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Abstract

Chapter One reviews the synthesis, properties amctions of

2-methyleneaziridines, the subject of this thesis.

Chapter Two describes the use of these heterocytldse development of a
new four-component synthesis of biologically impaitta-aminophosphonates.
This new chemistry proceeds in moderate to goold yi@ a “one-pot” process
that involves the sequential formation of three net@rmolecular bonds and a
quaternary carbon centre. This reaction is toletard range of functionalities
incorporated in the various components. Deprotactaf one of these
a-aminophosphonates to the correspondiraminophosphonic acid is achieved

via a two-step process in very good yield.

Chapter Three discusses efforts made towards theelagement of a
multi-component imino Diels-Alder reaction for thegeneration of
2,3-dihydro-4-pyridones. Initial work suggests diydketimine intermediates
are unsuitable for this process.

Chapter Four reports unsuccessful attempts made denerate
methyleneaziridines bearing electron-withdrawingbstiluents via in situ

N-derivatisation.

In Chapter Five, the synthesis of 1,1-disubstitutdtahydrof-carbolines from
methyleneaziridines is described. The reactiom@a to proceed in moderate
to very good yields and a range [Btarbolines were successfully synthesised.
High levels of diastereocontrol are demonstratedgua substrate containing a

pre-existing stereocentre.

Chapter Six details the experimental procedurescaadacterisation data for the
novel compounds produced.
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Chapter 1

1.1 Introduction

This thesis will discuss new developments in thepliagtion of
methyleneaziridines in organic synthesis. As stich appropriate to begin with
an introduction to this compound class. This chagéscribes the synthesis and

reactivity of these fascinating heterocycles.

2-Methyleneaziridines are a class of highly strdirieeterocycles, based on
aziridine and featuring an exocyclic alkene grokigre 1.1). The combination
of functional groups within these molecules, alamth their high ring strain
energy’ grants them great potential in a variety of sytithgrocesses.

R
I

N

%

Figure 1.1. 2-Methyleneaziridine.

1.2 Synthesis of Methyleneaziridines

1.2.1 Dehydrohalogenation of 2-bromo-allylamines

Methyleneaziridinesl were first synthesised, accidentally, in 1951 lwjided
and Parcell whilst attempting the dehydrohalogemati of
N-(2-bromoallyl)-alkylamines2 to propargylamines8 with sodium amide in
liquid ammoni& Their results were however inconsistent with theievious
work on the preparation of propargylamines from toeresponding tertiary
amines’ The presence of a strong signal at 1770" émthe infrared spectrum,
and absence of the expected N-H or triple bondckirey frequencies, led

Pollard and Parcell to propo$éallylidene-alkylamined4 as the product. The
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Chapter 1

reaction was believed to proceetsh allene intermediatés which would

iIsomerise to give the more stable conjugated priodl(8cheme 1.1).

R R .R
I{IH NaNH, NH | IN
/& NHs (1), -33 °C |f H
Br [l |

2 5 4
R R
NH |

( N

3 1

Scheme 1.1. Proposed formation dd-allylidene-alkylamines.

In 1956, Ettlinger and Kennedy noted that the shieg frequency of 1770 ¢
was similar to that of the exocyclic alkene bondnathylenecyclopropane and
thus proposed the methyleneaziridine struciLit@his structure was confirmed
by Bottini and Roberts through nuclear magnetic omasice (NMR)

spectroscopy and chemical degradation studies.

The cyclisation is very tolerant of a wide range fohctional group$;
N-substituents include double bonds and aryl setsfidenzyl and silyl ethers,
alcohols and acetals,and non-racemic, chiral derivativeés:' Substitution
patterns on the exocyclic double bond inclgge-di-methyf? and cyclohexyl

substituents?

12



Chapter 1

In 1973, Quast and Risler, using the conditionBalfard and Parcell, were able
to synthesise methyleneaziridin€s featuring substitution on the exocyclic
double bond? In this process, disubstituted vinyl bromidesvere synthesised
from the high temperature reaction of 1,1-dibrom®-@&methyl-cyclopropane
(8) with primary amines according to Sandler’s praged* Ring-closure of the
3-bromo-2-butenes/ with sodium amide in liguid ammonia yielded the

corresponding disubstituted methyleneaziridi@éScheme 1.2).

R
X R-NH, )Y " NaNH, N
Br CgH,Cl,, reflux H NH; (1)
Br 67-69% Br 50-60%
8 7 6

R = Me, Et, 'Bu, (Pr),CH

Scheme 1.2. Synthesis of disubstituted methyleneaziridines.

Steinberg et al. developed an alternative route to disubstituted
methyleneaziridiness.'® Their strategy involved ring-closing usingbutyl
lithium in THF and hexanes at low temperatures. yThéso developed an
alternate strategy to disubstituted vinyl bromidess the conditions of Sandtér
involve high temperatures, long reaction times aad be low yielding when
thermally labile or sterically encumbered aminesengsed. Despite an increase
in the number of chemical steps, this process orted to proceed in

acceptable overall yields (16 - 49% over 4 stefshéme 1.3).

13
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Q L|A|H4 S Brz, PPh3 S
XNl OH Br
Et,0, -25 °C ccl,

Br Br Br
95% 91%
RNH, | 75-81%
R
' "BuLi
N N R
N THF/CgHyp, -60 — =70 °C gy H
5 25-70% .

R = Pr, °Pr, 'Bu, Ph, CH,'Bu, Ad

Scheme 1.3. Alternative route to disubstituted methyleneazivest.

1.2.2 Mechanism for the dehydrohalogenation of 2-bromo-allylamines

Bottini and Olsen conducted a study into the meisgmarof the formation of
methyleneaziridines by the ring closure processcrilesd aboveé® They
proposed four possible reaction mechanisms for tloemation of
methyleneaziridines; (i) displacement of the bragmioh byinternal §2 attack
(path a); (ii) an addition-elimination process (péd; (iii) elimination-addition
via an allenic intermediate (path c); or (iv) analogoelimination-addition
reaction of a propargylamine (path d) (Scheme P4&thway d was however
immediately discounted due to Pollard and Parcéilh yielding synthesis of

propargylamines from\-(2-chloroallyl)-alkylamines under similar conditis®

14



Chapter 1

Br Br
P L = S i
e o S
-Br
] Br Flz '?
NaNH, | —NH, L~ 65% — N /é) —— N
/N < _Br \
R Br
i NaNH u NaNH u
C a a
2L 2|l
_NH  -NHg, -Br NH | ~NHg N
R R R
d | N L : s E

N
NaNH, | _o© EYVAN _Nﬁ; VAN

™ R
/ / N NH; E

r-NH R/N@> No -NHO; %

Scheme 1.4. Proposed mechanisms for the formation of methyeinielines.

It was considered that conducting the ring-closofevinyl bromide 9 with
sodium amide in tritium labelled ammonia would legadan insight into the
reaction pathway. The productlO, was found to possess the specific
radioactivity corresponding to the abstraction digle hydrogen atom from
the solvent. From this observation it was concluthed the reaction mechanism
did not follow cyclisation pathways a and b. Degtash studies of the product

indicated tritium incorporation into the ring meléiye group.

To examine whether proton exchange occurs duriisgpttocesd1 was treated
with sodium amide in tritium labelled ammonia ab@ treated with sodium

amide in unlabelled ammonia. In neither case waeth change in the recorded

15



Chapter 1

radioactivity of these materials, indicating thiaé tring methylene protons did
not exchange with those of the solvent under tlaetien conditions. These
observations led to the proposal of an eliminaddition mechanisnia allene

intermediatel2 (Scheme 1.5).

Br |
NaNH NaNH °
——= I — e
NH -NHj3, —-Br NH —-NH3 N
ey | |
Pr "Pr "Pr
9 12
n n n
Pr lﬁ\l’f NH,T pr
N N
S
S T& NH, O™
11 10

Scheme 1.5. Proposed elimination-addition mechanism.

Recently however, the elimination-addition pathvekegcribed above has been
challenged by Shipman and co-work&rén the synthesis of ethyleneaziridines
13 and 14, it was observed that the reaction proceeded methstereochemical

inversion from vinyl bromide starting materidls and16 (Scheme 1.6).

Br Flz
N NaNH, N
_NH NH; (1), =78 °C, 1 h \‘
R 37-57%
15 13
Br Il?
NaNH, N
NH NH; (1), ~78°C, 1 h N
R 77-93%
16 14

R = Bn, S-CH(Me)Ph

Scheme 1.6. Synthesis of ethyleneaziridines.
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Chapter 1

The stereochemical inversion observed appeared wte rout an
elimination-addition mechanism as bdith and 16 would be expected to yield
the same allene intermediate, thus leading to agewee of stereochemistry.
To investigate the mechanism of the ring-closuesiterated methyleneaziridine
17 was formed from the ring-closure of deuteratedylvibromide 18 with
sodium amide, generated situ from sodium (Scheme 1.7). This result meant
that the mechanism cannot procegala C-3 anion intermediate. Furthermore,
treatment ofl8 with excess sodium amide under extended readtioestyielded
aziridine 19, featuring no detectable amounts of deuteriumridine 17 was
also re-subjected to the reaction conditions, yimgidclean conversion to
nondeuterated9. These observations indicated tli& formed quickly under
the reaction conditions.{t~ 10 s at —78C, 2.5 equiv. NaNk), underwent a
slow reversible exchange with the solvent by depration at C-3. It was
postulated that this exchange was not detectedabynBand Olsen due to their
use of a sub-stoichiometric quantity of commers@dium amide. It was found
that sodium amide generat@d situ is more active than that bought from a
commercial sourcé
NaNH, (1.25 eq) o H% NaNH, (2.5 eq)
NH3, =33 °C, 5 min T 5 b NH3, =78 °C, 1 h
18

85% 91%

PhY NaNH, (0.25 eq) Ph\(

D N H N
N NH3, -33°C, 1.5 h LN
17 94% 19

Scheme 1.7. Deuterium labelled cyclisation studies.
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Chapter 1

The observed stereochemical inversion in the petjoar of ethyleneaziridines,
along with the studies with deuterium labelled $rdtes led to the proposal that
the ring-closure proceedsa substitution with inversion by in-plane-attack

from the backside of the C-Br bond (Path a, Sch&he

1.2.3 Dehydrohalogenation of aziridines

De Kimpe et al. reported the synthesis of methyleneaziridirgds from
2-(bromomethyl)aziridine21 via a based-induced, exocyclig-elimination
reaction™® 21 was synthesised in three chemical steps from dnesponding
aldehyde22. However, the reaction also yielded an equimolaangity of

tert-butyl ether23, inseparable from methyleneaziridid@(Scheme 1.8).

o) 1) H,C=CHCH,NH,, CH,Cl,, MgSOy, 1 h, rt N/\ﬁgr
Br
R™ "H  2)Br,, CH,Cl,, 30 min, 0 °C R)J\H
22 84-90%
NaBH,
MeOH, 2 h | 75-95%
reflux
R R R

Nr . Nr KO'Bu Nr
% L\ THE, 24 h, rt L\
OBy 53-94% Br
20 (1:1) 23 21
R = Ph, 4-MeCgH,, 4-CIC¢H,4, 4-MeCgH,

Scheme 1.8. Dehydrohalogenation of aziridines.

1.2.4 Nitrene addition to allenes
Bleiholder and Schecter postulated that methyldandames could be
synthesised by reaction of allenes with singleteniés’® They expected that

insertion of an azide into tetramethylaller2d)(would give methyleneaziridine

18



Chapter 1

25 via decomposition of methyltriazolir@s, or by direct addition of the nitrene
onto the allene (Scheme 1.9). However, in the ntgj@f systems studied,

thermolysis of triazoline26 only gave rise to conjugated imir# being

isolated.
R
: i R-Nj3 N, N N
[ ) —_— \N —_— +
R
24 . 26 25 27
| i 29-73%

R = Picryl, 4-NO,CgH,, Ph

Scheme 1.9. Postulated nitrene addition to an allene.

Bingham and Gilbert also investigated the use tEnes for the synthesis of
methyleneaziridine$: They treated N-(p-nitrobenzenesulphonyloxy)urethane
(28) with triethylamine to generate ethoxycarbonyhriein situ, which was
then reacted with allen@8 to give the corresponding methyleneaziridiBésn
low yields (Scheme 1.10). In the case28f, a second regioisom&l was
anticipated but not detected. This observation tiedhe hypothesis that the
nitrene attacked the least sterically hindered itgaimdouble bond. However,
due to the low yields of the reaction, no defirgtmonclusions could be made.

O

EtO)J\N/O\ < CO,Et
~ 2
Ho ©O R H Et,N N COE
+ >:o:< —_— R + R N
R L CH,Cl R)%
R
28  NO, 29a: R = Me 30a: R = Me, 3% 31
29b: R = H 30b: R=H, 6%

Scheme 1.10. Methyleneaziridine synthesiga nitrene addition to allenes.
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1.2.5 Olefination of a-lactams

De Kimpe et al. reported the synthesis of methyleneaziridiB2 from
1,3-ditert-butyl-2-aziridinone 33) using dimethyltitanocene (Scheme 1.3%).
However, many othes-lactams were found to be unstable to the tempestu
required for this transformation. Moreover, the durcts could not be purified,

limiting the scope of this method.

t t
B|u Cp2Til\/|62 B|u
N N
tBqu CeHsCH3, 80°C, 6h 1 A
33 56% crude 32

Scheme 1.11. Dimethyltitanocene mediated olefinationcefactams.

1.3 Reactions of Methyleneaziridines

1.3.1 Protonations

Jongejaret al. have shown thall-protonation of 1-alkyl-2-methyleneaziridines
1 can occur with FSEH/SbF in sulphur dioxide at —78C to generate the
corresponding methyleneaziridinium fluorosulf& without ring-opening or
attack of the exocyclic double bond (Scheme 1%A2)nder similar conditions,
it was shown that could beN-methylated with [(Me)CI]'[SbRCI] to yield 35.
Both 34 and35 showed surprising thermal stability, no decompaosibf either
cation being observed Y4 NMR spectroscopy, even when warmed t0°60
Methyleneaziridinium cation$4 and 35 were shown to undergo thermally

induced isomerisation upon further heatifig.

20
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® o
R.® © [Me,Cl]¥ [SbFsCI R FSO5H, SbF ROH_ ©
N” SbFsCl ? =Cl N 3 5 N FSO;
N S0, -78°C L\ SO, -78°C
2 100% L 100% a4

R = Me, °Pr, CH,CH,Ph

Scheme 1.12. Generation of methyleneaziridinium cations.

1.3.2 Ring-opening

Bottini and Roberts observed the formation of obdmetate36, along with
ethylamine when 1-ethyl-2-methyleneaziridine37)( was treated with
hydrochloric acid. This reaction most likely prodeeby ring-opening of the
protonated methyleneaziridine, followed by hydraysf enamine intermediate

38 (Scheme 1.13).

Scheme 1.13. Chloride ring-opening of methyleneaziridines.

Crandall et al. demonstrated that -isopropyl-2-methyleneaziridine 39)
undergoes reaction with excess phenol to generaétalad0.2>%® It was
envisioned that the reaction proceews initial Markovnikov addition of the
first equivalent of the phenol across the exocydieble bond, followed by
ring-opening of the aziridine intermediate by tleeand equivalent of phenol

(Scheme 1.14).
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Pr PhOH . PhOH

'Pr y
PhO
N N >‘\/Ns-
AN AV PhO Pr
oPh
39 40

Scheme 1.14. Markovnikov addition of phenol to methyleneazirielé

Vélez and Quast, during their investigations intbe talkylation of
methyleneaziridines at C-@ia lithiation with sec-butyllithium, reported the
dimerisation otert-butyl-2-methyleneaziridine4() (Scheme 1.15)" Formation
of dimer 42 was proposed to proceed by nucleophilic ring-opgroh41 by

lithiated methyleneaziridings.

H
t t
Bu 'f’.\l“ 78 _ -15°C gy
N +
AN TN 36% S
N-'Bu
41 43 42

tBIu tBIu
J‘k/k J\A
tBU\N tBU\N A
Li Li
Scheme 1.15. Dimerisation of methyleneaziridines.

Shipman et al. have demonstrated methyleneaziridines can undergo
ring-opening by chloroformates to give carbamatés(Scheme 1.16¥ This
reaction proceeds well with a variety oN-substituents on the
methyleneaziridine, however, the sterically crowthégil-derivative (R = CP¥)
failed to react. Ring-opening in this fashion wadsoapossible using acid

chlorides (acetyl chloridep-nitrobenzoyl chloride) to give the corresponding

22



Chapter 1

tertiary amide45. However, the reaction proved to be less toletanmore

electron-rich acid chlorides such as benzoyl c®andp-anisoyl chloride.

o) o)
R 1
R2COCI . RlO,CCI
R\NJ\RZ N R\NJ\ORl
C|v§ CH,Cl,, 24 h, rt % CH,Cl,, 24 h, 1t C|v§
68-77% 63-85%
45 1 44
R = Bn, CH(Me)Ph, °Hex, CH(CH,OBn)CH(Me),
R = Me, Bn

R? = Me, 4-NO,CgH,

Scheme 1.16. Ring-opening with acid chlorides and chloroformates

Studies of the reaction of deuterated methylenelize 46 with methyl
chloroformateestablished that attack of the chloride anion aeclisolely at

C-3 of the methyleneaziridinium ion (Scheme 147).

0 Ph O
ph Ph O
\( Meo)l\a" @ JI )\NJ\OMe
N: — SN~ “OMe —
DA DA 65%

46 / D
©
Cl

Scheme 1.17. Deuterium labelleding-opening with chloroformates.

Shipman and co-workers have demonstrated that heegziridines could be
ring-opened with carbon-based nucleophiles in tlesence of a Lewis acfd.
Treatment of methyleneaziridiriewith Gilman cuprates or Grignard reagents
afforded methyl ketond7 after acidic hydrolysis (Scheme 1.18). This remacti
has been further exploited to give rise to a varetmulti-component reactions

from methyleneaziridines and these will be discddater (Section 1.3.8).
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R 1) R*CuLi or R*MgX, BF3-Et,0, Cul, THF, =30 -~ 0 C, 18 h o
N 1
£ 2) NH,CI (aq) N
- 0,
L 56-88% 47

R = CH(Me)Ph, ®Hex
R!="Bu, °Hex, "CgH,, Ph, Bn, 4-MeOCgH,

Scheme 1.18. Ring-opening with carbon-based nucleophiles.

Recently, Oh et al. reported the palladium catalysed synthesis of
a-amido-ketone48 from the reaction of methyleneazirididewith carboxylic

acids®*® Through catalyst screening they established thatating
methyleneaziridind. with carboxylic acids in the presence of,@ithay-CHCI;
(5 mol%) and PPh(10 mol%) yielded the correspondimgamido-ketone48

(Scheme 1.19).

R R1CO,H, Pd,(dba)sCHCls, PPh, o R
N . L
2 THF, 100°C, 2 - 5h )JVN\WR
62-87% 0
1 48

R =Bn, °Hex, "Bu, CH,CH,CH,0OMe, CH,CH(OMe),
R! = Me, Ph, CH=CHEt, CH,NHCOPh

Scheme 1.19. Palladium catalysed synthesisoemido-ketones.

The synthesis ofi-amido-ketones was proposed to procesdthe catalytic
cycle below (Scheme 1.20). It is thought that ottigaaddition of palladium (0)
into the carboxylic acid O—H bond is followed bydngpalladation of the
exocyclic double bond. Reductive elimination ofl@dium (0) yielddN,O-acetal

49, which further rearranges to give tir@mido-ketonel8.
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I 1 O
N-v)/o\j(R Pd(0) no L

R 1
O R | R
N Pd—0O /Pd\ )J\

Scheme 1.20. Proposed catalytic cycle for the synthesis-aimido-ketones.

Deuterium labelling studies supported the catalgticle proposed by Oh and
co-workers. Deuterated acetic acid (98% D) was teehc with
1-benzyl-2-methyleneaziridin&(@), giving rise to the corresponding deuterated
a-amido-ketone 51 with 93% deuterium incorporation in the-position
(Scheme 1.21).

CH3C02D, sz(dba)g{CHCb (5 mOl%)

Bn
PPh; (10 mol%), THF, 100 °C |
|I\l 3 { ‘) D\)J\/Nm/
2 70% d

50 51

Scheme 1.21. Deuterium labelling studies for the synthesis-@mido-ketones.

1.3.3 Thermal rearrangements

Quast and Risler reported that substituted andhstisuted methyleneaziridines
52 undergo thermal decomposition, slowly above f20and rapidly above
190 °C, to the corresponding olefis3 and isonitrile54 in quantitative yield

(Scheme 1.22% These observed products were rationalised by afalin
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rearrangement to cyclopropanimine intermedifer the structural isomes6.

Both of these intermediates were detesiead\NMR spectroscopy.

R
N Heat N JL
N & 100% RY "R
RY .
52 \ /
R = Me, Et, ‘Bu, (Pr),CH

%Rl R!=H, Me

55 54 53

Scheme 1.22. Thermal decomposition of methyleneaziridines.

1.3.4 Ring functionalisations

In their studies usindert-butyl-2-methyleneaziridine4(), Vélez and Quast
reported that methyleneaziridines can be lithiae-3 with sec-butyllithium
and tetramethylethylenediamine at T8’ Treatment of lithiated speciet3
with various electrophiles gave rise to the coroesiing ring substituted

methyleneaziridin&7 (Scheme 1.23).

t t t
Bu SBULITMEDA Bu R-X Bu
N N N
- (0] _ 0
e 78°C,75h | AN | 78 ;60703/, 12h AN
41 43 R 57

R =D, Me, (Me),Si

Scheme 1.23. Alkylation via lithiation of methyleneaziridines.

