4-one

o} SEt O
SEt
| A

Acetonitrile, rt H
(259) (279)
C7H13NS C12H19NOS
(143.08) (225.12)

To a solution of 6-ethylthio-2,3,4,5-tetrahydropyridine (0.10 g, 0.79 mmol) in
dry acetonitrile (3 mL) was added 2-ethylcyclopropenone (0.065 g, 0.79
mmol) in one portion. The reaction was stirred at room temperature under an
atmosphere of dry nitrogen for 24 hours until TLC showed the reaction was
complete. The sample was concentrated under vacuum and purified by
column chromatography (eluent: hexane:ethyl acetate/2:1) to yield the title

compound (279; 0.081 g, 45% yield) as a clear, yellow oil.

Compound data

IR: Lmax (cm™): 2960.57 (s), 2929.21 (s), 2870.74 (w), 1647.33 (s), 1570.11
(s), 1440.04 (w), 1326.87 (w).

NMR

'H: 84 (500 MHz, CDCl3): 7.57 (1H, s, CH), 3.64 (1H, ddd, J 13.2, 13.2, 3.4
NCH;), 3.47 (1H, dd, J 13.3, 4.9, NCH,), 2.35 (1H, dq, J 12.0, 7.4, SCH,),
2.23 (1H, dq, J 12.0, 7.4, SCHy), 2.19 (2H, q, J 7.5 CCH,CH3s), 2.01 (1H, bd, J
14.1, CH,CSEt), 1.83 (1H, ddd, J 13.1, 3.3, 3.3, CH,CH2N), 1.75 (1H, m,
CH,CH,CSEt), 1.69 (1H, ddd, J 13.4, 3.3, 3.3, CH,CH,CSEt), 1.49 (1H, ddd, J
14.0, 13.8, 3.8, CH,CSEt), 1.38 (1H, dddd, 13.1, 13.0, 4.2, 4.2, CH,CH,
CH2N), 1.14 (3H, t, J 7.5, SCH2CH3), 1.09 (3H, t, J 7.5, CH,CH3).

3C: 8, (100 MHz, CDCls): 202.62 (C=0), 159.28 (CH), 111.46 (C=C), 72.48
(q), 45.33 (CHy), 32.76 (CHy), 27.48 (CHy), 21.86 (CH>), 20.33 (CH;), 15.40
(CH2), 14.18 (CHj3), 13.70 (CHj3).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
226.1260, measured = 226.1260.
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Synthesis of 5-ethylthio-3-ethyl-1-azabicyclo[5.3.0]dec-2en-4-one

(0]
SEt (0] SEt
\ A Et
CN( Et N Y
Acetonitrile, rt H
(256) (278)
C8H15NS C13H21NOS
(157.09) (239.13)

To a solution of 7-ethyl-3,4,5,6-tetrahydro-2H-azepine (0.05 g, 0.32 mmol) in
dry acetonitrile (5 mL) was added 2-ethylcyclopropenone (0.08 g, 0.96 mmol)
in one portion. The reaction was stirred at room temperature under an
atmosphere of dry nitrogen for 72 hours until TLC showed the reaction was
complete. The sample was concentrated under vacuum and purified by
column chromatography (eluent: petroleum:ethyl acetate/2:1) to yield the title

compound (278; 0.05 g, 63% vyield) as a yellow oil.

Compound data

IR: Lmax (cm™): 2926.93 (s), 2851.87 (w), 1662.03 (vs), 1577.61 (vs), 1451.02
(w), 1416.45 (w).

NMR

"H: 84 (500 MHz, CDCl3): 7.66 (1H, s, C=CH), 3.52 (1H, bd, J 14.8, NCHy),
3.39 (1H, ddd, J 13.4, 13.4, 1.2, NCHy), 2.40 (1H, dd, J 14.4, 7.7, CH,CSEt),
2.21 (1H, dq, J 12.0, 7.5, S-CH,CHj3), 2.18 (2H, dq, J 12.0, 7.5, S-CH,CH3),
213 (2H, q, J 7.3, CCH,CH3), 1.78 (2H, m, CH,CH,CH,CHN), 1.51 (2H, m,
CH,CH,CSEt), 1.35 (1H, ddd, J 13.2, 3.8, 3.8, CH,CH,CH.N), 1.17 (1H, m,
CH2CH,CH2N), 1.04 (3H, t, J 7.5, S-CH,CH3), 1.01 (3H, t, J 7.3, CH,CHy3),
0.73 (1H, m, CH,CH,CSEt).

3C: 8, (100 MHz, CDCls): 200.60 (C=0), 162.14 (CH), 113.98 (q), 60.17 (q),
45.84 (CHy), 32.18 (CHy), 31.02 (CH), 29.48 (CHy), 23.07 (CH), 22.06
(CHy), 15.48 (CHy), 13.72 (CHj3), 13.70 (CHa).

High Resolution Mass Spectroscopy: Electrospray (positive), calc. =
240.1418, measured = 240.1420.
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Future Work

There is the potential as part of a programme of future work to investigate
alternative routes to the synthesis of 1,2-thiazetin-1,1-dioxides, which were
not explored in this thesis due to alternative areas of work being developed
concurrently.  This work may investigate the possibility of employing
anhydrous conditions in the Lawesson’s step of the synthesis, to preclude and
eliminate the theory that hydrolysis is taking place back to the 1,2-thiazetidin-
3-one (196). There would therefore be the potential for the synthesis of the
desired novel bicylic B-sultams and p-lactams as analogues of biologically

relevant systems, such as penicillins.

In sections 4.6 and 4.7 of this thesis one of the strengths of the route to
adducts (292) is the versatility of the reaction. This is due to the high level of
diversity available in both the thioimidate and cyclopropenone reaction
partners. The second potential strength of this reaction, which could also be
explored as part of a programme of future work, is the ease with which the
functionality of the reaction partners can be manipulated. This will enable
future applications to be developed in the synthesis of natural products as well
as interesting non-natural analogues of the pyrrolizidines, indolizidines and
pyrroloazepines. One such process would be the desulfurisation of

compound (292) shown in Scheme 102.

SEtP o n=1,23
X=0orS
2 —_ > 2
@\i}ﬂa {:r\(l/?iR R'=HorPh
R " K R?=Etor Ph
(292)
Scheme 102

Other possible transformations of adducts of compound (292) may include
conjugate addition, reduction, aziridation and bridgehead thioether/ether
manipulation together with possible asymmetric versions of the
cyclopropenone addition reaction. The latter part of this work would also
involve the synthesis of further cyclopropenones and the subsequent

exploration of this interesting area of heterocyclic chemistry.



Future Work

Section 4.8 of this thesis details the synthesis of azetidinobenzodiazepines,
which are analogues of the well documented pyrrolobenzodiazepines. The
PBDs have been shown to have antitumour/antibiotic properties. Part of a
programme of future work would involve the synthesise of further examples of
the azetidino adducts via the intramolecular azide to alkene 1,3-dipolar
cycloadditions shown in section 4.8. These compounds could then be further
investigated for any potential biological activity as they have a very similar
structure to the PBDs and may well have the same affinity for fitting into the

minor groove of the DNA strand.
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