The lithiation/alkylation sequence above was used farm enantiopure

methyleneaziridines8 via lithiation of 1-methyl-2-methyleneaziridinégq) in
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the presence of chiral auxiliary S§-(+)-1,4-bis(dimethylamino)-2,3-
dimethoxybutane ((+)-DDB), followed by anion quemghwith trimethylsilyl
chloride (Scheme 1.24). HowevéB was isolated in moderate yield with a poor

level of stereocontrol (12% e#).

II\l 1) SBuLi, CsHy, (+)-DDB, 125 T ,l\l
\ *
I 2 TMSCL-125C - -20C /Si/%
36-48% \
59 58

Scheme 1.24. Stereocontrol in the lithiation/alkylation of metageaziridines.

Shipman et al. achieved much higher levels of stereocontrol using
methyleneaziridines bearing chifédsubstituents! Methyleneaziridines]9 and
60, with a @-a-methylbenzyl N-substituent gave high Ilevels of
diastereoselectivity in the corresponding prodédtisvhen reacted with a range
of electrophiles. The highest levels of diastertmswity were obtained from
60, bearinggem-dimethyl substitution on the exocyclic double bor@hly
moderate induction was recorded in the absencdisfsubstitution (Scheme
1.25). A comprehensive study on this lithiationyddikion of
methyleneaziridines was carried out with a range akctrophiles.
Benzophenone, benzaldehyde, trialkylsilyl chloridesl several alkyl halides
can all be used as can a variety of methyleneazésd bearing different
N-substitution or levels of functionalisation of tbeuble bond? However, a

second lithiation/alkylation sequence at C-3 wamtbnot to be possible.
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\rph \(Ph
1) SBuLi, TMEDA, THF, =78 T

N N
N 2Rx 78T -1t RMNR
R R
19:R=H 6la:R=H, R!=Bn 70%, 14% de
60: R =Me 61b: R =Me, R!=Bn 68%, 88% de

Scheme 1.25. Stereoinduction in methyleneaziridine lithiatiofdation.

1.3.5 Ring expansions

Alpher and Hamel demonstrated that methyleneamggli can undergo
palladium-catalysed carbonylation reactions to givmethyleneB-lactams>
Various N-substituted methyleneaziridine§ were reacted with carbon
monoxide in the presence of palladium (0) or paliad () and
triphenylphosphine catalysts to produce the comedimg methyleneazetidones

62 as single regioisomers (Scheme 1.26).

R CO, Pd(PPh3), or Pd(OA),/PPhy  Re /O
N <

% CH,Cl,, rt, 1 atm

1 10-83% 62
R = nBU, ”Hex, Ad, CH2CH2CH20Me, CH2CH(OME)2

Scheme 1.26. Palladium catalysed carbonylation of methylenédinies.

Yamamotoet al. expanded the use of palladium catalysis in rirgaasion
reactions of methyleneaziridines to produce pyrrdérivatives. Palladium
catalysed reaction of with o-acetylpyridines gave-pyridinylpyrroles 63,**
whilst reaction oflL with 1,3-diketones led to 1,2,3,4-tetrasubstityigcoles64

(Scheme 1.27%°
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o)
X
| ~N Pd(PPhs), (25 mol%) 7\ -
‘ 120°C, 72 h 2 ,}, Y7
43-87% 63
R
k
1
O O o)
‘ RlMRl Pd(PPha), (25 mol%) i_gRl
CgHg, 120 °C, 72 h /N\ R!
49-90% R
64
R = Alkyl, Aryl

R = Alkyl, Aryl, -(CHy)2-, -(CHy)3-

Scheme 1.27. Palladium catalysed synthesis of pyrrole derivesiv

1.3.6 Intramolecular radical rearrangements

Prévost and Shipman successfully subjected metbgiendines65 bearing a
phenylselenide group to tin hydride radical comdis to give
3-methylenepiperidiness6. The reaction is proposed to proceed through
3-(2-methyleneaziridin-1-yl)propyl radicab7 which undergoes Bxo-trig
cyclisation to give the corresponding aziridinylwayl radical68. Further C—N

bond fission leads t66 (Scheme 1.28)°
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0

R
R SePh
BusSnH, AIBN, CgHg, reflux
7\]/\/ |

o

65

(o)}
<

R
/IjAjr¢' NY
R N 62-68%
H C/.

66 8
R = Alkyl, Aryl

Scheme 1.28. Radical rearrangement to 3-methylenepiperidines.

Using the above methodology, Shipman and Prévdsewed a tandem radical
process to form indolizidin®9 from methyleneaziriding0. Intermediate71
features an additional radical acceptor, allowirfgréher 5exo-trig cyclisation

leading to octahydroindolizingd (Scheme 1.29).

SePh
/\/\(\/ BusSnH, AIBN, C¢Hg, reflux \

N N>
X (N
70

|

69

Scheme 1.29. Tandem radical cyclisation to an octahydroindokzin
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1.3.7 Reactions of the exocyclic double bond

Cookson and co-workers demonstrated that 1-etmgkfhyleneaziridine 37)
can undergo [2+2n] cycloaddition reactions with electron deficienkenes®’
Treatment of37 with tetracyanoethylene (TCNE) was shown to gihe t

corresponding spiroaddué® (Scheme 1.30).

Et
Et \
| TCNE, acetone, reflux, 2 h N
" ; e
I 60% NC N
NC
37 72

Scheme 1.30. [2n+2r] Cycloaddition reactions with electron deficietkemes.

Shipmanet al. demonstrated that stereocontrollea2r] cycloadditions are
possible from methyleneaziridines bearing chiNabubstituents to give the
corresponding spirocycloadduéfs Methyleneaziridines73 were heated with
TCNE to give 5-azasprio[3.2]hexan@&4 and 75 with modest diastereocontrol

(Scheme 1.31).

R/, R//
y 7 or 7 or
'hORl TCNE, acetone, reflux, 2 h
N

N N
+ R
2 32-82% N@CN NmCN
12-68% de CN CN
NC NC
74 75

73

R =Me, 'Pr, 'Bu, Ph
R! = Bn, Si'BuPh,

Scheme 1.31. Stereocontrolled [2+2r] cycloadditions.

Crandall et al. attempted to react-isopropyl-2-methyleneaziridine39) with
organic azides to give 1,4-diazospiropentafi@{Scheme 1.323° However,

with phenylazide, reaction witB9 generated triazolé7 as the major product.
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This triazole was believed to have arisen from isosation of the initial
triazoline product8, driven by relief of ring-strair-Lactamimide79 was also
isolated from the reaction, presumably fr@Bopening to betain80, followed

by elimination of N. The reaction was reported to generate a 65:35uneiof

77 and79.
. i )
P RN; o R Pr
T AL X A
1 N
N v
39 78 76
i
N\ I:l)r B ipr
\ °N N NO | R
Pr, N, %J " Ny
HN R L\ nen Va
)
77 80 79

R = Ph, Ts, CO,Et, CO,'Bu

Scheme 1.32. Attempted synthesis of 1,4-diazospiropentanes.

Busch et al. developed a nickel-catalysed cyclo-oligomerisatioof
1-isopropyl-2-methyleneaziridine39) with excess butadierfé. The reaction
gave a mixture of six products, the compositionwbiich depends upon the
ligand used and nickel/ligand ratio (Scheme 1.8%g of triphenyl phosphine
(LY gave a fairly even distribution of produ@s to 86, whereas, when ligand
L? was deployed8l and82 were observed to be the major products. When no

ligand was used5 and86 were favoured.
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|Plr N
N : : \//’\
81 82
P NiL! or NiL2 or Ni ipy AN ipy X
N + 2= = I I
% N N
\
. ) w
83 84
1-
S\ P AN S

3
L2= pHo
85 86
3
Bn

Scheme 1.33. Nickel-catalysed cyclo-oligomerisation.

Ando et al. showed that lert-butyl-2-adamantylideneaziridine8%), when
subjected to photooxygenation, underwent oxidatikeavage with singlet
oxygen (Scheme 1.34Y.The reaction initially forms dioxetar@8, characterised
by low temperature NMR spectroscopy. However, abev8 °C 88 rapidly
decomposed to adamantanon®9)( and a-lactam 90. a-Lactam 90 was
characterised by conversion to oxaziridif& via in Situ oxidation with

m-CPBA in the presence of sodium carbonate.
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‘B ‘B
N 10,, CDCl3, hv N O\o
100%
87 88
‘Bu
‘Bu m-CPBA, Na,CO; 0 i}
N +
L% 27% 5
91 89 90

Scheme 1.34. Photooxygenation of methyleneaziridines.

Shipman and co-workers showed that a range of pdigcsystems featuring
seven membered rings were accessibée the Lewis acids catalysed [4+3]
cycloadditions of methyleneaziridin&s.lt was shown that the Lewis acid
activated ring cleavage of a suitably C-3 functimeal methyleneaziridine led

to the formation of a 2-aminoallyl cation which @naient [4+3] cycloaddition.

For example, reaction of furan-tethered methylemielize 92 with BR-Et,O
yielded tricyclic ketoned3 in good yield as a single sterecisomer after acidi

work-up (Scheme 1.35).

?n 1) BF3'Et20, CH2C|2, -30°C - rt, 16 h (@)
N 2) 10% H,SO,, MeOH, rt, 16 h H
By (L]
\ O
92 93

Scheme 1.35. Lewis acid catalysed [4+3] cycloadditions of medngaziridines.

34



Chapter 1

1.3.8 Multi-component reactionsinvolving methyleneaziridines

Ivar Ugi defined multi-component reactions (MCRS) ‘@aeactions in which
more than two starting compounds react to formoayet in such a way that the
majority of the atoms of the starting materials t@nfound in the product?
Famous examples of MCRs include the StreékeBjginelli,** Mannich?®
Passerinf’ Ugi*’ and Pauson-Khafdl reactions. MCRs have emerged as
powerful tools in the rapid synthesis of a widegawf molecular arrays. These
processes provide practical, economical and enwiemal advantages over
traditional, linear approaches to molecular coms$ton. The most recent
developments in this area are described in variousnograph® and

reviews+2°0

Shipman and co-workers have developed a varietyuiti-component reactions
from methyleneaziridine4.®>">? These multi-component processes all involve
the ring-opening ol with Grignard reagents to generate enamine inteiaes
94. Furtherin situ C-alkylation with an electrophile leads to keties95 via the
sequential formation of two new C—C bonds. By dffer different known
reactions of ketimines, this chemistry has beend use rapidly synthesise
1,3-disubstituted propanon®6,?® achiraf®* and homochiral amine37,>* natural
products>’**° heterocycles!®*%***¢-amino nitriles98,>* hydantoing* 99 and
B-lactams? 100 (Scheme 1.36). The multi-component synthesis of
1,3-disubstituted propanones was also shown toobsilie on solid supporis.
These sequential multi-component processes havedbesvn to be tolerant to a

wide range of functionalities in all constituents.
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o R-\H
NUQK/E Nuy\/E
9 97
R.
R NU R\ £ R\ N " .
N 5 Nu
% Nu\/§ NU\)J\/E \jl\/
N
1 94 95 08
o)
0 R
N E )NH
HN o
RO
Nu Nu E
100 99

Scheme 1.36. Multi-component reactions of methyleneaziridines.

1.4 Conclusion

Despite being first reported over sixty years adbe chemistry of
methyleneaziridines is still relatively undevelopethe basis of the work
presented in this thesis is to establish new metlogies using this heterocyclic
ring system that would provide rapid routes to aerg of important compound

classes including those of medicinal relevance.
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A Four Component Synthesis

of a-Aminophosphonates
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2.1 a-Aminophosphonates and Phosphonic Acids

Due to their obvious structural similarities ta@-amino acids 101,

a-aminophosphonic acidslO2 constitute important motifs in medicinal

7,58

chemistry (Figure 2.1).°" Many natural and unnatural aminophosphonic acids

and their ester and peptide derivatives display idewange of biological
activities®® A considerable part of the biological activity thfese compounds
arises from the ability of the tetrahedral phosptiomoiety to mimic the
tetrahedral intermediate of reactions involving leaphilic substitution on the
carbonyl®® Therefore they serve as inhibitors of enzymes sischroteases and
peptide ligases. As such, aminophosphonic acidkm@ogn to act as peptide
mimics®®  herbicides? enzyme inhibito’¥ and pharmacologicf,

66
l

antibacteriaf® antiviral°® and antitumor agenfé.

I 1l
HN C~on H,N P(OH),
R™ "R! R™ "R!
101 102
a-amino acid A-aminophosphonic acid

Figure 2.1. Similarities betweer-aminophosphonic acids angamino acids.

The most common route ta-aminophosphonic acids isia chemical
manipulation of the correspondingaminophosphonatet03 (Scheme 2.15°
As such,a-aminophosphonates have become key targets iryiitbesis of this
compound class. The most common route at@minophosphonates, the

Kabachnik-Fields reactiShis discussed in detail in the following section.
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RZHN P(O)(OR3), HaN- P(O)(OH),
R™ "R! R™ "R?
103 102

Scheme 2.1. a-Aminophosphonic acids from-aminophosphonates.

2.1.1 Synthesisof a-aminophosphonates

The most common route toa-aminophosphonates remains the
hydrophosphonylation of imines (Scheme 2%Jhis is achieved by one of two
pathways: (i) in a two-component fashion knownhes Rudovik reactidr’?or

(i) by the Kabachnik-Fields reactiéfwhich combinesn situ imine formation
by condensation of an amine with an aldehyde ororest with the
hydrophosphonylation  step.  This  three-component thegis  of
a-aminophosphonates was discovered independentiabgchnik and Fields in
195273 In fact, Pudovik and Kabachnik both published ¢hgsoundbreaking

observations in the same volumeDwklady Chemistry in 1952.

2
RSN HOP(OR®), R2HN P(O)OR%, H(O)P(OR®), O
R)]\Rl R™ "R R” “R!

+ R?-NH,

Scheme 2.2. Hydrophosphonylation of imines.

The reaction mechanism for the formation @hminophosphonategia the

processes outlined above is complicated by the flaat a wide range of
catalysts and activators have been deployed. Tis¢ d¢onsideration is the
reactive state of the hydrophosphoryl componerdlkyi phosphites are known
to exist in equilibrium between two forms, the pploise 104 and phosphonate
105 forms with the equilibrium lying to the side ofettphosphonate under

neutral conditions (Scheme 2.3). However, it iswndhat the phosphite and
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not the phosphonate form is the nucleophilic sEEéitt has been demonstrated
that the presence of a base can influence the dmlah the equilibrium,
allowing for the phosphite form to become more ptemt’°

0
% - fo
S H o~

104 105

Scheme 2.3. Tautomeric forms of diethyl phosphite.

In the Pudovik reactioff; the reaction is considered to ga direct insertion of
the phosphite into the imine through a five-membaergclic transition stat@06
(Scheme 2.4). Protic and Lewis acidic activatoes emvisioned to activate the
imine to nucleophilic attack.

1

RY R2
2 - ’
RSN H(O)P(OR3), RA—, o R2HN P(O)(OR3),
- (R3O)2_P80)H R ORI

106

Scheme 2.4. Pudovik reactiomvia a five-membered cyclic transition state.

The mechanism for the three-component Kabachnikigieeaction is however
more complicated, especially as many different sypé activators have been
shown to be beneficial. As a multi-component precéise carbonyl, amine and
hydrophosphoryl species could reaw different intermediates to liberate the
final a-aminophosphonate. Since its discovery there hasen bnumerous
insights into this reaction mechani§ii’and it has been shown that the nature
of the aldehydé’ the activator? the solver’f and the K, of the amin& all

have an effect. However, it is most commonly comd that the reaction

40



Chapter 2

proceedssia in situ generation of the imine from condensation of thgonyl
compound with the amine, followed by subsequentemhilic attack of the

hydrophosphoryl component in a Pudovik style pre¢€sheme 2.5).

RZ
j\ R?NH, N
R™ "R R)J\Rl
H(O)P(OR?),
2 3 R! R2 i
R2HN P(O)(OR®), R 5,_@\'/
R™ "R! -~ 5 /*) \
(R 0)2—P®H

Scheme 2.5. The mechanism of the Kabachnik-Fields reaction.

The initial reports published in 1952 on the Puli6vand Kabachnik-Field3
reactions have received over 500 citations, rengaubstantial interest in these

processes. Recent developments relating to thasteaes are surveyed below.

Beerset al., during their investigations on phosphatase itdrig, synthesised a
range  of  benzylaminophosphonic  acidsvia the corresponding
a-aminophosphonaté$ Aryl aldehyde<22 were reacted with primary amines to
generate aldimine intermediat&87. Addition of dialkyl phosphites td07 at
high temperatures was found to produeaminophosphonatel8 in poor to
very good vyield (Scheme 2.6108 was then deprotected with TMSBr in

propylene oxide to yield the phosphonic acid.
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o RI-NH, | R H(O)P(OR?), NHR?

PN Big PN

R™OH  EtO,rtah | N, 120°C, 3 h P(0)(OR?),
22 107 16-94% 108
R =Aryl
R® = Alkyl, Aryl
R? = Et, 'Pr

Scheme 2.6. a-Aminophosphonates from aryl aldehydes.

Wieczorek and co-workers have described the syisthef
a-aminophosphonates from ketimines under solvert-foendition$? The
reaction of a pre-formed imir©9 with a dialkyl phosphite at 74 was shown

to give the correspondingaminophosphonate in moderate to very good yields

(Scheme 2.7).

2
RiN HO)P(OR®),  R2HN P(0)(OR3),
R)J\Rl 70°C,5h R™ "R
109 25-96% 103

R = Me, Et, "Pr, "Bu

R! = Me, Et, "Pr, "Bu, 'Bu, 'Bu, "Pen

R? = "Pr, "Bu, 'Bu, "Pen, "Hex, "Oct, "Dec, "Cy4H,g, Ph, Furyl
R® = Me, Et, 'Pr, "Bu, Ph

Scheme 2.7. a-Aminophosphonates from ketimines.

Many reports have described the use of Lewis aaidlysts including TiG|®®
AICI32* InCl3,® In(OTf3,*® MeAICI® ZrCl,,®® BF:®® in the synthesis of

a-aminophosphonates. A few recent illustrative exaspre given herein.

Kabachniket al. reported the use of cadmium iodide as a Lewid eatalyst in
their synthesis oft-aminophosphonaté8. From screening a range of metal

halides they showed that GdR mol%) greatly improved the rate of reaction

42



Chapter 2

between imines (aldimines and ketiminedp9 and diethyl phosphite

(Scheme 2.8).

RAN Cdlp, HO)P(OEY),  R2HN P(O)(OEt),
R)]\Rl CgHg, 45°C, 1.5 h R™ "R!
109 52-99% 103
R =H, ®Hex

R® = Et, "Pr, 'Pr, °Pen, ®Hex, 3-py, Ph
R2 = Me, 'Bu, Hex, Ph, Bn

Scheme 2.8. Synthesis ofi-aminophosphonates using cadmium iodide.

Lithium perchlorate has been shown to be a vergcéffe Lewis acid for the
generation ofi-aminophosphonatés As an exampleg-aminophosphonat&l0
was generated in 98% yield from the reaction ofzb&tehyde with aniline and

trimethyl phosphite in the presence of TMSCI in aM5ethereal solution of

o) NH, /@
LiCIO,4, TMSCI HN

H + + P(OMe);

Et,0, rt, 30 min ©)\P(O)(OM8)2

98%
110

LiCIO4 (Scheme 2.9).

Scheme 2.9. Kabachnik-Fields reaction using lithium perchlerat

Matveeva et al. developed an aluminium based tewmd-butyl-substituted
phthalocyanind11 Lewis acid for the production efaminophosphonates from
ketones? For example, the reaction of 3-methylcyclohexanomith
benzylamine and diethyl phosphite in the presericéld was found to give
a-aminophosphonat&12 in 98% yield (Scheme 2.10). Notably, this reaction
appeared to tolerate sterically bulky ketones sasgchamphor and norbonanone,

although the yields reported were low in these £§2@-30%).

43



Chapter 2

o) NH,
111 (10 moloe), Mgs0, SNy P(O)(OED:
+ + H(O)P(OEY),
CH,CI,, reflux , 4 h
0,
% 112
‘Bu
,?l '‘Bu
N--A-N ]
'‘Bu . 4
'‘Bu
111

Scheme 2.10. Kabachnik-Fields reaction using an aluminium bassdlyst.

Bhagatet al. reported that magnesium perchlorate was founteta highly
efficient catalyst in the Kabachnik-Fields reactiomnder solvent-free
conditions?® Having screened a wide range of metal perchlonategr various
reaction conditions, they found that the reactietween aldehydes or ketones,
primary or secondary amines and dialkyl phosphitesthe presence of
Mg(CIOs), under solvent free conditions gave the correspandi

a-aminophosphonategd 3 in good yields (Scheme 2.11).

3
o) H Mg(CIO,), (5 mol%) R
I N._, + H(O)P(OR%), R?-N_P(O)(OR%),
R "R! R rtor 80 °C, 6 h R ORI

-980
75-98% 113

+
R2”

R = Alkyl, Aryl
R =H, Alkyl
R? = Alkyl, Aryl
R3 = H, Alkyl
R* = Me, Et

Scheme 2.11. Kabachnik-Fields reaction using magnesium perctdora
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Recently, Ambicaet al. reported the use of antimony trichloride adsorbad
alumina as an efficient and recyclable catalyst Kabachnik-Fields reactiof.
They reported that the reaction between aldehydesines and dialkyl
phosphites led to the correspondm@minophosphonatek8 in high yields in

the presence of SbgAI,O; (Scheme 2.12).

1) SbCl3/Al,O5 (5 mol%) NHR?
U+ RL-NH; + H(O)P(OR?), P
R™ H CHsCN, 1t, 7 h R” “P(0O)(OR?),
65-92% 108
R = Alkyl, Aryl
R = Alkyl, Aryl
R? = Me, Et

Scheme 2.12. Kabachnik-Fields reaction using Sh@ll ;0.

Protic acids have also been shown to promote trdeophilic addition of
phosphites into imines. Interestingly, Rabasso and co-workers synthesised
range of cycliax-aminophosphonates using acetic acid as actiVa®equential
reaction of cyclic ketone&l14 with benzylic amines in the presence of acetic
acid and magnesium sulfate was found to lead tartisgu generation of the
iminium intermediatel15. Addition of triethyl phosphite was found to gitree

resultant cyclic produc16 in moderate to good yields (Scheme 2.13).

RO H
o N RHN_ P(O)(OEt),
R-NH,, AcOH, MgSO, P(OEt);
) EtOH, 55 °C, 4 h é 55 °C, 48 h )n
X )n X
X 46-92%
114 T 115 © 116

n=0,1,2
X = CH,, NMe, O, S
R = Bn, 4-MeOBn, CH(Me)Ph, CH(CH,OH)Ph

Scheme 2.13. Kabachnik-Fields reaction for cyclicaminophosphonates.
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Amberlyst-15, containing a sulfonic acid functiahglhas been shown to be a
highly efficient and recyclable acidic promoter the Kabachnik-Fields
reaction’’ Tajbakhstet al. showed thai-aminophosphonate$17 could be
generated from the reaction of aldehydes, amindgranethyl phosphite in the

presence of Amberlyst-15 (Scheme 2.14).

o) Amberlyst-15 NHR?
JIU + RMNH; + P(OMe); P
R™ "H CHZCN, 1t, 1 h R” “P(0O)(OMe),
83-96% 117
R = Alkyl, Aryl
R = Alkyl, Aryl

Scheme 2.14. Kabachnik-Fields reaction using Amberlyst-15.

Bases have also been used as activators for thieophdic addition of a
phosphite into an imine. For example, Klepatale deployed sodium hydride
in their synthesis di-Boc-1-aminoalkylphosphonates (Scheme 2%$5odium
hydride was used to induce elimination pftoluene sulfonic acid from
a-amidoalkylp-tolyl sulfones 118 to generateN-Boc imines 119 in situ.
Addition of in situ generated sodium diethyl phosphite afforded

N-Boc-1-aminoalkylphosphonat&&0 in good yields.

Bocw . NaH, H(O)P(OEY), | Boc~
)\ )I + NaP(O)(OEt),
R Ts THF, rt, 2 h R
118 119
68-93%
Boc <

NH

R” “P(O)(OEt),
120
R = H, Me, Et, "Pr, 'Pr, "Bu, 'Bu, Ph, 4-MeOCgH,

Scheme 2.15. Synthesis ofi-aminophosphonates under basic conditions.

46



Chapter 2

2.1.2 Asymmetric synthesis of a-aminophosphonates

As a-aminophosphonates contain an asymmetric carboimecthrere have been
many reports on developing asymmetric routes tselsystems. As such, the
development of enantiocontrolled routesitaminophosphonates has received a
great deal of attention. Several reviews on thigictchave recently been

published®® and some highlights are described herein.

Yageret al. used amines with a chiral directing group to telgtereochemistry
into a-aminophosphonates in a two step pro¢&5Reaction of an enantiopure
amine with an aldehyde generated chiral imi@d. Treatment ofl21 with
lithium diethyl phosphite was found to give the responding
a-aminophosphonatd?22 in moderate to good vyields with high levels of
diastereomeric excess. Hydrogenolysis of the clirakcting group afforded the
corresponding amino estel23 in good vyields and very high levels of
enantiomeric purity (Scheme 2.16). The stereocbraohieved in transition
state124 was proposed to derive from the methoxymethyl etmet nitrogen-
lone pair chelating the lithium ion, allowing foirected attack of the phosphite

anion into theRe face of the imine.
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_P(O)(OEY), |*

g~ N R LIPO)OED, P/Lj
= N
Ph &\

Ph s
H
121 124
36-90%
de = 76-98%

N _POICED,  HuPdOH: . _H_pioyoen,

§ 83-100% 5 S
ee =71-99% Ph R
123 122

R = Me, 'Pr, 'Bu, "Hex, ®°Hex, CH,°Hex,
CH,CH,SMe, CH,0BN, CH,CH,CO,'Bu, Ph

Scheme 2.16. Asymmetric synthesis af-aminophosphonates.

Davis and co-workers used sulfinimines in their nasetric synthesis of
quaternarya-aminophosphonaté8’ They demonstrated that the reaction of
enantiopure ketosulfinimine$25 with lithium diethyl phosphite afforded the
correspondingN-sulfinyl a-aminophosphonate$26 in good yields with high

levels of diastereomeric excess (Scheme 2.17).

0
o R! LiP(O)(OEt), S
5. PTolyl” ™ "NH g1
PTolyl” "> N” "R THF, -78°C, 3 h Pd
R™ ~P(O)(OEY),
71-97%
125 de = 64-95% 126

R ="Bu, ‘Bu, Ph, 4-MeCgH,, 4-MeOCgH,, 4-NO,CgH,
R! = Me, Et

Scheme 2.17. Asymmetric synthesis df-sulfinyl a-aminophosphonates.

As with the example of Yager, above, the asymmatdaction was believed to
have originated from chelation of the lithium cation this case, the cation was

chelated to the sulfinyl and phosphite oxygens isegen-membered twisted
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chair-like transition stat@27. For the major $,R) diastereomer pictured, the
bulky aryl andp-tolyl groups adopt energetically favourable eqguiatgositions

leading to the observed stereochemical outcomeef{Bel?.18).

r aF:
PTolyl
~, OEt o
O\\S/N- | S\
\\\ P /O\_/,P‘OEt —_— pTOIyI/ |>|H Rl
L R :
L R” “P(O)(OEY),
Rl
B 127 - Major (Ss,R) 126

Scheme 2.18. Rational for the stereocontrol bfsulfinyl a-aminophosphonates.

Petterseret al. demonstrated that good enantioselectivities cbeldbtained in
the nucleophilic attack on aldimines by diethyl gploite using an
organocatalytic approacf? Using cinchona alkaloid derivatii?8 as catalyst,
they were able to show that reaction betwieBoc imines119 with phosphite
104 proceeded td29 in good yields and high levels of enantioseleggiviould

be obtained (Scheme 2.19).

N 128 (10 mol%) NG
)J\ + H(O)P(OEY), /'\
R™ OH xylene, 200r20°C,2 - 7days R~ “P(O)(OEt),
119 104 50-83% 129
ee = 72-94%
R = Aryl
— BE:
=
=
N
HO N
@)
-
N P-OEt
~ OEt
N
128

Scheme 2.19. Stereocontrol using organocatalysis.
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It was proposed that the hydroxyl group and the figrogen-lone pair ofh28
activated the imine and phosphii@ hydrogen bonding as shown in transition
state130. This activation would arise in a stereoselecfiaghion due to the
donor and acceptor positions in the catalyst, givitrse to the observed

stereochemical outcome.

Katsuki and co-workers developed an optically act(salalen) complex31
for the enantioselective hydrophosphonylation afimaines!®® They showed
that 131 catalysed the reaction between aliphatic and aionaédimines107
and dimethyl phosphite to givE32 in very good yield with modest to high

levels of enantioselectivity (Scheme 2.20).

1 1
RSN H(O)P(OMe),, 131 (10 mol%) R,

R)J\H THF, =15 °C, 24 h R P(0)(OMe),

89-99% 132

107 ee = 31-95%

R = Alkyl, Aryl
R = Aryl

Bu (e 0] Bu

Scheme 2.20. Asymmetric Pudovik reaction with an organometatttalyst.
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Recently, Chengt al. developed a direct catalytic asymmetric three{oonent
Kabachnik-Fields reactioff* They found that chiral phosphonic ack83
catalysed the reaction between aryl substitutedhgides134, p-anisidine135
and di(3-pentyl)phosphite186) to 137 in good vyields and high dia- and
enantioselectivity (Scheme 2.21). Impressivelyytivere able to generate one
C—N bond, one C-P bond and two asymmetric centresdingle vessel from

achiral starting materials.

/O
NH, w
0 NH

133 (10 mol%)

Os~..O
R + + <o

H c 0
Rl Hex, 50 °C, 7 days RL O (0]
_0O 61-89%
dr = 3:2-28:1

134 135 136 er =51:49-97:3 137

R = Me, Et, 'Pr, °Pen, °Hex
R® = Aryl or 2-thienyl

Scheme 2.21. An asymmetric Kabachnik-Fields reaction.
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2.2 a-Aminophosphonates from Methyleneaziridines

2.2.1 Approach
This thesis is concerned with the development @f sgnthetic methods from
methyleneaziridines. Herein is described our dgualkent of a new

four-component synthesis @faminophosphonates from methyleneaziridines.

The most common approach waminophosphonates igia nucleophilic
addition of an alkyl phosphite into an imine. THere, it was envisioned that
the multi-component reaction of methyleneaziridii®sction 1.3.8) could be
adapted to generateaminophosphonates. Reaction of methyleneaziridines
with a Grignard reagent followed by an electroplsl&nown to lead to than
situ generation of ketimine95. Subsequent addition of a dialkyl phosphite
under Lewis acidic catalysis should lead to the mfatton of
a-aminophosphonatedl38 in a new sequential four-component reaction
(Scheme 2.22). By this process, two new C—-C boadsw C—-P bond and a
guaternary carbon centre would be generated in -pmte As the
multi-component chemistry of methyleneaziridinekn®wn to be tolerant to a
good range of functionality, it is expected that thpproach would hold true

value for rapid generation of a wide varietyueminophosphonates.
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S
8 Nu R\N@
/ \ Nu\/§
1 1
)
=
\
RHNRSP(O)(ORl)Z Lewis acid R\N
NU E H(O)P(ORY), NUQJ\/E
138 95

Scheme 2.22. Synthesisi-aminophosphonates from methyleneaziridines.

2.2.2 Initial model reactions

Before attempting to execute the sequence depiatexnye, we decided to
explore the hydrophosphonylation of preformed katem using simple
activators. Initially, it was decided to examineetlier Cdf, as described by
Kabachnik’® would be a suitable activator. To examine thisppeal, the
Pudovik reaction of an alkyl derived ketimine withethyl phosphite was
examined. N-Benzyl-4-heptanimin (139) was viewed as a suitable test
substrate. 4-Heptanond4Q) and benzylamine in toluene were heated under
reflux with azeotropic removal of water for 48 hiteéx work-up and purification

by distillation, iminel39 was isolated in good yield (Scheme 2.23).

0 BnNH, Bn.

N
/\)J\/\ Toluene, reflux, 48 h /\)J\/\
140 68% 139

Scheme 2.23. Synthesis oN-benzyl-4-heptanimine.

Under the reaction conditions described by Kabdgctthimine 139 (1 equiv.)
was dissolved in benzene and treated with, C8limol%) and diethyl phosphite

(1 equiv.). After heating at 48C for 1.5 h, a-aminophosphonatd41l was
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obtained in good vyield after work-up and purificati on silica gel.
Encouragingly, repeating the reaction in tetrahfiuthan to test the compatibility
of this reaction with the solvent needed for the RIgelded141 in comparable

yield (Scheme 2.24).

Bn
|
B Cdly, HO)P(OEY),  HN_ _P(O)(OEt),
CeHeg: 83%
139 THF: 84% 141

Scheme 2.24. Synthesis of an-aminophosphonate from a preformed ketimine.

As copper (I) iodide would be present in a MCR inirig the ring-opening of
methyleneaziridines, we decided to ascertain © tietal salt could be used
instead of cadmium iodide. To this end, imihg9 was treated with diethyl
phosphite and copper iodide (5 mol%) in tetrahydiraxi under the conditions
described above. However, after work-up and puiiocn, 141 was isolated in a

somewhat reduced yield (Scheme 2.25).

Bn
|
Bn\N Cul, HOO)P(OEt);,  HN P(O)(OEY),
/\)J\/\ THF, 45°C, 1.5 h
42%
139 141

Scheme 2.24. Cul in the synthesis of anaminophosphonate.

Next, we sought to establish whether the Pudovikdittons identified above
could be used in a MCR involving methyleneaziriding preparation for the
MCR studies, methyleneaziridind9,*® 50° and 142° were synthesised in two
steps from the parent amine according to standarcepure$. Amines143-145

were alkylated with 2,3-dibromopropene in tetraloydran in the presence of
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K>CO; to generate the corresponding vinyl bromidd$-148. Ring-closure
with sodium amide, generateasitu from sodium and ammonia in the presence

of Fe(NQ)3-9H,0, in liquid ammonia gave methyleneaziridiri®s 50 and 142

in good overall yields (Scheme 2.26).

H,C=C(Br)CH,Br, K,CO4 Br NaNH,, NH; () R
R-NH, § N
THF, 1t, 18 h R ~780r-33°C, Lor3h X
143: R = S-CH(Me)Ph 146: 91% (lit. 100%8) 19: 91% (lit. 91%18)
144: R =Bn 147: 99% (lit. 98%8) 50: 68% (lit. 78%8)
145: R = °Hex 148: 70% (lit. 86%°) 142: 63% (lit. 76%%0)

Scheme 2.26. Synthesis oN-functionalised methyleneaziridines.

Thus, 1-benzyl-2-methyleneaziridind0f (1 equiv.) was ring-opened with
ethylmagnesium chloride (3 equiv.) and Cul (20 mpifatetrahydrofuran. The
mixture was then cooled to T and treated with benzyl bromide (1.5 equiv.)
and heated to 4% with stirring for 3 h. The resulting mixture wasated with
Cdl (5 mol%) and diethyl phosphite (1 equiv.) andrstirfor 1.5 h at 45C.
Pleasingly, after work-up and purification on sligel, a-aminophosphonate
149a was isolated in 58% vyield (Scheme 2.27). Thisahiinding showed that
a-aminophosphonates could be generated in a fourpcoamt process.
a-Aminophosphonaté49a displayed a distinctive signal at 30.6 ppm in e
NMR spectrum and a doublet at 59.7 in th€ NMR spectrum with
characteristic splitting of 135.7 Hz. These signa@ee indicative of a
phosphorous bonded to a quaternary carbon centreggare us confidence, in

conjunction with other data, in the structural gssient of the product.
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1) EtMgCl, Cul, THF, =30 °C - rt

2) BnBr, 0 — 45 °C Bn
E’l” 3) Cdl,, H(O)P(OEt),, 45 °C HN.__P(O)(OE),
A 58% ﬂ
Ph
50 149a

Scheme 2.27. Synthesis of an-aminophosphonate from a methyleneaziridine.

A further control reaction performed in the abseot€dhL producedl49a in
59% vyield. This finding suggests that the Cu and $dlys present in the MCR
are sufficient to promote the hydrophosphonylat&iep. In the®P NMR
spectrum of the crude product, an unexpected peakalserved at 26.6 ppm.
This extra peak suggested that a phosphine oxidgur@= 2.2) had been

generated from reaction of excess Grignard reagightdiethyl phosphité®

@
\/P\H

2

Figure 2.2. Postulated phosphine oxide.

As such, it was a concern that the presence ohanphosphorus nucleophile in
the reaction could take part in a competitive noghelic addition into the

ketimine species generated from the methyleneazdrid Thus, it was

investigated whether reducing the equivalents byletagnesium chloride and
increasing the equivalents of diethyl phosphite duave a bearing on the
reaction. Thus, methyleneaziridind0 (1 equiv.) was treated with
ethylmagnesium chloride (2.5 equiv.), Cul (20 mol#@)d benzyl bromide
(1.5 equiv.) under the conditions described. Aéddition of diethyl phosphite

(2.5 equiv.) the reaction mixture was stirred at°@5overnight. Gratifyingly,
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149a was isolated in an improved 65% vyield after wopk-and purification
(Scheme 2.28). Importantly, the excess phosphitthénreaction was readily
removed by washing the crude reaction mixture WwiB6 w/v agueous sodium
hydroxide prior to column chromatography.

1) EtMgCI, Cul, THF, -30 °C - rt

2) BnBr, 0 - 45°C Bn
E“ 3) H(O)P(OEt),, 45 °C HN.__P(O)(OE),
AN 65% ﬂ
Ph
40 149a

Scheme 2.28. Improved four-component synthesis ofeaminophosphonate.

2.2.3 Four-component synthesis of a-aminophosphonates

Having established conditions for the formationcedminophosphonatesi9a
from methyleneaziridine$0, a range of Grignard reagents and electrophiles
were examined in order to evaluate the scope anialions of the reaction.
These reactions were performed under the reacbadittons described above
(Scheme 2.29), and the results summarised in Table

1) R'MgCl, Cul, THF, -30°C - rt, 3 h

R 2) R?Br, 0 — 45°C, 3 h R
| 3) H(O)P(OEY),, 45 °C, 18 h HN P(O)(OEY),
S R R?
50 149a-k

142

Scheme 2.29. Multi-component synthesis efaminophosphonates.
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Entry Azridine R R* R? Product Yield
1 50 Bn Ef Bn 149a 65%
2 142 “Hex Ef Bn 149  57%
3 50 Bn Ef THPO(CH); 149c  60%
4 50 Bn Ef H,C=CHCH, 149d  61%
5 50 Bn Ef 4-MeOBn  14%  62%
6 50 Bn Ef HsCC=CCH, 149f  57%
7 50 Bn Ef 4-BrBn 149 52%
8 50 Bn 'PA Bn 14%h  63%
9 50 Bn Brf Bn 1491  62%
10 50 Bn ‘Hex’ Bn 149j 42%
11 50 Bn  H,C=CHCH? Bn 14%  61%

2 Grignard reagent in THF solutiohGrignard reagent in diethyl ether solution.
Table2.1.

Pleasingly, we were able to readily synthesisengeafa-aminophosphonates

in “one-pot” following a single general method. Thelds ranged from a

moderate 42% (Entry 10) to a very good 65% (EndyThe efficiency with

respect to each new bond formed is excellent, @Y %. It was gratifying to see

that this multi-component reaction was toleranatgood range of functionality

including ethers, alkenes, alkynes, aromatic raogs halides.

The use of cyclohexylmagnesium chloride gave a towield (Entry 10),

although this may be due to the fact that this Gaid reagent was in a diethyl

ether solution rather than tetrahydrofuran. Itnewkn that the multi-component
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chemistry of methyleneaziridines is very sensitioehe nature of the solvent

with tetrahydrofuran preferréd.

Cyclohexene oxide and iodomethane, which had puosijyobeen successfully
used in similar MCR&"?*® unfortunately met with failure in the above prazes
The use of iodomethane led to a complex mixturenséparable phosphonate
containing products as judged By and *’P NMR spectroscopy. The high
volatility of this reagent may account for the desbs observed in this MCR, as

it may have evaporated during heating af@s

When cyclohexanone was used in the reaction of ytesthaziridine50 with

ethylmagnesium chloride and diethyl phosphite unitier conditions above,
a-aminophosphonat&s0 was isolated in 52%. It is known that the hydragem
the a position of cyclohexanone are relatively acitfitas such it could be
imagined that protonation of enamine specl®d is occurring rather than

alkylation (Scheme 2.30).

E” EtMgCl Bn\N% H§O
% Et\/§/>
50 151
I|3n
HN._P(O)(OEY), _HOPOE):
oS Q\ @
Et H
150

Scheme 2.30. Reaction involving cyclohexanone.
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a-Aminophosphonatel50 was initially identified by a doublet at 1.32 ppm
(J = 16.4 Hz) integrating for 3 protons in the¢ NMR spectrum and an absence
of cyclohexane-type ring hydrogens in the isolgieztiuct. This CHwas found
not to couple to any other proton signal by COSYralation, leading us to
believe that the splitting observed derived fria>'P coupling. As such, it was
thought that this Cklwas bonded directly to the quaternary carbon eeMass

spectroscopyniVz = 314) gave us further confidence in the structdrs0.

2.2.4 Attempted asymmetric induction

Since asymmetric induction is possible in the sgsith ofa-aminophosphonates
(Section 2.1.2), we next decided to explore if ateyeocontrol could be exerted
over the quaternary carbon centre formed in our-fmmponent process. It was
envisioned that chiral methyleneaziridid® might be a suitable substrate to
induce such stereocontrol as some success hadréaised in earlier MCRs
using this substrat®.Initially, 19 (1 equiv.) was treated with ethylmagnesium
chloride (2.5 equiv.), Cul (20 mol%), benzyl bromifl.5 equiv.) and diethyl
phosphite (2.5 equiv.) to afford phosphondfs? in 54% (Scheme 2.31).
Unfortunately,152 was found to be a 1:1 mixture of diastereomelsidged by
'H NMR spectroscopy with two triplets for the termitCH; of the propyl chain
at 0.88 and 0.62 ppm.

1) EtMgCl, Cul, THF

on 2)BnBr Ph
g 3) H(O)P(OEN), HN__P(O)(OEY),
N
/\ 54%, dr = 1:1 ﬂ
Ph
19 152

Scheme 2.31. Attempted asymmetric induction with a chiral met#mgaziridine.
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Whilst disappointing, the lack of facial selectwin the synthesis 0152 was
not surprising due to the similar steric size & pnopyl and ethyl phenyl chains
around the newly formed quaternary carbon centid@s Dbservation is in
agreement with the report of Hayetsal. who demonstrated that little selectivity
was achieved in the synthesis of amit&8a from methyleneaziridinel9.>*
They proposed that this was due to little facidatvity in the reduction due to
the near equal steric size of the ethyl and prapyups. However, from
gem-dimethyl-methyleneaziridiné0 excellent levels of diastereocontrol could
be obtained in amin@53b due to the increased steric bulk of tieet-butyl

group compared to the propyl chain (Scheme 2.32).

Ph Ph Ph
\/ 1) EtMgCI, Cul, THF
N 2) Mel N NaBH(OAC)s NH
e
R R
R R R

19:R=H - - 153a: R = H, 63%, de = 0%
60: R = Me 153b: R = Me, 73%, de = 98%

Scheme 2.32. Seteric dependent diastereocontrol in a MCR fomanformation.

It was thought that the use of a substrate withiaant size difference in the
alkyl chains off the ketimine might allow for battgereocontrol. Thus, a stock
sample of chiral gemdimethyl-methyleneaziridir?éb 60 was reacted with
ethylmagnesium chloride (2.5 equiv.), Cul (20 mql%yomethane (2 equiv.)
and diethyl phosphite (2.5 equiv.). However, noné tbhe expected
a-aminophosphonat&54 was observed. Instead imifile155 was detected as
the major product bjH and™*C NMR spectroscopy (Scheme 2.33). The lack of
any signal in thé'P NMR spectrum and a signal of 175.1 in tf@ spectrum

led us to believe that iming55 and nota-aminophosphonaté54 had been
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formed in this reaction. Unfortunately, attemptadtifocation of 155, for full
characterisation, on silica gel led to decompasitbthe product.
1) EtMgCl, Cul, THF

Ph 2) Mel Ph Ph
\N( 3) H(O)P(OEY), %N :I\'l/ P(O)(OEt),

O ias

not
60 155 154

Scheme 2.33. Undesired imine formation.

In contrast to earlier successful hydride reduct{@cheme 2.32), the large
diethyl phosphite nucleophile was too large tockttsterically hindered imine
155. As such no Pudovik type reaction occurred betwbencomponents and

only imine155 was observed after work-up.

It was considered that addition of a chiral phosphs nucleophile into the
ketimine intermediate might impart stereocontroéiothe reaction. To test this
idea, methyleneaziridine50 was treated with ethylmagnesium chloride
(2.5 equiv.), Cul (20 mol%), benzyl bromide (1.5urQ) and freshly distilled
racemic ethyl phenylphosphinai2.5 equiv.). Phosphonaié6 was isolated in
64% vyield, howeverl56 was judged to be a 1:1 mixture of diastereomers as

judged by'H and®'P NMR spectroscopy (Scheme 2.34).

1) EtMgCl, Cul, THF

2) BnBr Bn
Bn  3) HO)P(OEt)(Ph) HN.__P(O)(OEt)(Ph)
5N§ 64%, dr = 1:1
Ph
50 156

Scheme 2.34. Attempted stereocontrol with a racemic hydrophosyho
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2.2.5 Four-component synthesis of a heter ocyclic a-aminophosphonate

It is known that piperidine based systems are addes from the
multi-component  chemistry of methyleneaziridines  bydeploying
1,3-diiodopropane as the electrophii8® As such it was considered that
piperidine derivedi-aminophosphonates could be accessed in a simdanen.
Initially, 50 (1 equiv.) was ring-opened with ethylmagnesium cd&®
(2.5 equiv.), Cul (20 mol%) in tetrahydrofuran. Tinéture was then cooled to
0 °C and treated with 1,3-diiodopropane (2.5 equind aeated to 45C with
stirring for 3 h. The reaction mixture was treatetth diethyl phosphite
(2.5 equiv.) and stirred overnight at #&. However after work-up and
purification, piperidine produd57 was only isolated in a rather poor 10% vyield
(Scheme 2.35). Phosphond&d (Scheme 2.30) was also observed in the crude
reaction mixture, leading to the belief that alkya by with 1,3-diiodopropane

was not complete in the 3 h reaction time.

1) EtMgCl, Cul, THF
Bn 2) ICH,CH,CHbl /\/(\/\I
AL Sy
Bn
50

Q
(EtO)ZP /\/Ej
N H(O)P(OEt),: 10% Ne
Bn Li(O)P(OEt),: 49% Bn

157 158

Scheme 2.35. Synthesis of a piperidine deriveeaminophosphonate.

Cyclic iminium ion158 is believed to be a key intermediate in the sygithef
piperidine derivatives by this route. It was thougthat an anionic

hydrophosphoryl component would be more suitabteattack on this iminium
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ion. A longer reaction time before the addition tfe hydrophosphoryl
nucleophile would also ensure complete alkylatign1k3-diiodopropane. To
this end, 50 was ring-opened with ethylmagnesium chloride, Qal
tetrahydrofuran. The mixture was then cooled to°® and treated with
1,3-diiodopropane and heated to %5 with stirring overnight. In a separate
flask, lithium diethyl phosphite was prepared adowgy to the procedure of
Yager'® Lithium diethyl phosphite was then added cannula to the reaction
vessel at room temperature. The reaction mixture twan heated to 4& and
stirred overnight. Upon cooling to room temperatuaad after work-up and
purification cyclica-aminophosphonat&57 was isolated in a much improved

49% yield.

In their multi-component synthesis o¥){coniine, Hayeset al. showed that
hydride could be added into iminium species such58dn a diastereoselective
fashion by employment of a chiral auxiliaRinspired by this report, we sought
to examine if diastereocontrol could be realisedh@ synthesis of piperidine
derived a-aminophosphonates. Chiral methyleneaziridi®ewas reacted with
ethylmagnesium chloride, Cul, 1,3-diiodopropane Biilim diethyl phosphite
in tetrahydrofuran under the conditions describedva. Disappointingly, none
of the expected-aminophosphonatts9 was detected b{H NMR, *'P NMR or
mass spectroscog$cheme 2.36).
1) EtMgCl, Cul, THF
ph  2) ICH,CH,CH,l
N 3)Lo)P©EY, O\ ~
N P(O)(OEt),
> Ph

19 159

Scheme 2.36. Failed selective synthesis of a heterocyetl@minophosphonate.
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The failure of this reaction can be rationalised dnalysis of the reaction
pathway presented by Hay&sThey assumed that the iminium catid60

would adopt a twisted conformation where the allyli3-strain is minimised,
allowing for hydride addition to the least hindeReiface (Scheme 2.37). The
presence of the extra methyl group on the chirailiawy increases the steric
bulk around iminium catiorl60 compared to iminium catiod58. Diethyl

phosphite anion is a much larger nucleophile thgdrile and the extra steric
bulk around iminiuni58 would crowd out this large phosphite anion leadng

failure of the reaction.

@ ©
N=— pp |  Nu=P(O)(OEY),
ey} \/|->< 157
S H
Nu
158

(S)-coniine

"Pr

e
Nu

5 @ o
_ Ay Nu = P(O)(OE
Nu = H éj\*\g{h u = P(O)( t)ZX’ -

160

Scheme 2.37. Comparison of cation reactivity.

2.2.6 Deprotection to e-aminophosphonic acids

As stated earlier (Section 2.1) the most commorteréo o-aminophosphonic
acids isvia chemical manipulation of the correspondimgminophosphonates.
Having demonstrated a general four-component sgigthe of
a-aminophosphonates, it was expected thatinophosphonic acids could be
readily accessed from these materials, especialiiye case 0149a and149c-k

bearing arN-benzyl group.
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Initially, hydrolysis of the phosphonate ester vadempted using TMSBr and
propylene oxide under the conditions describedamyongst others, Hubeet
al.'®® g-Aminophosphonat&49a was dissolved in dichloromethane, treated with
excess TMSBr and stirred at room temperature. Afterh, the solvent was
removedin vacuo and the residue redissolved in methanol. Diethiyereand
excess propylene oxide were added and the mixtinedsfor 1 h at room
temperature. The solvent was removed vacuo and the crude material
examined by'H, *C and *)P NMR spectroscopy’H NMR spectroscopy
indicated the loss of the two ethyl chains, howetlee characteristic benzylic
signal was also abseniC NMR spectroscopy indicated the lost of the twykt
chains, although surprisingly the characteristic atgthary carbon at
approximately 60 ppm was absent and a new signal@tppm was detected,
indicating carbonyl formation. Further, no phospihus signal was detected by
3P NMR spectroscopy. Purification of the crude miatesn silica gel yielded

ketoné® 161 as the product of this reaction in effectively utadive yield

(Scheme 2.38). Phosphonic a&&? was completely undetected.

Bn
|
HN P(O)(OEt), 1) TMSBr, CH,Cl, (O)(OH)Z
Ph Ph
149a 99% 162

Scheme 2.38. Unexpected ketone formation.

We postulated that this observation arose fronvattin of the phosphite group
by TMS followed by E2 eliminationia the removal of the amine hydrogen by
the bromide anion. Resultant imidé3 would be readily hydrolysed to ketone

161 by hydrolysis with hydrogen bromide (Scheme 2.39).
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© ®
™S
Bn Q Br ) Bn (9/
FJN){EOEOZ TMSBr _N._C>P(OE1),
_TMSBr _ LN
Ph hPh
149a - -
o) Bn\N
Ph Ph
161 163

Scheme 2.38. Postulated rationalisation of ketone formation.

It was believed that thBl-benzyl group could be readily removed by catalytic
hydrogenation. Phosphonat&l9a was dissolved in methanol, water and
aqueous hydrogen chloride, subjected to a hydraty@osphere in the presence
of palladium on activated carbon and stirred atnraemperature overnight.
After filtration and purification on silica gel ithe presence of triethylamine,
amino esterl64 was isolated in essentially quantitative yield (&oe 2.40).
Phosphonatd64 was easily identified by the loss of the benzgiignals and

reduction in the integrals of the aromatic sigruithe'H NMR spectra.

Bn H,N__P(O)(OEY),

HN.__ P(O)(OEt), H,, Pd/C 2
ﬂ MeOH, H,0, HCI, 1t, 18 h
Ph

Ph 99%
149a 164

Scheme 2.40. Benzyl removalia hydrogenation.

After some optimisation, an effective protocol vekesreloped for hydrolysis of

phosphonatd64 using the procedure reported by Davis and co-werké A
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solution of164 in concentrated aqueous hydrogen chloride wastdatreflux
overnight. After cooling to room temperature andhogal of the solventn
vacuo the residue was redissolved in ethanol, treateth wicess propylene
oxide and stirred at room temperature for 8-Aminophosphonic acid65 was
then collected as a white solid in 91% yield (Scheéhl). Phosphonic acié$5
was readily identified by'H and *)P NMR spectroscopy, along with IR
spectroscopy'H NMR spectroscopy revealed the loss of the twylethains
from the phosphonate estef'P NMR spectroscopy revealed that the
phosphorous signal had moved up field from 31.1 ppr7.1 ppm, indicative
of a phosphonic acid. Infrared spectroscopy rewedlands at 2872 and

1525 cm* which were assigned to the unmasked phosphordcnagiety.

HN PO)(OED, 1) conc. HCI, reflux, 18 h HoN PO)CH),
Bh 2) O , EtOH, rt, 3 h Bh
164 > 165

91%

Scheme 2.41. Synthesis of an-aminophosphonic acid.

Due to time constrains, the deprotection sequentbned above was only

conducted with phosphonaid9a. However, it is believed that this sequence

would be readily applicable tbaminophosphonatel9c-k and157.
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2.3 Alternative M CR to a-aminophosphonates from nitriles

Recently, Montagnet al. demonstrated that hydantoins could be synthesmsed
a modified Bucherer-Bergs reaction from nitrifé$They showed that reaction
between a nitrile and an organometallic reageneggas ketimine intermediate
166 which can be subjecteth situ to a Bucherer-Bergs reaction to give

hydantoinl67 (Scheme 2.42).

0
P> N R-M NM KCN, (NH,),CO4 HN
R R™ “R! 45-92% o) NH
R™ "R!
166 167
R = Alkyl, Aryl
R® = Alkyl, Aryl
M = Li, MgX

Scheme 2.42. A modified Bucherer-Bergs reaction.

We reasoned thai-aminophosphonates could be generated in an anaogo
fashion from nitrilesvia a modified Pudovik reaction (Scheme 2.43). This
chemistry would be complementary to that descriflealve, allowing access to

aryl substitutedi-aminophosphonates.

H(O)P(OEY), H,N_  P(O)(OEt)
------------- > 2R><R1 ?

Scheme 2.43. Proposed synthesis @faminophosphonates from nitriles.

To test these ideag)-butyl lithium (1.2 equiv.) was cooled to @C in
tetrahydrofuran then reacted witkhexane nitrile 168) (1 equiv.). The reaction
mixture was stirred at 6C for 30 min then cadmium iodide (10 mol%) and
diethyl phosphite (1.2 equiv.) were added. The omxtwas rapidly heated to

75 °C in a pre-heated oil bath and stirred overnighpom cooling to room
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temperature and after work-up and purificatiaraminophosphonat&69 was
isolated in an encouraging 37% vyield (Scheme 2 A4urther control reaction
performed in the absence of GHiled to yield any ofl69.

1) "BuLi, THF, 0 °C
N 2) Cdly, H(O)P(OEY),, 75 °C mz

//A\V/A\v/éa
37%

168 169

Scheme 2.44. Synthesis of an-aminophosphonate from a nitrile.

The analogous reaction with a Grignard organometakagent was also
attempted. A solution ofi-hexane nitrile 168) in tetrahydrofuran was reacted
with ethylmagnesium chloride (1.2 equiv.) in thesence of copper (I) iodide

(5 mol%). The mixture was rapidly heated t0°Z5in a pre-heated oil bath and
stirred overnight. Upon cooling to room temperatdiiethyl phosphite was
added and the mixture heated at°@5overnight. However, upon cooling to
room temperature and after work-up, none-@minophosphonat&70 could be
detected by'H, %P NMR or mass spectroscopy (Scheme 2.45). A repeat

reaction in the presence of cadmium iodide (10 mol¥as equally

unsuccessful.
1) EtMgCl, Cul, THF
2) H(O)P(OEY) H,N_ P(O)(OEt
/\MN 2 } E M)( )2
168 170

Scheme 2.45. Unsuccessful use of a Grignard reagent.
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2.4 Conclusion

In summary, a new sequential four-component matdlifeidovik reaction has
been developed for the synthesis ofi-aminophosphonates from
methyleneaziridines. Reaction between a methylenda®z, a Grignard

reagent, an electrophile and a dialkyl phosphiterdé the corresponding
a-aminophosphonate in good yield with high chemeféitiency per new bond

formed. It has been demonstrated that this reactaderates a range of
functionality and variation in all four componeri&cheme 2.29 and Table 2.1).

This work has recently been published.

The scope of this reaction was further broadenedtdyapplication to the

synthesis of a heterocyclicaminophosphonate (Scheme 2.35).

Unfortunately, all attempts to induce diastereoauninto the newly formed
guaternary carbon centre were unsuccessful. In #thesis of
a-aminophosphonates derived from acyclic ketimines stereocontrol was
observed when using either chiral methyleneaziedt®® or a racemic
phosphorous based nucleophile (Schemes 2.31 ad]. Zailure to induce
stereocontrol in the synthesis of heterocyaliaminophosphonates can be
rationalised in terms of the steric size of theomang phosphorous nucleophile

(Scheme 2.37).

An a-aminophosphonate formed in the 4-CRs was sucdBssteprotected in
two steps to the correspondirgaminophosphonic acid (Schemes 2.40 and

2.41). Thanks to the high yields for this two stigprotection, a wide range of
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a-aminophosphonic acids could conceivably be formedkly and efficiently

from methyleneaziridines in three operations.

Finally, a simple three-component synthesis cedAminophosphonates from
nitriles has been discovered (Scheme 2.44). Althoogly proceeding in
moderate yields, this process merits further og@tion, a realistic objective in
view of the wide range of published conditions faucleophilic attack of
phosphites onto imines. This MCR would be comple@amnto our approach
based on methyleneaziridines. This chemistry shalltdv for the synthesis of
aryl and alkyl substituted-aminophosphonates. As such, further research into

this methodology may be warranted.
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3.1 Introduction to Imino-Diels-Alder Reactions

The imino Diels-Alder reaction is a common method the construction of
functionalised heterocyclic ring$? High levels of regio*!® diastered=* and

enantio-selectivit}*>*'® can be achieved. There are essentially threereliffe
types of imino Diels-Alder reaction as depictedSoheme 3.1. These involve
reaction of an imine with an electron-rich dienetfp 1), and reaction of

dienophiles with 1-azadien&s(path 2), or 2-azadienes (path'3).

ﬁ path 1 @
é —_—

HN N
H
= || path 2 @
\ —_—_—
NH N
H
l X path 3 O
N SN

Scheme 3.1. Imino Diels-Alder reactions.

Of particular interest to us was the imino Dielsd@&d reaction of imined409

acting as the dienophiles (path 1) towards eleeatidn dienes such as
Danishefsky’s dieng® (171) to give 2,3-dihydro-4-pyridone&r2 (Scheme 3.2).
We anticipated that such systems could be consttutly a novel 4-CR

(see Section 1.3.8).

o)
OMe
RZ
N
) N - @R
R™ "R! g N
- ‘O |I22
109 171 172

Scheme 3.2. Synthesis of 2,3-dihydro-4-pyridones.
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2,3-Dihydro-4-pyridones have been used widely ia flynthesis of alkaloids
and other biologically active compounds and arealale intermediatean route

to many compound class¥8.

For example, Cominset al. synthesised polyhydroxy piperidine alkaloid
(-)-deoxynojirimycin (73) via chiral pyridone174.*** Cbz protection ofl74,
followed by stereoselective acetoxylation provided
trans-3-acetoxy-2,3-dihydropyridon&75. Ester hydrolysis ofl75 followed by
regio- and stereoselective reduction gave dihydrtetyahydropyridinel76.
Subsequent dihydroxylation followed by deprotectiafiorded enantiopure
(-)-deoxynojirimycin (73) in 26% overall yield in seven steps frof74

(Scheme 3.3).

1) "BuLi o
0o 2) CbzCl
Ejj 3) Pb(OAC), ACO\EJ]
Bno\\\“ N 7% Bno\\\\‘ 'I\l
H Chz
174 175
1) HCI, EtOH
2) (Me),NBH(OAc), | 2%
OH 1) 0sO,4, NMO oH
HO\('j,OH 2) Pd(OH),, H,, HCI HOU
HO\\\“ N 55% Bno\\\\‘ 'I\I
H Chz
173 176

Scheme 3.3. Synthesis of (-)-deoxynojirimycin from a chiralmone.

As a prelude to our work, a brief overview of thenthesis of

2,3-dihydro-4-pyridonesia imino Diels-Alder reactions is presented.
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Much of the research into the imino Diels-Alderatsan has focused on the use
of Lewis acid activators. A number of metal trilathave been successfully
deployed in the reaction of imink/7 with Danishefsky's dienel{1) to give
pyridone 178 (Scheme 3.4). Examples include In(QFfY Yb(OTf); and

Sc(OTfs**3 under various reaction conditions.

0]
OMe
Ph\N Lewis acid
NN |
Ph si. CH3CN, =20 °C or rt N~ >Ph
o 93-99% Bh
177 171 178

Scheme 3.4. Lewis acid catalysed imino Diels-Alder reactions.

Akiyamaet al. have shown that Bronsted acids can also be usacdtiaators in
imino Diels-Alder reaction?* Tetrafluoroboric acid was shown to catalyse the
cycloaddition of iminesl07 with diene 171 in good yields in methanol to

pyridonesl79 (Scheme 3.5).

o
1 OMe
RSN HBF,
J N |
R™H s MeOH, -40 °C, 30 min N" R
© 75-98% RL
107 171 179

R = Ph, 4'MEOC6H4
R! = Ph, 4-NO,CgH,, 4-MeCgH,, PhCH=CH, Hex

Scheme 3.5. Tetrafluoroboric acid catalysed imino Diels-Aldeactions.

Stereoselectivity in the imino Diels-Alder reactioan be achieved in a number

of ways. Badorreyet al. showed that stereo-induction can arise from using

imines derived from chiral aldehyd&S. For example, pyridonel80 was
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isolated in good yield and selectivity from theatsan of N-benzyl iminel81

with Danishefsky’s dienel{l) in the presence of Zn(Scheme 3.6).

Bn. OMe
N Zn|2
BnO/\)J\H * | 7
6Bn >Si\ CH;CN \ OBn
(@] 88%, 90% de Bn OBn
181 171 180

Scheme 3.6. Example of the use of imines derived from chirdielydes.

Imines derived from chiral amines have also beemwsh to impart
stereoselectivity under Lewis acid cataly$fs'?’ In particular iminesderived
from aldehydes and-phenylethylamine were shown to give pyridonesighh
selectivities, although in only moderate yields.v&al Lewis acids were
screened, including BRELO, TiClL(i-OPr), B(OPh} and ZnC}, with the latter
reagent giving the best results in terms of selggtand yield. For example,
reaction of iminel82 with Danishefsky’s dienel{l) in the presence of Zng£l

was shown to give pyridor83 in good yield and selectivity (Scheme3'#.

O

J\ OMe
ZnClz
by J 0
)J\ > l, N
e

CH,Cl,, -78°C  Ph
75%, 92% de
182 171 183

Ph
Scheme 3.7. Example of the use of imines derived from chiralraes.

Chiral Lewis acids have also been used to indudectsdaty in imino

Diels-Alder reactiond?***°Kobayashiet al. showed that chiral Lewis acid4

imparted good enantioselectivities in the reactimin aldimines 185 with

77



Chapter 3

Danishefsky-type dienesl86 to give pyridones 187 in good Yyields

(Scheme 3.8)**

o)
Rl
OH OMe
- 184 (5 mol%) ]
N + N~ 'R

|
)J\ >S|\ CGHG! rt HO
R™ "H o 61-93%
83-94% ee
185 186 187
R =CHex, Ph, 4-MeCgH,, Napth, 2-thiophene
R'=H, Me

Scheme 3.8. Use of a chiral Lewis acid in an imino Diels-Alderction.

Of concern to us at the outset of this study, tlagmeear to be few examples of
imino Diels-Alder reactions yielding pyridones frommines derived from

ketones.

Huanget al. have reported that unactivated imines derived foyelic ketones
undergo cycloaddition with Danishefsky’s dienelie presence of Zn(OEf}*?
Reaction of cyclohexanoneE38 with amines and diend71 produced the
corresponding spiro-adduct$89 in poor to good vyields. With 3- and
4-substituted cyclohexanones, a single stereoisarasrmproduced. The reaction

was very sensitive to steric effects. Smibubstituents (R = Me ar-Bu) gave
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good vyields, however with larger groups (R = Bntet-Bu), only moderate
yields were obtained at best (Scheme 3.9). Moreawereaction was observed

with 2-substituted ketones.

o @)
Zn(OTf),, R-NH,, 171 |
Rl CH2C|2, rt, 18 h I}l )
R2 7-84% RoT R
R
188 189
R = Me, "Bu, Bu, Bn
Rl =H, Me
R?=H, 'Bu

R! = R? = -OCH,CH,0-

Scheme 3.9. Synthesis of pyridones from cyclohexanones.

3.2 Pyridone Synthesis Attempt via Methyleneaziridine MCRs

Since it has been shown that pyridones can be setefom the imino

32t was thought

Diels-Alder reaction of ketimines with an electroch diene’
that these systems could be reached from methyeitkaes 1 via a one-pot
process. The ketimin®85 produced in a typical MCR might be expected to
undergo cycloaddition with electron rich dienes emtewis acid catalysis to
give a variety of pyridone based systed®#) (Scheme 3.10). Clearly, the

sensitivity of these reactions to steric effects whsome concern but we were

optimistic that suitable conditions for the iminoe3-Alder reaction could be

found.
R O
| 1) Nu@ N cycloaddition | E
NG e
2)E Nu E \
R Nu
1 95 190

Scheme 3.10. Proposed approach to pyridongs an imino Diels-Alder MCR.
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Many of the reports of imino Diels-Alder reactioemploy Danishefsky’s diene
(171) and so this material was selected for our studibs diene can be readily
made using published method&*3***Thus, treatment ofrans-4-methoxy-
but-3-en-2-one 91 with lithium bromide and chlorotrimethylsilane folled by
triethylamine gave dien&71 in 61% yield after careful work-up and distillatio
(Scheme 3.11).

. OMe
(@) TMSCI, LiBr, Et3N
/\)J\ | ~
MeO™ ~X THF, =15 -, 40°C, 26 h Na:

Si
61% (lit. 74%*3%)

-0
191 171

Scheme 3.11. Synthesis of Danishefsky’s diene.

To develop a methyleneaziridine based MCR appraagbyridones, the first
challenge was to explore if an imino Diels-Aldeacgon could be effected in
tetrahydrofuran. To this end, zinc triflate catagsreaction of cyclohexanone
derived imines with dien&71 was repeated according to Huang's metffoich
tetrahydrofuran (Scheme 3.12). Cyclohexanoi@?)( in tetrahydrofuran was
treated with Zn(OT%) (0.5 equiv.), methylamine (4 equiv.) and Danishgfsk
diene @71) (2 equiv.) and stirred abom temperature overnight. Gratifyingly,
after work-up and purification]93 was isolated in comparable yield to that

reported in dichloromethane (649%5.

o)
o)
Zn(OTf),, MeNH,, 171
THF, rt, 18 h | N
0 |
62% Ve
192 193

Scheme 3.12. Solvent compatibility test reaction.
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In agreement with Huang? it was observed that reaction of cyclohexanone
(192) with more hindered (z)-1-phenylethylamine undemparableconditions
gave none of the expected pyridone. Rather, cotgdganamin€® 194 was
isolated as the major product (Scheme 3.13). Tksult suggested that
methyleneaziridines bearing no branching atdkemarbon would be needed to

realise the proposed new MCR (Scheme 3.11).

O
Zn(OTf),, Ph(Me)CHNH,, 171 HN
=
THF, rt, 18 h
63%
192 194

Scheme 3.13. ProbingN-substituent size.

Next, we sought to establish if acyclic ketiminesild be used in this imino
Diels-Alder reaction. Such materials were expecttdm our MCR
methodology. To this end, 4-heptanonki) was reacted with Zn(OTA)
methylamine and71 under the conditions described previously. Howgrene
of the desired pyridon&95 was detected byH NMR or mass spectroscopy

(Scheme 3.14).

(@]
e} Zn(OTf),, CH3NH,, 171
THF, rt, 18 h ‘ ‘ I}l
Me
140 195

Scheme 3.14. Unsuccessful use of 4-heptanone.

Using 2-heptanonel6) under the same conditions, pyridat# was isolated

in a modest 29% yield (Scheme 3.15).
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(0]
0 Zn(OTf),, CH3NH,, 171
)J\/\/\ THF, rt, 18 h | N
0, |
29% Me
196 197

Scheme 3.15. Synthesis of a pyridone from 2-heptanone.

The low yields of the above reactions may be duthéoreduced reactivity of
these ketones compared to cyclohexanone in imimadion, or alternatively
due to a lack of reactivity of the imine itself. Tifferentiate between these
possibilities, we decided to explore the use ofrefggmed imine in these

reactions.

To this end, ketimind39 (made from 4-heptanone and benzylamine, Scheme
2.23) was dissolved in tetrahydrofuran and reaetgd Zn(OTf), (0.5 equiv.)

and Danishefsky’'s dienel{l) (2 equiv.) at room temperature. Unfortunately,
after work-up none of the desired pyridot®8 was detected bjH NMR or

mass spectroscopy (Scheme 3.16).

(@]
Bn. Zn(0Tf),, 171
N (OThH), < |
/\)J\/\ THF, rt, 18 h A N
|
Bn
139 198

Scheme 3.16. Attempted synthesis of pyridones form ketimines.

This finding suggests that acyclic ketimines atbeapoor substrates for imino
Diels-Alder reactions with electron-rich dienes.eTémall quantities of product

derived from 2-heptanone, cf. 4-heptanone, sugsfesic factors play a role.
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Using a model similar to that proposed by Huahdt is apparent that an
appreciable amount of steric clashing betweenNHeenzyl and then-propyl
chains is likely to arise (Figure 3.1). Less statiashing would be expected
using cyclohexanone derived imines as the substrnatauld be ‘tied back’.
Based on these observations, it appears unlikalyatyeneral route to pyridones
from ketimines could be realised using a methylemeine MCR.

n
TMSO—,_= \%Pr
7\ OPr

MeO W%.

!
!

(TfO),Zn

Figure 3.1. Steric clashing in the synthesis of pyridones fi@imines.

3.3 Conclusion

Experiments to ascertain if a MCR route to pyridovia an imino Diels-Alder
reaction from methyleneaziridines have met withlufai. Model studies
indicated that acyclic ketimines that would be ussdintermediates in these
reactions are poor substrates for imino Diels-Al@actions. Although the steric
clashing could be reduced with the use of siNadlubstituents (e.g. Me group),
this would lead td\-methyl pyridones of limited synthetic value. Ight of

these findings, this chemistry was not pursuedeéurrt
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4.1 Introduction

Methyleneaziridines have been shown to be usefidibg blocks for a range of
chemical transformations (Section 1.3). To datediss have been limited by
the fact that electron withdrawing substituents thie methyleneaziridine
nitrogen atom cannot be obtain@dThe presence of an electron withdrawing
group would lower the basicity of methyleneaziralimitrogen and increase the
polarisation of the C—N bond when compared to tiaal N-alkyl derivatives.

It could be envisioned that the changes in physictaperties would lead to
greater reactivity of these strained heterocydtes. example, compounto9
might allow: (i) dialkylation at the C-3 positiofii) ring-opening without Lewis
acid activation; and (iii) new palladium -catalysethemistry leading to
heterocycles and carbocychas n-allyl palladium intermediates (Scheme 4.1).
As such they would greatly increase the potentfamethyleneaziridines in

chemical synthesis.

1 EWG 1) SBuLi, R-X EWG N O\ EWG
R
N 2CBULLRIX SN Nu A
199
Pd(0)
@N,EWG
)\ heterocycles
AT — and carbocycles
| @
Pd

Scheme 4.1. Synthetic potential of electron withdrawihgsubstituents.
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Previously, Shipman and co-workers attempted teigga methyleneaziridines
featuring electron withdrawing\N-substituentsvia the ring closure of the
corresponding 2-bromoallylamines using standardhouslogy’® When the

ring-closure ofN-tosyl 200a and N-Boc 200b derivatives was attempted with
sodium amide (1.1 equiv.), starting amines wer@vered unchanged. Using
excess sodium amide (2.1 to 15 equiv.) led to cleanversion to the

corresponding acetylen@81 (Scheme 4.2).

e
NHR  NaNH, NHR R NR Na
; _— not N
Br NHz () || 2 o
200a: R =Ts 20la:R=Ts 203a:R=Ts 202a: R=Ts
200b: R = Boc 201b: R=Boc 203b: R=Boc | 202b: R = Boc

Scheme 4.2. Undesired generation of acetylenes.

The increased acidity of the NH within200 means that tlse
vinyl bromides would become irreversibly deprot@uhtto generate the
corresponding sodium anio262 rather than ring-close to methyleneaziridines
203. Further competitive E2 elimination accounts fdre tformation of
acetylenes which would be of lower nucleophilicttyan the corresponding
anions when R = alkyl. From these results, it carcbncluded that the use of
Pollard and Parcell’s methodology to methylenediigg is not suitable for the
direct synthesis of methyleneaziridines possessiectron-withdrawing groups

on nitrogen.

Recently, Shipman and Cariou explored an altereagpproach based upon a

Horner-Wadsworth-Emmon® type strategy’’ Aziridine 204 (made in three
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steps from the corresponding vinyl phosphonate)miineated with potassium
hydride and benzaldehyde yielded the corresponaietpyleneaziridin05 in

a modest yield as a single geometric isomer (ScheBje The structure of this
derivative has been confirmed by X-ray crystallpina Whilst these results are
encouraging, the length of this sequence, and ledgy led us to consider

alternate strategies.

Bus 1) KH ITD’US
Il\l 2) PhCHO N
Z—&\\ 21%
PO(Ph
(Ph), Bh
204 205

Scheme 4.3. Attempted synthesis of methyleneaziridinesa HWE protocol.

A new strategy to methyleneaziridines possesblrsgibstitution with electron
withdrawing groups was imagined in which 2-methgl@riridine 206) or its

isomer 2-methylazirine207) might beN-acylated or sulfonated (Scheme 4.4).

206 207 199

Scheme 4.4. Proposedn situ alkylation toN-substituted methyleneaziridines

Goumanset al., during their studies into thendo/exo preferences for double
bonds in three-membered rings, calculated usingsSan 98 that aziring07
would be more stable than methyleneazirid?® by 8.6 kcal mot.**® They
showed that the preference foexo- vs. endocyclic unsaturation in
three-membered heterocycles is dependant on therob&édm in the ring.

Relative ring-strain and the nature of the substituenabling tautomerisation
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were shown to be the two major factors that deteenwhether substituted

three-membered rings prefew- or endocyclic unsaturation.

Hassneret al. reported the synthesis of 2-methylazirir®®7) from o-halo
ketoximesvia oxazaphospholo€sd? They showed tha207 could be accessed in
four chemical steps from chloroacetd@& This ketone was converted d@ime
phosphonium sal208, which was cyclised to oxazaphospha®. Subsequent
pyrolysis was found to give azirir@d®7 (Scheme 4.5).

1) PPhs, reflux

0 2) NH,OHHCI NOH g
)J\/Pph
)J\/Cl 85% 3
36 208

EtsN J 95%

N reflux N\/ “PPhj
/ \
85% /
207 209

Scheme 4.5. Synthesis of 2-methylazirine.

2-Methylazirine R07) was reported to be unstable and underwent rapid
decomposition on standing at room temperature. Mae the length of this
route made it somewhat unattractive for the symshes methyleneaziridines

bearing electron-withdrawin§-substituents.
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4.2 Attempted in situ functionalisation to 2-methyleneaziridines

As an alternative, we considered generating\-functionalised
methyleneaziridinei situ from 2-methyleneaziridine206). It was thought that
206 could be accessed from the ring-closureNe2-bromoallyl)-amine Z10)

upon treatment with sodium amide in liquid ammqi&eheme 4.6).

Scheme 4.6. Proposedn situ alkylation of 2-methyleneaziridine.

In order to explore the approach outlined aboveas required to synthesise
vinyl bromide210. This was achieved according to the procedurédiscribed
by Bottini e a.**® Reaction of 2,3-dibromopropene21l with
hexamethylenetetraminander reflux led to quaternary ammonium szl
which was subjected to acid hydrolysis to g0 after distillation

(Scheme 4.7).

J\/ CeHioNg BrJ\@ HCI, H,0

Br N JJ\/NH

Br ( \\| Br 2
—IN

CHClg, reflux, 4 h EtOH, rt, 48 h
63% (lit. 72%49)

AN
211 212 210

Scheme 4.7. Synthesis oN-(2-bromoallyl)-amine.

Next, we investigated whether 2-methyleneaziridi2@) could be generated
from the ring-closure 0210. To this end210 was reacted with sodium amide in

liquid ammonia and the reaction quenched with deuteoxide so the products
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of the reaction could be observed directly by NMfecroscopy (Scheme 4.8).
It was thought thaR06 could be water soluble and would possess a lolingoi
point (ca. 2-methylazirine 42°C at 1 atm®®) making isolation potentially
difficult. The organic soluble extract was alsoabéed by partitioning between
D,O/CDCk. Through a series of experiments, the molar edgmia of NaNH,
the time and temperature of the reaction were darighe reactions were

followed by*H NMR spectroscopy and the results summarised T4 1.

NH,

XNHZ NaNH,
+ 214
Br M

210 213

Scheme 4.8. Attempted ring-closure dfl-(2-bromoallyl)-amine.

Product Ratio?

Na Time Temperature

Entry (equiv) (min) (°C) D20 CDCls

210 213 214 210 213 214
1 2.5 10 -33 1 - - - - -
2 2.5 60 -33 1 - - 2.6 1 -
3 2.5 60 —78 1 - - 19 1 0.1
4 2.5 120 -33 1 - - 4.1 1 -
5 2.5 360 -33 1 - - 3 1 -
6 3.5 60 -33 1 - - 1 - -
7 5 60 -33 1 - - 1.2 1 0.1
8 5 120 -33 - - - - 1 1.2
9 6 60 -33 - - - - 1 19

2 Product ratios calculateda *H NMR spectroscopy.
Table4.1
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At low molar quantites of sodium amide, only unsomed
N-(2-bromoallyl)-amine Z10) or acetylen&" 213 were observed (Entries 1, 2, 4
to 6). However, running the reaction at °Z3(Entry 3) a new produ@l4 was
observed in a low ratio compared to acetyl2h® Using a five-fold excess of
sodium amide for an hour, prod#4 was again observed (Entry 7). Increasing
the reaction time to two hours led to full consuimptof 210 with just213 and
214 detected byyH NMR spectroscopy (Entry 8). Using a six fold essef
sodium amide for one hour led again to full constiomp of 210 with the
product ratio favouring214 over 213 as judged by*H NMR spectroscopy

(Entry 9).

In order to determine the structure2if4, the possible products of the reaction
of N-(2-bromoallyl)-amine Z10) with sodium amide were considered. The
reaction (Scheme 4.8) was designed to lead toraitle¢hyleneaziridin06 or
azirine 204. However, comparison of the signals observedtbynd*C NMR
spectroscopy did not match those reported@ or for methyleneaziridingo,

(Table 4.2) and we can conclude that nei2@rnor 207 had been generated.
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Entry Compound Structure &y (CDCl3) oc (CDCly)
167.5 (C/CH),

3.99 (2H),
1 214 - 52.1 (C/CH),
2.00 (3H)
24.3 (CHICH)
2.50 (3H),
2 207 N 2
N 135 (2H}%
137.0 (C),
Bn 4.72 (2H),
3 50 N 83.5 (=CH),

X 2.06 (2Hf

30.6 (ring CH)°

160.2 (C),

Ny 3.35 (4H),
4 219 [ I 45.8 (CHy),
N 2.15 (6H}*?

24.0 (CH)™*?

213C NMR data for207 was not reportetf®
Table4.2

Alternatively, 206 or 207 may have been generated then reacted with the
ammonia or deuterium oxide used to quench the icgachzirines are well
known to undergo reactions with nucleophiles at highly electrophilicsp?
hybridised carbon to generate aziridin&sConsequently, aziridines formed in
this process could be susceptible to further ripgring reaction$** Hence,
2-methylazirine 207) could undergo nucleophilic addition with Midr D,O to
aziridine 215. Subsequent ring-opening would lead to the comedipng imine

216 or ketone. Ketone-like products were ruled out tiuthe absence of signals
around 200 ppm in thEC NMR spectra. It was thought that the observedadig

of 167.5 ppm was more indicative of an imine thaketone* It was also
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postulated that imine216 could be accessedvia ring-opening of
methyleneaziridin06 to enamine217 and subsequent tautomerisation. Imine
216 was also considered to be able to dimerise to foyalic diimine 218 via
loss of ammonia (Scheme 4.9). As such cyclic digffn219 (Table 4.2) was
considered to be a suitable reference structurdlfrAzirine tautomel20 was
also considered, however, this structure was censitnot to fit with the NMR
data obtained. Azirine products of ty®20 were also discounted as the

13C NMR spectrum does not appear to fit this typstofcture®

XNHZ NaNH, N [ N ]
Br
210 206 207
‘ NH3 or Dzo ‘
NH, H
» ’%
NH, (OD) NH; (OD)
217 215

NH
~N dimerisation HJ\
Na
NH, (OD)

218 216

A

220

Scheme 4.9. Postulated reaction pathways for imine formation.

Whilst structure16 and218 bear reasonable resemblanc@14, there are still
considerable discrepancies on comparing the obdefata to known analogues

(Table 4.2). As such, it is difficult to determitiee identity of214, although the
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presence of a peak at 167.5 ppm in tf@ NMR spectra seems to indicate an
imine-type system is present. Therefore, it is aemely concluded that
attempted ring-closure ™-(2-bromoallyl)-amine Z10) led to the generation of

either imine216 or cyclic diimine218 (Figure 4.1).

NH
N B
Na
NH»

216 218

Figure 4.1. Tentatively proposed imine products.

To try and confirm the product structure 244, vinyl bromide210 was again
subjected to ring-closure with sodium amide (6 equn liquid ammonia. After
one hour, the mixture was quenched with deuterivdeo and CDCG was
added.p-Toluenesulfonyl chloride (1.1 equiv.) and pyridiflel equiv.) were
added to the reaction mixture and stirred for 48ireo However, only
sulphonamid¥’ 201a and tosic acid could be identifiesia 'H NMR
spectroscopy in both the organic and aqueous pli@sheme 4.10).
NHz 1) NaNH,, NH; (1)
XBr 2) TsCl, py, D,O/CDCls, rt, 48 h M

210 20l1a

NHTs

Scheme 4.10. Attemptedin situ tosylation.

In a second experiment benzyl bromide was usedinAZE) was treated with
sodium amide (6 equiv.) in liguid ammonia. Aftereohour diethyl ether was
added and the ammonia left to evaporate. The oraotixture was re-dissolved

in THF and benzyl bromide (6 equiv.) added. Unfoately, no identifiable
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products could be deduceia 'H NMR or mass spectroscopy after aqueous

work-up.

4.3 Conclusion

Attempts to form methyleneaziridinega the in situ functionalisation of
2-methyleneaziridine have proven fruitless. Ringsare of
N-(2-bromoallyl)-amine Z10) led to acetylene213 and a second product
tentatively assigned to being either im#s or diimine 218. However, further

experiments to derivatise this product for iden&fion were unsuccessful.

Despite the failure of forming methyleneaziridineg this approach, further

work aimed at making derivatives bearing electraotingvawing groups is

merited.
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Synthesis of 1,1-Disubstituted

Tetrahydro-p-carbolines
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5.1 Introduction to Tetrahydro-p-carbolines

The tetrahydr@-carboline (THBC) nucleus is an important motif nmany
biologically active natural alkaloidd® Examples such as harmicirg21,'*°
fumitremorgin CG>° 222 and haploscleridamin® 223 (Figure 5.1) have been
shown to possess anti-leishmania, cytostatic armynea inhibitory activities
respectively. It is well understood that THBCs hau®ng neurological effects
within the mammalian brain, especially as a contipetibinder for dopamine
receptors>? Studies have also reported tirevitro andin vivo formation of

THBCs within brain and other tissue ceffé.

O
N
C\Z_\/QNJ MeO N N~ N\ NHN
N W N} o N

Harmicine Fumitremorgin C Haploscleridamine
221 222 223

< ; \; NH
N
H

Tetrahydro-B-carboline skeleton

Figure5.1. Selected-carboline containing natural products.

Consequently, THBCs are also important structunesrig discovery>* and

1155 which is

this heterocycle appears in approved drugs suclTaaalafi
prescribed in the treatment of male erectile dysion (Figure 5.2).
B-Carbolines have been found in many foods, andt een postulated that

they are important in the prevention of diseasesb@ated with oxidative

damagé®
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] /
oy

O]

\
N <
H

-

O

0]

Figure 5.2. Tadalafil.

5.2 Synthesis of Tetrahydro-p-carbolines

5.2.1 The Pictet-Spengler cyclisation

Due to their substantial biological activity andtural occurrence, THBCs are
important targets for chemical synthesis. The nomshmon approach to this
tricyclic core is by way of the Pictet-Spengleratan. This reaction has been
the subject of a number of revieWsand as such only highlights are discussed

herein.

The Pictet-Spengler cyclisation involves the comsa@¢on of an aldehyde or
ketone with ap-arylethylamine, typically under Bronsted or Lewaid

catalysis, to give an electrophilic iminium ion, iefn undergoes electrophilic
aromatic substitution. This reaction was first me@d in 1911 by Pictet and
Spengler in their synthesis of tetrahydroisoquimedi224 from phenethylamine

(225) and aldehydes under acidic conditions. (Schee'%'

RCHO, HCI
NH
NH,

R
225 224

Scheme 5.1. Pictet and Spengler’s synthesis of tetrahydroisuaiimes.
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In 1928, Tatsui adopted this methodology in thetfieported synthesis of
tetrahydroB-carboline226, from the acid catalysed condensation of tryptamin

(227a) and acetaldehyde (Scheme 5%).

MeCHO, H,SO
N N
H H

227a 226

Scheme 5.2. Tatsui’'s synthesis of tetrahydfeearbolines.

The precise mechanism of the synthesis of THBCsyktaiso be fully defined,
although it is widely accepted that it proceedsodigh a spiro-indolenine
intermediate 228,"®° which collapses to form the carboline (Scheme .5.3)
However, direct attack at C-2 of the indole by te&celectrophiles has been
reported® and the rearrangement fro@28 to 229 has been calculated to be

energetically unfavourabf&?

Scheme 5.3. Accepted mechanism of the Pictet-Spengler cyctigati

Bailey obtained evidence for thepiro-indolenine intermediate through

deuterium labelling studies (Scheme 5%)It was foundvia NMR and mass
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spectroscopy studies that reaction of indolic hguh@ 230 with isotopically
enriched formaldehyde gave a roughly equal mixadrg3l, 232, 233, and234.
This statistical mixing is consistent with an eduibm between a spiro
intermediate and reversible imine formation/hydsady The cyclisation to the
2,3-dimethyl-1,2,3,4-tetrahydro-3-apacarboline  was shown to be slow

compared with these processes.

NMe
NMe o NMe  p o \  NMe
\ NMe 2 \ NHMe 2
N N HD b
H H
231 230 232
“ CD,O or
Me
D
N. NMe
pwe (e o7 e
D N D,¢ @ \ NMe
N P H N
@H H
“ CH,O 233
Db Db 5P
NMe NMe CD,0O NMe
\ MNMe ~ S \ NHMe \ NMe
N~ H2C 2 N N D
H H H D
234

Scheme 5.4. Mechanistic study into the Pictet-Spengler cycisat

5.2.2 Stereocontrol in Pictet-Spengler cyclisations

In 1981, Ungemachet al. reported the stereospecific synthesis of
trans-1,3-disubstituted THBCE¥* N-Benzyltryptophan methyl este35) was
condensed with aldehydes in a stereospecific fasl@atalytic hydrogenation
of N-benzyl derivative236 gavetrans-B-carboline237 in good yields and high

selectivities (Scheme 5.5).
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®
CO,Me RCHO/H LO,Me
Q_S\( CeHe, reflux \
\\ HN \ N
N \\Ph 75-97% N \\Ph
H dr =100:0 H R
235 236
\\COZMe
H,, Pd/C, AcOH, EtOH \
\ NH
70-100%
N
H R
237

R = Et, CH(OE),, °Hex, 4-HOCgH,

Scheme 5.5. Ungemach’s synthesis tfans-1,3-disubstituted THBCs.

The stereochemical preference in this cyclisatioms wrationalised by
examination of the likely transition states. Whea 1- and 3-substituents lbes
there would be appreciable 1,3-interactions betwhenR and ester groups in
transition statecis-238. However, when the substituents adopt the lowgner
trans transition statetrans-238, the 1,3-interactions are greatly reduced, giving

rise to a faster rate of reaction (Scheme 5.6).

Q_ﬁﬁorcozm Q_ﬁX CoMe

C|s-238 trans—238

cis product trans product

Scheme 5.6. Rational for the selective formation inéns-236.

Further, Ungemach and co-workers considered whetttack of the iminium
occurred from C-2 or C-3 of the indole double boAttack through C-3 was
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postulated to proceed through spiroindolenine meshiate239. Attack of the
top face of the iminium double bond itrans-238 would result in
spiroindolenine239a with the substituents ecoming eclipsed and henogse m
crowded. Attack of the bottom face would procesd239b which would result

in far less steric crowding, favouring the formatiaf trans-236.

_ - - -
'|°h MeO,C  Ph
oo 1
R, N\ .CO,Me N
\//\Z //X 2 R
SN &N
H B H |

Bl 239a Bl 239b

Figure 5.3. Consideration of attack from C-3 of indole doubdand.

When considering direct electrophilic attack fron2 ©f the indole double bond
of the top face of the iminium double bondtians-238, Ungemach postulated
that carbocatior240a would result. This carbocation would feature equat
C-1 and C-3 substituents but also a disfavoureal &2 substituent. Moreover,
240a would suffer from unfavourable ‘& strain between the equatorial C-1
substituent and the indole NH. Carbocati#ib, resulting from attack of the
bottom face of the iminium double bond, would h#we N-2 substituent occupy
a favoured equatorial position. Further, an axidl €ubstituent would result in

reduced A? strain, thu40b would be the more stable cation intermediate.

£ o £
% rPh .
_ H- N
H e NN__co,me Y oMe
R ph
240a 240b

Figure 5.4. Consideration of attack from C-2 of indole doubbtmd.
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Bailey et al. also reported complete stereochemical contrdPigtet-Spengler
cyclisations to 1,3-disubstituted THB&S.For example, in the acid catalysed
condensation of tryptophan methyl est241) with benzaldehyde they showed
that solvent and temperature effects have a profoaffect on the
stereochemical course of the reaction. In benzederueflux, therans-isomer
of 242 is formed preferentially, whereas in dichloromethat 0 °C, the

cis-isomer is favoured (Scheme 5.7).

COZMG ® COZMe
PhCHO/H
\\  NH; W\ NH
N N
H H Ph
241 242

CgHg, 80 °C: 76%, cis:trans = 37:63
CH,Cl,, 0°C: 74%, cis:trans = 82:18

Scheme 5.7. Stereochemical control in the Pictet-Spengler egtion.

Bailey et al. have provided an explanation for these obsemslf8® At high
temperatures the reaction is reversible and a tsjgéference for therans
isomer is noted. However, at low temperatures ¢laetion can be considered to
be under kinetic control, with the C-1 and C-3 siibents adopting equatorial

orientations to minimise 1,3-diaxial interactions ithe transition state

(Figure 5.5).
; * T
2 CO,Me R
%W 57]3#\C02Me
. % H
cis trans

Figure5.5. Preference focis configuration under kinetic control.
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5.2.3 Intramolecular allylic alkylation

In 2005, Bandiniet al. reported the first enantioselective metallo-gestadl
synthesis of THBC238 and tetrahydra-carbolines (Scheme 5.8f This was
achieved by palladium-catalysed intramolecular liallalkylation of indolyl

carbonate@39 with DPPBA-based Trost'§’ ligand 240.

MeO,CO
2
R2 [Pd,(dba)s CHCI5] (5 mol%) R R Rt
R \ 245 (11 mol %)
Rl
Li,COs, CH,Cl,, 1t \} NBn
\ NBn N
N 45-95% N
H ee = 82-97%
244 R =H, Me, OMe, ClI, pyrrole 243
R!=H, Me
R2=H, Me

f \\\\l O Ph Ph e} r/’/ \ﬂ

N N ’
H H
PPh, Ph,P

245

Scheme 5.8. Bandini’'s metallo-catalysed synthesis of THBCs.

5.2.4 Synthesisof 1,1-disubstituted tetrahydro--carbolines

The Pictet-Spengler reaction works well with ald#ds and activated ketones
but is slow and low yielding with simple ketones the latter case, it is assumed
that steric and electronic factors slow the ratenohium ion formation, and
make it less reactive towards further cyclisatiés. such, the synthesis of
THBCs from tryptamines by this approach is gengrakfficient and examples
in the literature are sparse. For example, Hestaorted the synthesis of THBC
246 in a two step synthesis from tryptamirZ2{a) and acetone under acidic

conditions (Scheme 5.95% However, this process is rather inefficient.
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(7 oo (O Y roos (O
N H )\

64% 27% N
H H

227a 246

Scheme 5.9. Synthesis of 1,1-disubstituted THBCs with PQCI

The first significant advance came in 2003, whemigiahi et al. reported the
use of titanium (IV) isopropoxide as iminating agtr the generation of indole
functionalised ketimine®42.*® Further cyclisation promoted by TFA led to
simple 1,1-disubstituted THBCZI3 (Scheme 5.10).

RCOR!
N )LRl N
H R H

N 57-99%
H

247 248
R =Me, Ph
R! = Me, Et, Ph, CH,SPh
R =R =-(CHy)s-, -(CH,)s-
Scheme 5.10. Horiguchi’s synthesis of simple 1,1-disubstitutddBICs.

Very recently, Linganet al. showed that molecular iodine in ethanol can act as
an effective catalyst for the formation of 1,1-distituted THBCs248 from

simple, unactivated ketones (Scheme 5%).

1
N N

47-78% Rl
H H R
248
R = Alkyl, Aryl
R® = Alkyl, Aryl

Scheme 5.11. Lingam'’s conditions utilisingal
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5.3 Attempted 3-CR to 1,1-Disubstituted g-Carbolines

As one of the key intermediates in the synthesi$t#BCs is an imine, it was
imagined that methyleneaziridine MCR methodologgdttdon 1.3.8) could be
used to produce 1,1-disubstituted THBCs. Nucleaphing-opening of an
indole functionalised methyleneaziridi@d9a, followed by quenching with an
electrophile would give indole iming50. Subsequent electrophilic cyclisation
would be expected to yield 1,1-disubstituted THEL (Scheme 5.12). As well
as providing a route to a diverse set of THBCome-pot', a key advantage of
this strategy is that it circumvents the need t&erthe ketimine in a traditional

condensation, a process believed to be difficidt(i®n 5.2.4).
Electrophilic
% 1) Nu Qﬂ cyclisation \\ NH

249a 250 251

Scheme 5.12. Proposed formation of THBG&a a 3-CR.

5.3.1 Synthesisof indole tethered methyleneaziridines

To explore this idea, a range of indole substituteethyleneaziridines were
required. Previous research within the group byrd&Shiers had established
that indole functionalised methyleneaziridigd9a could be prepared in two
steps from tryptamine2@7a) via vinyl bromide 252a.® This sequence was
readily reproduced in my hands with comparable dgel Alkylation of
tryptamine 27a) with 2,3-dibromopropene (2 equiv.) gave vinyl tmide 252a

in 93% yield. Ring closure using sodium amide @Jbiiv.) in liquid ammonia

at =33 °C afforded known methyleneaziriding49a in 88% yield after
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bulb-to-bulb distillation. Three novel derivativegere made using the same
general approach. Thus, methoxy-derivatiZd9b was prepared from
5-methoxytryptamine 227b) in 85% overall yield using the same sequence.
Similarly, 249c was made in 62% overall vyield from
N-2-(1-methyl-H-indol-3-yl)ethylaminé’* (227c) and 249d was synthesised

from (x)-a-methyl-tryptamine Z27d) in 92% overall yield (Scheme 5.13).

X
X Rl
Q_f\( CH,=C(Br)CH,Br, K,CO5 \ RS
) NH
N ? THF, rt, 48 h N NG
' R
R
227a-d 252a: 93% (lit. 94%)
252b: 98%
252c: 88%
X 252d: 98%
NaNH,, AL
NHs (1), ~33 °C, 10 min /I

249a: 88% (lit. 87%'%)
249b: 87%
249c: 70%
249d: 94%

aR=H,R'=H,X=H;bR=H,R'=H, X = OMe
c R=Me, R'=H,X=H;d R=H, Rl=Me, X = H

Scheme 5.13. Synthesis of indole tethered methyleneaziridines.

It is known that primary amines can be convertesh&bhyleneaziridines bearing
a gem-dimethyl substituent on the exocyclic double bdhd@ihus, we attempted
to construct an indole tethered substrate of type.t Dibromocyclopropan8
was synthesised according to known methods fromutstene 253) in 71%
yield.*”? This cyclopropane was converted to vinyl bron284 by reaction with
tryptamine 227a) and KCO; in 1,2-dichlorobenzene at 17Q for 48 hours.

After work-up and purification254 was isolated in 59% yield. Unfortunately,

107



Chapter 5

attempted aziridination a?54 under the standard conditions failed to furnish
255 (Scheme 5.14).
/U\ CHBr3, 'BUOK Xﬁ
-20°C ~ rt, 1 h BrBr
253 71% (lit. 80%'72) 8

224a
K,COs, CgH4Cl | 59%
170 °C, 48 h

Qj/\ NaNH, Qj/\ Br
N
N N%NHg(l),JBOC,lh N HN&

255 254

Scheme 5.14. Attempted synthesis gem-di-methyl methyleneaziridine.

5.3.2 Initial modél reactions
Methyleneaziridine249a has been shown to be a suitable substrate for the

formation of 1,3-disubstituted propanc2i6 (Scheme 5.15)

1) "BuMgCl, Cul, THF
| 2) BnCl o)
N //\\//\\/JL\/”\
N 3) HCI Ph
H L

249a 256

Scheme 5.15. Successful formation of 1,3-disubstituted propasone

However, the use dt49a in a modified MCR failed to yield any of the desir

1,1-disubstituted THBC257 using trifluoroacetic act§® to induce the final

cyclisation (Scheme 5.165.
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1) "BuMgCl, Cul, THF
2) BnCl \ NH
- -
N 3) TFA
H % Bu Bn

249a 257

I=

Scheme 5.16. Unsuccessful Pictet-Spengler MCR.

Initially, it was thought that the free indole miegen might undergo
deprotonation/alkylation under the reaction cowdisi, giving a more hindered
indole which might be unable to cyclise. To tess tidea, methyleneaziridine
249a wasN-Boc protected to give derivatigb8. Unfortunately, the use @8

in a simple amine forming MCR failed to prod2%9 (Scheme 5.17°

1) "BuMgCl, Cul, THF
Bu
l 2) BnCl < Q__K\H\N\C
N N 3)NaBH,, AcoH 7\ N Bn
/
Boc A Boc
258 259

Scheme 5.17. Unsuccessful amine forming MCR.

Of course theert-butyl carbamate protecting group might be unstabl¢he
acidic conditions, leading to deprotection of timeldle nitrogen. As such, a

different protecting strategy was souditMethyl derivative249c was chosen.

Initially we needed to establish whether methylemédine 249c was a suitable
substrate for MCRs. To thi249c was reacted with-butylmagnesium chloride
(2.5 equiv.), benzyl chloride (1.5 equiv.) and swaliborohydride (3 equiv.).

After work-up and purification260 was obtained in 69% yield (Scheme 5.18).
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1) "BuMgCl, Cul, THF
| 2) BnCl Q—‘K\H\N\CBU
N
N 3) NaBH,, AcOH N Bn
Me X 69% Me

249c 260

Scheme 5.18. Amine formation from indole functionalised aziriéin

Having established that methyleneazirid2#c could be used in MCRs, we
next sought appropriate conditions for Pictet-Spamgyclisation. As stated
earlier, there are a wide range of conditions abé for the synthesis of
THBCs. However a large majority of cyclisations atenducted using
trifluoroacetic acid, in a non-polar solvent sucls dichloromethan&’?

However, all earlier attempts at using these tygesonditions in our chemistry
in the presence of tetrahydrofuran had faileds lairequirement of our MCR

methodology that these reactions are performeetrattydrofuran.

In order to test new conditions, imii261 was made as a substrate for model
cyclisations. Hester had synthesised indole funelised imines by the
condensation reaction of acetone and tryptan2@éa] in refluxing benzene in
the presence of  p-toluenesulfonic acid, to give
3-(2-isopropylideneaminoethyl)indol@§1).*®® In our hands, using toluene as
solvent, this chemistry provide®61 in 45% vyield (lit. 64%°® in benzene)
(Scheme 2.19).

(f ;i\ N\ H, (Me),CO, cat. p-TSA (i ;i\ N]
TN

H Toluene, reflux

45%
227a 261

Scheme 5.19. Synthesis of indole tethered ketimines.
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We also attempted to synthesise img&2, as it would more closely resemble
the imines resulting from the MCR. Tryptaming2{a), 4-heptanone and
catalyticp-TSA were refluxed in toluene with azeotropic diation of water.

Surprisingly, this reaction failed to yield the exped product. The poor

solubility of 4-heptanone in toluene may explaiis tutcome (Scheme 5.20).

n . \
WNH ("P1),CO, cat. p-TSA %
| SRR

H Toluene, reflux
Et Et
227a 262

Scheme 5.20. Attempted synthesis of an indole functionalisednieni

Imine 261 was subjected to various literature  cyclisation
conditiong®17%1741751745 the formation of carbolin@46. The reactions were
performed in the presence of tetrahydrofuran tovelgieh conditions would be
most suitable for our chemistry (Scheme 5.21). ifEsailts of these experiments

are summarised in Table 5.1.

111



Chapter 5

@Z—m Conditions QQH
NI THF N
246

261

Scheme 5.21. Pictet-Spengler cyclisation @61.

Entry Activator Solvent Temp. Yield
1 POCK'®® THF Reflux -
2 Sc(OTH*" THF Reflux -
3 B(Buk'" THF -78°C .
4 c. HSO®  MeOH/THF 0°C 91%
5 1,17° EtOH/THF Rt 56%
Table5.1.

The most suitable conditions were identified asnl ethanol/tetrahydrofuran
(Entry 5) and concentrated sulphuric acid in medhiéetrahydrofuran (Entry 4),
with the latter conditions being very high yieldingnowing that ketimine
Pictet-Spengler cyclisations could be achieved, #rat methyleneaziridine
249c was a suitable substrate for MCRs, we now set tabombining these

ideas to effect a MCR approach to THBCs.

As an initial test, Lingam®s° cyclisation conditions of,lin EtOH were applied
to the MCR. These conditions were chosen initialythey were considered to
be milder than concentrated sulphuric acid in meahy® Methyleneaziridine
249c in tetrahydrofurarwas ring-opened with ethylmagnesium chloride in the
presence of copper (I) iodide (20 mol%) at 2B0using standard conditions.

After subsequent metalloenamine alkylation with z2y¢édbromide, the reaction
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mixture was treated with, lin ethanol (final THF/EtOH = 1:1) and stirred at
room temperature overnight. However, after work268 not was identified in

the crude reaction mixture Bt NMR or mass spectroscopy (Scheme 5.22).

1) EtMgCl, Cul, THF, =30 °C - rt
\ 2) BnBr, 0 - 40 °C \ NH
N N 3) I, EtOH, rt X N
Me \ Me Et Bn

249c 263

Scheme 5.22. Attempted MCR utilising4.

Using the conditions of RodriguéZ methyleneaziridin@49c was reacted with
n-butylmagnesium chloride, copper (1) iodide (20 #wpland benzyl chloride as
described above. Treatment with methanol and cdrated sulphuric acid at
0 °C with subsequent warming to room temperature,nagfer work-up, failed

to produceB-carboline264 (Scheme 2.53).

1) "BuMgCl, Cul, THF, =30 °C - rt
2) BnCl, 0 — 40 °C \
\ N
N

- N
RN e

Bu Bn
249¢ - 265 N
3) MeOH, c. H,S0,, 0°C - e, \ NH
A )
Bn
Me Bu
264

Scheme 5.23. Unsuccessful acid activated Pictet-Spengler MCR.

The Pictet-Spengler step (3) was repeated at refawever, no produc64
was detected. We reasoned that im2®® formed in this MCR may be too
sterically hindered to undergo the electrophiliclsation. Thus, a simplified

two-component sequence was attempted. Methylendiazi249c was reacted
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with n-butylmagnesium chloride and copper (I) iodide (@61%), under the
conditions described above. Direct treatment witsthanol and concentrated
sulfuric acid again failed to produ@ecarboline266a (R = Bu) (Scheme 5.24).
Fearing that even the butyl chain may give risartoimine which would still
possess too much hindrance, a smaller Grignardentaggas used. Thus,
methylmagnesium chloride was employed under theesaonditions. However,
only a trace amount of THBQ66b (R = Me) was identified in the crude

reaction mixture byH NMR and mass spectroscopy.

1) RMgCl, Cul, THF, -30°C _ rt
\ 2) MeOH, ¢. H,SO;,, 0°C — rt \  NH
N > N
N |
Me AN Me

0% 266a (R = Bu)
249¢ Trace 266b (R = Me)

Scheme 5.24. Attempted 2 component Pictet-Spengler reactions.

These reactions may have failed for a number cfars Firstly it is known that
Pictet-Spengler reactions involving ketimines aeedhto perform due to the
increased steric hindrance around the inifAélso, tetrahydrofuran is not an
ideal solvent due to its slight basicity. This abléad to the acid promoters
reacting with the solvent in preference to the sabss. Other complicating
issues include the presence of magnesium and coggler in the reaction
mixture, which may have a detrimental effect uploa tyclisation. These salts

have been shown to be unfavourable in other mattiymonent reaction'.
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5.4 Synthesisof 1,1-Disubstituted p-Carbolines

It is known that BEOEL promotes nucleophilic attack at C-3 of the
methyleneaziridine ring® The Shipman group has recently developed a
synthetic procedure for opening methyleneaziridimgb hetero-nucleophiles in
the presence of BMEL in dichloromethané’ It was postulated that
ring-opening of methyleneaziridin@49a bearing an indole nucleus by a
hetero-nucleophile (NuH = ROH, RSH, etc.) in presenf BF could lead to
iminium ion 267, which may undergo further cyclisation to 1,1-distituted

THBCs268 (Scheme 5.25)

Electrophilic o
cyclisation
W NH TEREENL | ®\-BF

268 267

Scheme 5.25. Re-evaluated approach to THBCs.

To test this idea, methyleneaziridi@d9a was dissolved in dichloromethane,

cooled to —30°C and treated with BFEL,O (2 equiv.), followed by benzyl
alcohol (3 equiv.). The reaction mixture was alldwe warm to room
temperature and stirred overnight. After work-up gurification, we were

delighted to isolate THBR69a in 62% yield (Scheme 5.26).
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Qj/\ BF4Et,0, BnOH \ NH
N

N 0
CH,Cl,, =30°C - rt, 16 h
H 2 2Cl o—
249a 62% 269a Ph

Iz

Scheme 5.26. Successful synthesis of THBCs from methyleneaziasli

Having successfully established the viability ofrmiong THBCs from

methyleneaziridines, we sought to optimise thetreaconditions. To this end,

a series of reactions were performed using an egjamguantity of BEOEbL
with variation in the amount of nucleophile (benzglcohol) used
(Scheme 5.27). The results are summarised in TaB)dhe yields presented are

after work-up and purification.

BF5Et,0, BnOH \\ _NH \ NH

N
O H
\\ O\\
269a Ph 270

249a

Iz

CH,Cl,, -30°C - 1t, 16 h

Scheme 5.27. Optimisation of reaction equivalents of benzyl alol

Entry BnOH (equiv.) 2692 vidd 270
1 11 54% 14%
2 1.5 61% 8%
3 2 73% -
Table5.2.

From these results, we ascertained that using aimetar quantity of BEOEt,
and 2 equivalents of benzyl alcohol were optimading less benzyl alcohol

(Entries 1 an@), a side produ@70, was isolated.
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B-Carboline269a was identified by a distinct quaternary carbod&@ ppm in
the *C NMR spectrum and the presence of two AB systetr4( 4.50, 3.55
and 3.51 ppm) in théH NMR spectrum. These AB systems were readily
assigned as the benzylic €Bind the Chlbonded to the quaternary carbon. An
m/z of 307 in the mass spectrum is consistent with Nii¢" ion of 269a.
By-product 270 was assigned in a similar mannéfC NMR spectroscopy
revealed the distinct quaternary carbon at 53.4.pinNMR spectroscopy
showed a multiplet at 3.54-3.45 ppm for the two,@bups either side of the

oxygen, and an MHion (mz = 245) in the mass spectrum.

We speculate that carbolin@70 is formed by ring-opening 012493,
co-ordinated to a boron trifluoride anion, by etblarand subsequent
electrophilic cyclisation, the ethanol nucleopHikeing derived from BFOE..
A plausible mechanism is that activated by the, Bire diethyl ether undergoes
a transetherification reaction, liberating ethamaold producing benzyl ethyl

ether as by-product (Scheme 5.28).
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Ao _HO" Ph_ “SoH + 0 ph
@ ’

v
BF3
©
/ BF;
i

249a

\J
BF3

Y

\  NH ©
- | @/ BFs
N

O\\ H )J\/OM

Iz

270

Scheme 5.28. Speculated mechanism for the formatior260.

Next, we examined whether solvent effects wouldhier improve the reaction.

A range of non-coordinating solvents were seleci#itl.the reactions were

conducted with an equimolar quantity of 8BPEt, and 2 equivalents of benzyl

alcohol (Scheme 5.29). The results are summansédble 5.3.
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Qj/\ BF4Et,0, BnOH \\ NH
N

N X  Solvent -30°C - rt, 16 h N o
249a 269a Ph
Scheme 5.29. Solvent optimisation.
Entry Solvent Yield 269a
1 CH.ClI, 73%
2 GsHsCHs 38%
3 CICH,CH.CI 44%
4 CHCk 32%
S MeCN 52%

Table5.3.

Dichloromethane was established to be the idealesblfor the reaction, the
product 269a being isolated in 73% yield (Entry 1). The fingbtionisation
experiments involved a brief screen of other adativators, both Lewis and
Bronsted, to gauge their effectiveness. The Brdhsigds chosen possessed
non-nucleophilic counter-ions, to counter potenpiedblems with them directly
opening the methyleneaziridine. The reactions weate conducted in
dichloromethane with an equimolar quantity of aator, and 2 molar
equivalents of benzyl alcohol (Scheme 5.30). Thsallte of these studies are

described in Table 5.4.
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% Activator, BhOH \ NH
N

N CH,Cl,, -30°C - rt, 16 h (0]
N % 2Ll =\

249a 2692 N

Iz

Scheme 5.30. Screening of Lewis/Bronsted acids.

Entry Activator Yield 269a
1 BF3-OEb 73%
2 BFs THF 41%
3 BF:-:SMe, -

4 Sc(OTfy -
5 AlMes -
6 TFA 28%
7 TCA -
8 H,SOy -
9 AcOH -
10 CHSGOH -
Table5.4.

Clearly, BR-OEt, was the best activator for the cyclisation (Ert)y Lower
conversions were observed with BFHF and TFA (Entries 2 and 6). None of
the other activators produced any of the desirediyst by’'H NMR or mass

spectroscopy.

To summarise, the best conditions involved the afsequimolar amounts of

methyleneaziridine and BOEL, with a two fold excess of the alcohol
nucleophile in dichloromethane.
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5.4.1 Scopeand limitations
A range of alcohol nucleophiles and methyleneamedsubstitution patterns
were examined. These were all performed under tphgmssed reaction

conditions developed above (Scheme 5.31). The teesuk summarised in

Table 5.5.

ase
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X

BF3 Et,O (1 equiv.), RTOH (2 equiv.)

CH,Cl,, -30°C - 1t, 16 h

NH

O-Rt

Scheme 5.31. Synthesis of 1,1-disubstituted tetrahyd@@arbolines.

Entry Azridine R X R'OH Product Yield
1 249a H H BnOH 269a 73%
2 249a H H "PrOH 269b 83%
3 249a H H ‘HexOH 269c 63%
4 249a H H ‘BUOH 269d 58%
5 249a H H H,C=CHCHOH 269e 80%
6 249a H H HC=C(CH,);0H 269f 71%
7 249b H OMe BnOH 2699 66%
8 249c Me H BnOH 269n 43%
9 249c Me H H,C=CHCHOH 269i 37%

These reactions proceeded well in most cases @snirito 7), and yielded the

Table5.5.

desired THBC in moderate to very good yields. Stigin of the indole

nitrogen leads to lower product yields (Entry 8htryl). This observation is

consistent with Kuo’s findings that increased stecongestion suppresses
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Pictet-Spengler cyclisatiort$’ These results also indicate that the reaction is
tolerant to additional functionalities containedtiwm the alcohol or indole

nucleus.

Sulfur based nucleophiles were also briefly in\geged, however, reaction of
thiophenol with methyleneaziridir4a under the reactions conditions yielded

none of THBC266 (Scheme 5.32).

BFEt,0, PhSH W\ NH
I X
VAN CH,Cl,, =30 °C - t, 16 h s@
H

249a 271
Scheme 5.32. Attempted use of sulfur based nucleophiles.

Iz

Since a new quaternary asymmetric centre is gestkiatthe reaction, it was
interesting to examine if any asymmetric inductomuld be achieved. Bailest
al. have shown that asymmetric induction is possiblethe synthesis of
1,3-disubstituted THBCs from tryptophan methyl esterivatives-®> Thus, we
thought that the presence of a “chiral handle’hia 8-position of the cyclised

ring might lead to some diastereocontrol.

Gratifyingly, reaction of methyleneaziridird29d with benzyl alcohol (2 equiv.)

in the presence of BFOEL (1 equiv.) under the conditions previously desxlib

led to the isolation 0272 in 63% yield as a single diastereomer (Scheme)5.33
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BF3' Et20, BnOH
\ N

H / \ CH,Cl,, -30°C - rt, 16 h
2494 63%, crude dr = 8:1

Scheme 5.33. Stereoselective cyclisation to a 1,1,3-trisubstiifi-carboline.

A further diastereomer was tentatively assigned=d:1) by analysis of the
crude reaction mixture byH NMR spectroscopy. However, this second
component could not be isolated. The relative etdremistry of272 was
deduced by NOESY experiments. These showed a stnoimgncement between
the (H,OBN hydrogens and the methyl group at C-3, as a&lbetween the

methyl group at C-1 and H-3 (Figure 5.6).

Figure 5.6. Depiction of NOESY correlations.

These data are consistent with the formation ofcik€1R*,3R*)-diastereomer
depicted. The origin of this stereochemical outcamedifficult to rationalise.
Bailey**® rationalised their observations concerning thetiea of tryptophan
methyl ester derivatives with aldehydes, by sugggsthat the cyclisation is
under kinetic control with the alkyl substituentdopting the lower energy

equatorial orientations, leading to ttie product (Section 5.2.2).
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In the formation of272, there is little difference in size between thel C-
substituents Cgland CHOBN. Thus, rationalising the preference for the; @H
be axial and the CH¥DBn to be equatorial is difficult, even if the r&an is

considered to be under kinetic control (Figure 5.7)

t $
; CH, 1 BnOH,C 1
L“zj/l\\\N CHs vs. ;7_/)\?#\CH3
'BF ™
CH,0Bn ~ 3 % CH; BFs
cis trans

Figure5.7. Depiction ofcis andtrans conformations.

With an unknown rate determining step, it is diific to explain the
stereochemical outcome of the reaction. That stid, observation of the

surprisingly high diastereomeric ratio was verytifyag.

At this juncture, it seemed sensible to re-evaloateplanned MCR approach to
THBCs (Scheme 5.12). Having proven successful enftmmation of THBCs
from methyleneaziridines, BIOEL was used as an activator, given its known
compatibility with tetrahydrofuraf?® Methyleneaziridin€49c was reacted with
ethylmagnesium bromide (3 equiv.), benzyl bromiti® equiv.) and copper (1)
iodide (20 mol%) under the conditions describedieaSection 5.3.2). The
reaction mixture was then cooled to 8D and a dichloromethane solution of
BFs-OEL (1 equiv.) added (Scheme 5.34). Unfortunatelyeraftork-up none of

the desired produ@63 was identified byH NMR or mass spectroscopy.
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1) EtMgBtr, Cul, THF,-30°C - 1t
2) BnBr, 0 — 40 °C \ NH
| \/
N /\ N

N 3) BF5Et,0, CH,Cl,, -30°C - 1t I
|\I/|e % ) BF3Et; 2Ll Me Bn

Et
249c 263

Scheme 5.34. Attempted Pictet-Spengler MCR with BEEt activation.

The reaction was repeated, as described abovewittutthe tetrahydrofuran

removed and the residue re-dissolved in dichlorbare before addition of

BFs;-OEt. Again,263 was not observed.

These reactions probably failed due to steric l@ande around the ketimine
centré’” and the detrimental effects of the copper and msigm salts present
in the reactiort® Moreover, methyleneaziridir@9c has already been shown to
be a poor substrate for the formation of THBCs asahstrated with alcohol

based nucleophiles (Table 5.5).

5.5 Attempted Synthesisof Tetrahydroisoquinolines

The Pictet-Spengler reaction was originally devetbpas a route to
tetrahydroisoquinolines (THQ3Y® Thus, it was postulated that similar
chemistry to that developed in Section 5.4.1 cdwddused to make TH(R68
by way of opening a suitable methyleneazirid2&® with a nucleophile and

Lewis acidic activation (Scheme 5.35).
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N BF,EL,0 Y @) @
Y N e -BF3
274 !
NuH
— * —
I X Electrophilic X1 A @ %F
(A NH - _Gyclisation Z N
Nu Nu
273 - -

Scheme 5.35. Approach to tetrahydroisoquinolines from methylezigdines.

In order to explore this idea, an appropriate mletigaziridine, bearing an
electron rich aromatic ring was required. Previsu@k by Jason Shiers had
shown that methyleneaziridir®5 was available from commercially available

3,4-dimethoxyphenethylamirt&.Unfortunately, reaction of an existing sample

of 275 with BR-OEt (1 equiv.) and benzyl alcohol (2 equiv.) under the
conditions used to prepare THBCs failed to yielg ahthe desired isoquinoline
276 (Scheme 5.36). Time constraints prevented us famtindr explaining the

origin of this failure.

MeO

MeO _
m BF3;Et,O, BnOH X oo NH
MeO % CH,Cl,, -30°C - 1,16 h
OBn

275 276

Scheme 5.36. Attempted synthesis of tetrahydroisoquinolines.
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5.6 Conclusions

In summary, a new approach to 1,1-disubstitutechltgtirof3-carbolines has
been devised based on the Lewis acid promoted opiuléec ring-opening of
indole substituted methyleneaziridines, and subseigun situ Pictet-Spengler
cyclisation. This reaction was shown to be toletanfunctionalisation in the
indole nucleus as well as the alcohol nucleoplt8lehéme 5.31 and Table 5.5).
Using this methodology, a surprisingly high degoéaliastereocontrol can be
achieved as demonstrated by the synthest§d{Scheme 5.33). This work has

recently been publishéd?

Attempts to affect more general MCRs of indole sitilted methyleneaziridines
met with failure. The problems met during the depehent of this chemistry

seem to arise primarily from the mismatch betwesmgents and solvents.

Methyleneaziridines bearing an indole functionahtyere required for these
studies. It was gratifying to observe that the Iedaucleus was tolerant to the
harshly basic cyclisation conditions, and that desired methyleneaziridines

could be isolated in good yields (Scheme 5.15).

Attempts to broaden the methodology to the fornmatioof
tetrahydroisoquinolines was however unsuccessfuéthWeneaziridine275
failed to yield the expected product under the tteacconditions developed for

the Pictet-Spengler cyclisation.
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Experimental
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General Information

Anhydrous solvents were purchased in Sure/8dabttles from Sigma-Aldrich.
All other solvents and reagents were used as redeaiv purified by standard
protocols. Petroleum ether refers to the fractibrpetroleum ether having a
boiling point between 40-6%C. All experiments were performed under an inert
atmosphere and moisture sensitive reactions warferped in flame-dried or

oven-dried glassware. Copper (1) iodide was refjatiprior to use®°

Column chromatography was carried out using Mategica 60 unless
otherwise stated. Thin layer chromatography wadopeed on pre-coated
aluminium-backed plates (Merck Kieselgel 684 and were visualised using

UV light and stained with potassium permangandtevi@d by heating.

Melting points were recorded on a Gallenkamp MPDapparatus and are

reported uncorrected.

Infrared spectra were recorded on an Avatar 320IRFTer PerkinElmer

Spectrum One FT-IR spectrometer with internal catibn.

'H, *C and*’P NMR spectra were recorded at 300 MHz, 75 MHz B MHz
respectively on a Bruker DPX-300; at 400 MHz, 10HMand 161 MHz
respectively on a Bruker DPX-400. Signals in theand*C NMR spectra are
reported as singlets (s), doublets (d), tripletsefic, which refer to the observed
spin-spin coupling patterns. Chemical shifts aretgd in ppm, downfield from

TMS, with the residual solvent as internal stand&dupling constantsJ) are
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reported in Hertz, as observed, not averaged. Anabig signals were assigned

using COSY, HMQC and NOESY correlative spectra.

Low resolution mass spectra were recorded on aniEesg@000 platform with
electrospray ionisation. High resolution mass gpewtere obtained using a
Bruker MicroTOF instrument or from the EPSRC NatibMass Spectrometry

Service Centre, Swansea.

Microanalyses were performed by Warwick Analyti€airvices Ltd or MEDAC

Ltd.
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Diethyl [4-(benzylamino)heptan-4-yl|phosphonate (141)

HN.___P(O)(OEt),

I

To a stirred solution o139 (500 mg, 2.46 mmol) in THF (1 mL) was added
cadmium (Il) iodide (45 mg, 0.12 mmol) and the raiet was stirred at room
temperature. After 10 minutes diethyl phosphited(3R, 2.46 mmol) was added
dropwise and the reaction mixture was heated t8C4for 1.5 h. After cooling
to room temperature the solvent was remaweghcuo. Purification on silica gel
(50% ethyl acetate in petroleum ether pre-treatigd Bt;N) afforded141 (705
mg, 84%)as a pale yellow oil. R= 0.36 (50% ethyl acetate in petroleum ether);
vmax (film) 2960, 1711, 1454, 1226, 1022 ¢ndy (400 MHz, CDCY) 7.37-7.21
(5H, m, Ar), 4.16 (4H, dt) = 7.2, 14.7 Hz, 2 x OCH}), 3.87 (2H, d,J = 2.6 Hz,
NCH,), 1.79-1.61 (4H, m, CHCCH,), 1.55-1.39 (4H, m, 2 x I8,CHs), 1.34
(6H, t,J = 7.0 Hz, 2 x OCKCH3), 0.92 (6H, tJ = 7.2 Hz, 2 x CHCH3) ppm;sc
NMR (100 MHz, CDC4) 141.3 (C, Ar), 128.3 (CH, Ar), 128.2 (CH, Ar),a3
(CH, Ar), 61.9 (OCH, d, Jep = 7.6 Hz), 59.7 (C, djcp = 134.8 Hz), 47.3
(NCH,, d, Jep = 2.9 Hz), 35.9 (CH d, Jcp = 4.2 Hz), 16.7 (CH d, Jcp = 5.6
Hz), 16.4 (CH d, Jcp = 5.6 Hz), 14.8 (CH ppm;ds NMR (161 MHz, CDCY)
31.2 ppm; MS (E§ m/z = 341.1 [MH]; HRMS (ES) nvz calcd for

CigH3,NNaO;P [MNa']: 364.2012; found: 364.2015.

131



Chapter 6

Synthesis of a-aminophosphonates from methyleneaziridines

General Method 1:

R
' HN.__P(0)(OR%),

N —_ >

%

Re-purified Copper (I) iodide (20 mol%) in a roubdttomed flask was flame

Rl RZ?

dried under vacuum and then purged with nitrogéneé& cycles performed).
THF (2 mL) was added and the mixture cooled to 230 whereupon the
Grignard reagent (2.5 equiv.) was added. After 10, methyleneaziridind9,
50, or 142 (1 equiv.) in THF (1 mL) was added and the reactiorture stirred
at room temperature for 3 h. Upon cooling to O th@, electrophile (1.5 equiv.)
was added dropwise, and the mixture heated at 4Aft€r 3 h, the phosphite
(2.5 equiv.) was added dropwise and heating coetinat 45 °C overnight.
Upon cooling to room temperature, the mixture wiistetd with EtO (20 mL)
and washed with a saturated aqueous solution ofCNKR x 20 mL), 50%
NaOH solution (2 x 20 mL) and brine (2 x 20 mL).eTérganic phase was dried
over MgSQ, filtered and concentratedn vacuo. Purification of the
a-aminophosphonate was achieved by column chromebgrwith silica pre-

treated with EiN.
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Diethyl [3-(benzylamino)-1-phenylhexan-3-yl]phosphonate (149a).

HN_ P(O)(OE),

Ph

Methyleneaziridinés0 (102 mg, 0.70 mmol) was reacted with Cul (26 m@40
mmol), ethylmagnesium chloride (2M in THF, 880, 1.76 mmol), benzyl
bromide (130uL, 1.09 mmol) and diethyl phosphite (23Q, 1.79 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet¥9a (185 mg, 65%)s a pale yellow oil. R= 0.37
(50% ethyl acetate in petroleum ether):x(film) 2958, 1603, 1453, 1230, 1049
cm®; 84 (400 MHz, CDC}) 7.44-7.23 (10H, m, Ar), 4.24 (4H, dt,= 7.6, 14.6
Hz, 2 x OCH), 3.97 (2H, s, NCh), 2.91-2.76 (2H, m, CAr), 2.13-1.99 (2H,
m, CCH), 1.93-1.75 (2H, m, CCH), 1.62-1.55 (3H, m, Cy++ NH), 1.41 (6H, t,
J = 6.9 Hz, 2 x OCKCH3), 1.01 (3H, tJ = 7.3 Hz, CHCH3) ppm; dc (100
MHz, CDCk) 142.6 (C, Ar), 141.1 (C, Ar), 128.43 (CH, Ar),821 (CH, Ar),
128.40 (CH, Ar), 128.2 (CH, Ar), 126.9 (CH, Ar),A.8 (CH, Ar), 61.7 (OCH

d, Jep = 7.6 Hz), 59.7 (C, dlcp = 135.7 Hz), 47.6 (NCH d, Jcp = 2.8 Hz), 35.9
(CHy, d,Jcp = 4.0 Hz), 35.8 (Chf d, Jep = 4.4 Hz), 29.7 (CH d, Jep = 5.4 Hz),
16.7 (CH, d, Jcp = 5.6 Hz), 16.5 (CH d, Jep = 7.6 Hz), 14.7 (Ck) ppm; dp
(161 MHz, CDC4) 30.6 ppm; MS (E§ m/z 404 [MH']; HRMS (ES) calcd for

C23H35N03P [MH+]Z 4042349, found: 404.2345.

133



Chapter 6

Diethyl [3-(cyclohexylamino)-1-phenylhexan-3-yl|phosphonate (149b).

HN_ P(O)(OEt),

Ph

Methyleneaziridinel42 (104 mg, 0.76 mmolyas reactedvith Cul (29 mg,
0.15 mmol), ethylmagnesium chloride (2M in THF, 980 1.90 mmol), benzyl
bromide (140uL, 1.18 mmol) and diethyl phosphite (23Q, 1.79 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet49b (171 mg, 57%)ys a pale yellow oil. R= 0.47
(50% ethyl acetate in petroleum ether):x(film) 2972, 1602, 1449, 1230, 1021
cm?; 84 (400 MHz, CDCJ) 7.30-7.16 (5H, m, Ar), 4.14 (4H, d1,= 7.2, 14.4
Hz, 2 x OCH), 2.91-2.67 (3H, m, C}Ar + CH), 2.05-1.46 (12H, m, 5 x GH-
NH + CHH), 1.33 (6H, tJ = 7.1 Hz, 2 x OChCHj3), 1.28-1.05 (5H, m, 2 x CH
+ CHH), 0.94 (3H, tJ = 7.2 Hz, CHCH3) ppm; dc (100 MHz, CDC}) 142.8
(C, Ar), 128.41 (CH, Ar), 128.38 (CH, Ar), 125.7HCAr), 61.7 (OCH, d, Jcp

= 7.8 Hz), 61.6 (OCH d,Jcp = 7.6 Hz), 60.3 (C, dlcp = 135.8 Hz), 50.8 (CH),
36.81 (CH), 36.76 (CH), 36.7 (CH, d,Jcp = 4.8 Hz), 29.9 (CbHAr, d,Jcp= 5.4
Hz), 25.8 (CH), 25.7 (CH), 16.7 (CH) 16.7 (CH, d,Jcp = 5.2 Hz), 14.8 (CH)
ppm; dp (161 MHz, CDCY) 31.6 ppm; MS (E§ m/z 396 [MH']; HRMS (ES)

calcd for GoHazgNOsP [MH']: 396.2662; found: 396.2677.
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Diethyl [5-(benzylamino)-1-(tetrahydro-2H-pyran-2-yloxy)octan-5-yl|

phosphonate (149c).

HN_ P(O)(OEY),

OTHP

Methyleneaziridiné0 (106 mg, 0.73 mmol) was reacted with Cul (27 m@40
mmol), ethylmagnesium chloride (2M in THF, 92@, 1.84 mmol), 2-(3-
bromopropoxy)-tetrahydrok2-pyran (250 mg, 1.12 mmol) and diethyl
phosphite (24QiL, 1.86 mmol) as described in General Method 1lifieation
on silica gel (30% ethyl acetate in petroleum etladforded 149¢ (201 mg,
60%)as a pale yellow oil. R= 0.29 (50% ethyl acetate in petroleum ethef)x
(film) 2938, 1453, 1231, 1119, 1021 ¢néy (400 MHz, CDCY) 7.37-7.21 (5H,
m, Ar), 4.58 (1H, s, OCH), 4.16 (4H, dt= 7.2, 14.6 Hz, 2 x OCH), 3.87 (3H,
m, NCH, + OCHH), 3.78-3.73 (1H, m, OBH), 3.51-3.48 (1H, m, OCH),
3.43-3.37 (1H, m, OBH), 1.85-1.41 (17H, m, 8 x GH+ NH), 1.34 (6H, tJ =
7.0 Hz, 2 X OCHCHS3), 0.92 (3H, tJ = 7.2 Hz, CHCH3) ppm; 5c (100 MHz,
CDCl;) 141.3 (C, Ar), 128.3 (CH, Ar), 128.2 (CH, Ar), &8 (CH, Ar), 98.8
(OCH, d,Jcp = 3.9 Hz), 67.3 (OCH d, Jcp = 5.8 Hz), 62.3 (OC}), 61.6
(OCH,, d, Jep = 7.7 Hz), 59.7 (C, dlcp = 135.8 Hz), 47.4 (NCH d, Jcp = 2.9
Hz), 35.9 (CH, d, Jcp = 3.7 Hz), 33.3 (CH d, Jc.p = 4.3 Hz), 30.8 (Ch), 30.4
(CH,), 25.5 (CH), 19.7 (CH), 19.6 (CH), 16.7 (CH, d, Jcp = 5.6 Hz), 16.4
(CHg, d, Jcp = 3.7 Hz), 14.8 (Ck) ppm;odp (161 MHz, CDC}) 31.1 ppm; MS
(ES) m/z 456 [MH']; HRMS (ES) calcd for GaHasNOsP [MH']: 456.2873;

found: 456.2894.

135



Chapter 6

Diethyl [5-(benzylamino)oct-1-en-5-yl]phosphonate (149d).

HN_ P(O)(OEY),

|

Methyleneaziridiné&s0 (104 mg, 0.72 mmol) was reacted with Cul (26 m§40
mmol), ethylmagnesium chloride (2M in THF, 9Q@, 1.80 mmol), allyl
bromide (93uL, 1.08 mmol) and diethyl phosphite (23@, 1.79 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet49d (155 mg, 61%)as a pale yellow oil. R= 0.33
(50% ethyl acetate in petroleum etheg).x(film) 2959, 1603, 1453, 1231, 1049
cm’; 8y (400 MHz, CDC}) 7.37-7.22 (5H, m, Ar), 5.86-5.78 (1H, m, CH=)
5.04 (1H, dJ = 17.2 Hz, =CHH), 4.95 (1H, d,) = 9.4 Hz, =G&iH), 4.17 (4H, dft,
J=7.2, 14.3 Hz, 2 x OCH), 3.87 (2H, s, NCh), 2.31-2.14 (2H, m, B,CH),
1.89-1.62 (4H, m, 2 x CH), 1.56-1.41 (2H, m, C}), 1.34 (6H, tJ = 7.2 Hz, 2 x
OCH,CHa), 0.93 (3H, tJ = 7.4 Hz, CHCH3) ppm;&c (100 MHz, CDCJ) 141.2
(C, Ar), 136.7 (CH=), 128.3 (CH, Ar), 128.2 (CH,)A126.9 (CH, Ar), 114.5
(=CH,), 61.7 (OCH, d,Jep = 7.7 Hz), 59.5 (C, dlcp = 136.1 Hz), 47.3 (NCH

d, Jep = 2.9 Hz), 35.8 (CH d, Jcp = 4.3 Hz), 32.7 (CHl d, Jep = 4.3 Hz), 27.4
(CHy,, d,Jep = 5.7 Hz), 16.7 (CH d, Jcp = 5.3 Hz), 16.4 (CH d, Jcp = 5.3 Hz),
14.9 (CH) ppm;dp (161 MHz, CDCY) 30.8 ppm; MS (E§ m/z 354 [MH'];

HRMS (ES) calcd for GgH3aNOsP [MH']: 354.2193; found: 354.2202.
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Diethyl [3-(benzylamino)-1-(4-methoxyphenyl)hexan-3-yl|phosphonate

(149%e).

HN_ P(O)(OEt),

OMe

Methyleneaziridines0 (105 mg, 0.72 mmol) was reacted with Cul (27 m§40
mmol), ethylmagnesium chloride (2M in THF, 914, 1.82 mmol), 4-
methoxybenzyl bromide (160L, 1.14 mmol) and diethyl phosphite (23Q,
1.79 mmol) as described in General Method 1. Ratitbn on silica gel (30%
ethyl acetate in petroleum ether) afforde®e (195 mg, 62%Hhs a pale yellow
oil. R = 0.30 (50% ethyl acetate in petroleum ethegkx (film) 2955, 1611,
1511, 1453, 1231 ¢ &y (400 MHz, CDCY) 7.39-7.22 (5H, m, Ar), 7.11 (2H,
d,J=7.8 Hz, Ar), 6.82 (2H, d] = 8.2 Hz, Ar), 4.19 (4H, dij = 7.4 Hz, 14.7
Hz, 2 x OCH), 3.91 (2H, s, NCh), 3.78 (3H, s, OCH), 2.80-2.65 (2H, m,
CH,Ar), 2.08-1.97 (2H, m, Chb), 1.84-1.68 (2H, m, C}), 1.58-1.49 (3H, m,
CH; + NH), 1.35 (6H, tJ = 7.0 Hz, 2 x OChICH3), 0.95 (3H, tJ = 7.2 Hz,
CH,CHs) ppm; 8¢ (100 MHz, CDCY) 157.8 (CO, Ar), 141.2 (C, Ar), 129.3
(CH, Ar), 128.4 (CH, Ar), 128.2 (CH, Ar), 126.9 (CHr), 113.9 (CH, Ar), 61.7
(OCH, d,Jcp = 7.8 Hz), 59.7 (C, dlcp = 135.6 Hz), 55.3 (OC#), 47.4 (NCH,
d, Jep = 3.0 Hz), 36.1 (CH d, Jcp = 4.4 Hz), 35.9 (CH d, Jcp = 4.4 Hz), 28.7
(CHLAT, d, Jep = 6.1 Hz), 16.7 (CH} d, Jep = 5.7 Hz), 16.5 (Ch} d, Jcp = 5.7
Hz), 14.7 (CH) ppm; &p (161 MHz, CDCJ) 30.9 ppm; MS (E§ m/z 434

[MH™]; HRMS (ES) calcd for G4H3sNO4P [MH']: 434.2455; found: 434.2463.
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Diethyl [6-(benzylamino)non-2-yn-6-yl]phosphonate (149f).

HN_ P(O)(OEY),
A

Methyleneaziridine&s0 (103 mg, 0.71 mmol) was reacted with Cul (27 m§40
mmol), ethylmagnesium chloride (2M in THF, 8QD, 1.78 mmol), 1-bromo-2-
butyne (100uL, 1.14 mmol) and diethyl phosphite (23@Q, 1.79 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet¥9f (147 mg, 57%)as a pale yellow oil. R= 0.35
(50% ethyl acetate in petroleum ethex)ax 2960, 1603, 1452, 1230, 1019 ¢m
81 (400 MHz, CDCY) 7.36-7.21 (5H, m, Ar), 4.20-4.12 (4H, m, 2 x O%}8.87
(2H, d,J = 2.0 Hz, NCH), 2.41-2.24 (2H, m, C}), 2.05-1.89 (2H, m, C}),
1.75 (3H, tJ = 2.6 Hz, CCH) 1.73-1.61 (2H, m, Ch), 1.55-1.42 (3H, m, CH
+ NH), 1.34 (6H, t,J = 7.2 Hz, 2 x OChKCHg), 0.92 (3H, t,J = 7.2 Hz,
CH,CHs) ppm; dc (100 MHz, CDCY) 141.0 (C, Ar), 128.3 (CH, Ar), 128.2
(CH, Ar), 126.9 (CH, Ar), 79.2 (§), 75.6 (&), 61.8 (OCH, d, Jcp = 10.6 Hz),
61.7 (OCH, d,Jcp= 11.1 Hz), 59.2 (C, dlcp = 137.3 Hz), 47.2 (NCK d, Jcp =
2.9 Hz), 35.6 (Ck d,Jcp = 3.4 Hz), 33.1 (Ch d, Jep = 4.3 Hz), 16.7 (CHl d,
Jep = 3.9 Hz), 16.5 (Ch d, Jep = 8.3 Hz), 14.7 (Ch), 13.0 CH.C=, d, Jcp =
6.7 Hz), 3.5 (CHs) ppm;dp (161 MHz, CDC}) 30.1 ppm; HRMS (ES calcd

for CooHasNOsP [MH+]: 336.2193; found: 336.2206.
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Diethyl [3-(benzylamino)-1-(4-bromophenyl)hexan-3-yl]phosphonate

(1490).

HN_ P(O)(OEt),

Br

Methyleneaziridiné&0 (101 mg, 0.70 mmol) was reacted with Cul (27 m@40
mmol), ethylmagnesium chloride (2M in THF, 880, 1.76 mmol), 4-
bromobenzyl bromide (260 mg, 1.04 mmol) in THF (30), and diethyl
phosphite (23QuL, 1.79 mmol) as described in General Method 1lifieation
on silica gel (30% ethyl acetate in petroleum @ttaforded 149g (177 mg,
52%)as a pale yellow oil. R= 0.31 (50% ethyl acetate in petroleum ethef)x
2959, 1487, 1453, 1229, 1048 ¢nby (400 MHz, CDCY) 7.39-7.23 (7H, m,
Ar), 7.05 (2H, dJ = 7.8 Hz, Ar), 4.19 (4H, dt] = 7.2, 14.3 Hz, 2 x OC}}|, 3.89
(2H, s, NCH), 2.81-2.65 (2H, m, CHAr), 2.07-1.97 (2H, m), 1.89-1.68 (2H,
m), 1.58-1.46 (3H, m, Ck+ NH), 1.35 (6H, tJ = 7.0 Hz, 2 x OChCHs3), 0.96
(3H, t,J = 7.3 Hz, CHCH3) ppm;§c (100 MHz, CDCY) 141.6 (C, Ar), 141.0
(C, Ar), 131.5 (CH, Ar), 130.2 (CH, Ar), 128.4 (CHr), 128.2 (CH, Ar), 126.9
(CH, Ar), 119.6 (CBr), 61.8 (OCHK d, Jcp = 8.1 Hz), 59.6 (C, djcp = 135.3
Hz), 47.5 (NCH, d, Jep = 2.6 Hz), 35.8 (CH d, Jep = 5.3 Hz), 35.75 (CH d,
Jop = 5.0 Hz), 29.1 (CBA, d, Jep = 6.0 Hz), 16.7 (CH d, Jcp = 5.5 Hz), 16.5
(CHg, d, Jcp = 5.3 Hz), 14.7 (Ck) ppm;odp (161 MHz, CDC}) 30.4 ppm; MS
(ES) miz 482 [MH', “Br], 484 [MH', ®Br]; HRMS (ES) calcd for

CasH3 BINOsP [MH']: 484.1437; found: 484.1453.
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Diethyl [3-(benzylamino)-6-methyl-1-phenylheptan-3-yl|phosphonate

(149h).

HN_ P(O)(OEt),
Ph

Methyleneaziridine&s0 (104 mg, 0.72 mmol) was reacted with Cul (27 m§40
mmol), isobutylmagnesium chloride (2M in THF, 900, 1.80 mmol), benzyl
bromide (130uL, 1.09 mmol) and diethyl phosphite (23Q, 1.79 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet49h (197 mg, 63%)ys a pale yellow oil. R= 0.40
(50% ethyl acetate in petroleum etheg):x(film) 2953, 1603, 1453, 1228, 1020
cm’; 8y (400 MHz, CDC}) 7.39-7.16 (10H, m, Ar), 4.20 (4H, dt= 6.9, 13.8
Hz, 2 x OCH), 3.92 (2H, s, NCh), 2.86-2.70 (2H, m CpAr), 2.11-1.93 (2H,
m, CH), 1.89-1.72 (2H, m, Ch), 1.55-1.46 (2H, m, C}), 1.43-1.40 (1H, m,
CH), 1.36 (6H, tJJ = 7.0 Hz, 2 x OCKCHj3), 0.93 (6H, d,J = 6.4 Hz, 2 X
CH,CHs) ppm; ¢ (100 MHz, CDCJ) 142.6 (C, Ar), 141.1 (C, Ar), 128.5 (CH,
Ar), 128.3 (CH, Ar), 126.9 (CH, Ar), 125.8 (CH, A1.8 (OCH, d,Jcp = 7.6
Hz), 61.7 (OCH, d, Jcp = 7.6 Hz), 59.6 (C, dlcp = 136.1 Hz), 47.4 (NCH d,
Jep = 2.4 Hz), 35.8 (CH d, Jep = 4.0 Hz), 31.8 (CH d, Jep = 5.2 Hz), 31.2
(CHy, d, Jep = 3.6 Hz), 29.7 (CBAT, d, Jep = 5.6 Hz), 28.8 (CH), 22.7 (GH
16.7 (CH, d,Jcp = 5.2 Hz) ppmpp (161 MHz, CDCY) 30.7 ppm; MS (E§ m/z
432 [MH]; HRMS (ES) calcd for GsHzgNOsP [MH']: 432.2662; found:

432.2665.
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Diethyl [3-(benzylamino)-1,5-diphenylpentan-3-yl]phosphonate (149i).

HN_ P(O)(OEt),

Ph Ph

Methyleneaziridinés0 (103 mg, 0.71 mmol) was reacted with Cul (26 m@40
mmol), benzylmagnesium chloride (2M in THF, 8R0, 1.78 mmol), benzyl
bromide (130uL, 1.09 mmol) and diethyl phosphite (23Q, 1.79 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet¥9i (205 mg, 62%)ys a white solid. m.p. 69-7AC
(from ethyl acetate/petroleum ether),R0.32 (50% ethyl acetate in petroleum
ether); vmax (film) 2923, 1601, 1451, 1221, 1022 ¢mdy (400 MHz, CDC})
7.41-7.17 (15H, m, Ar), 4.22 (4H, dt= 7.3, 14.5 Hz, 2 x OCH, 3.96 (2H, s,
NCH,), 2.92-2.76 (4H, m, 2 x CjAr), 2.21-2.03 (4H, m, 2 x C#), 1.70 (1H, br
s, NH), 1.37 (6H, tJ = 7.1 Hz, 2 x OChCH3) ppm; dc (100 MHz, CDC})
142.5 (C, Ar), 141.0 (C, Ar), 128.6 (CH, Ar), 1246H, Ar) 128.3 (CH, Ar),
127.1 (CH, Ar), 126.0 (CH, Ar), 62.0 (OGH, Jcp = 7.4 Hz), 59.7 (C, dlcp =
136.4 Hz), 47.4 (NCH d, Jep = 3.2 Hz), 35.9 (Chl d, Jcp = 4.6 Hz), 29.8
(CHLAr, d, Jep = 5.4 Hz), 16.8 (CH d, Jep = 8.6 Hz) ppm;dp (161 MHz,
CDCl) 30.2 ppm; MS (E§ mvz 466 [MH]; HRMS (ES) calcd for
CogH37NOsP [MH']: 466.2506; found: 466.2519. Anal. Calcd fosgasNOsP:

C, 72.23; H, 7.79; N, 3.01%. Found: C, 72.56; H87N, 2.95%.
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Diethyl [2-(benzylamino)-1-cyclohexyl-4-phenylbutan-2-yl]phosphonate

(149)).

HN_ P(O)(OEY),

Ph

Methyleneaziridines0 (103 mg, 0.71 mmol) was reacted with Cul (26 m§40
mmol), cyclohexylmagnesium chloride (2M in diethgther, 890uL, 1.78
mmol), benzyl bromide (13QL, 1.09 mmol) and diethyl phosphite (23Q,
1.79 mmol) as described in General Method 1. Ratitbn on silica gel (30%
ethyl acetate in petroleum ether) affordel®j (137 mg, 42%Hps a pale yellow
oil. R = 0.30 (50% ethyl acetate in petroleum ethegkx (film) 2921, 1602,
1450, 1225, 1021 ¢ 54 (400 MHz, CDCY) 7.39-7.16 (10H, m, Ar), 4.19 (4H,
dt,J =7.2, 14.4 Hz, OC}}, 3.93 (2H, dJ = 1.9 Hz, NCH), 2.86-2.73 (2H, m,
CH,ATr), 2.11-2.03 (2H, m, Ch), 1.94 (1H, d,J = 12.2 Hz, CH), 1.84-1.52 (8H,
m, 4 x CHy), 1.36 (6H, tJ = 7.0 Hz, 2 x OCKCHj3), 1.29-1.05 (5H, m 2 x CH
+ NH) ppm;5c (100 MHz, CDCJ) 142.6 (C, Ar), 141.2 (C, Ar), 128.44 (CH,
Ar), 128.41 (CH, Ar), 128.38 (CH, Ar), 128.1 (CH)A126.9 (CH, Ar), 125.8
(CH, Ar), 61.8 (OCH, d, Jcp = 8.0 Hz), 61.7 (OCH d, Jcp = 7.8 Hz), 60.7 (C,
d, Jep = 134.6 Hz), 47.5 (NCH d, Jcp = 2.8 Hz), 40.5 (Ch} d, Jcp = 3.8 Hz),
36.4 (CH, d,Jcp = 4.4 Hz), 35.8 (Ch), 35.6 (CH), 32.6 (CH, dJcp= 7.4 Hz),
30.1 (CH, d,Jcp = 5.0 Hz), 26.6 (Ch), 26.3 (CH), 16.7 (CH, d,Jcp = 5.4 Hz)
ppm; dp (161 MHz, CDC4) 30.5 ppm; MS (E§ m/z 458 [MH']; HRMS (ES)

calcd for G7H41NOsP [MH™]: 458.2819; found: 458.2814.
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Diethyl [3-(benzylamino)-1-phenylhept-6-en-3-yl]phosphonate (149k).

HN_ P(O)(OEY),

Methyleneaziridines0 (102 mg, 0.70 mmol) was reacted with Cul (26 m§40
mmol), allyimagnesium chloride (2M in THF, 88, 1.76 mmol), benzyl
bromide (130uL, 1.09 mmol) and diethyl phosphite (23Q, 1.79 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet49k (178 mg, 61%)ys a pale yellow oil. R= 0.34
(50% ethyl acetate in petroleum etheg).x(film) 2976, 1602, 1452, 1232, 1020
cm’; 5y (400 MHz, CDCJ) 7.43-7.21 (10H, m, Ar), 5.94-5.84 (1H, m, CH),
5.10 (1H, dJ = 17.0 Hz, CHH), 5.02 (1H, dJ = 10.2 Hz, GH), 4.24 (4H, dt,)
=7.2,14.4 Hz, 2 x OC})l, 3.96 (2H, s, NCh), 2.91-2.76 (2H, m, Cphr), 2.41-
2.25 (2H, m, Ch), 2.17-2.03 (2H, m, C}), 2.01-1.86 (2H, m, Ch), 1.65 (1H,
br s, NH), 1.40 (6H, tJ = 7.0 Hz, 2 x OChCH3) ppm; ¢ (100 MHz, CDCY)
142.5 (C, Ar), 141.0 (C, Ar), 138.5 (CH=), 128.5HCAr), 128.4 (CH, Ar),
127.0 (CH, Ar), 125.9 (CH, Ar), 114.7 (=GH 61.9 (OCH, d, Jep = 7.7 Hz),
59.5 (C, dJcp = 136.0 Hz), 47.3 (NCH d, Jep = 2.9 Hz), 35.8 (CH d, Jcp =
3.8 Hz), 32.7 (Ck d, Jcp = 4.8 Hz), 29.7 (Ch d, Jcp = 5.3 Hz), 27.6 (CH d,
Jep = 5.8 Hz), 16.7 (CHf d, Jcp = 5.3 Hz) ppmppe (121 MHz, CDCY) 29.6 ppm;
MS (ES) m/z 416 [MH]; HRMS (ES) calcd for GsHzsNOsP [MH':

416.2349; found: 416.2356.
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Diethyl [2-(benzylamino)pentan-2-yl]phosphonate (150).

HN___P(O)(OEt),

J

Methyleneaziridine&s0 (107 mg, 0.74 mmol) was reacted with Cul (27 m§40
mmol), ethylmagnesium chloride (2M in THF, 920L, 1.84 mmol),
cyclohexanone (110L, 1.06 mmol) and diethyl phosphite (240, 1.87 mmol)
as described in General Method 1. Purification itioasgel (30% ethyl acetate
in petroleum ether) affordetb0 (121 mg, 52%) as a pale yellow oil; R0.23
(50% ethyl acetate in petroleum etheg).x(film) 2959, 1604, 1453, 1225, 1021
cm®; 54 (400 MHz, CDCY) 7.37-7.21 (5H, m, Ar), 4.22-4.13 (4H, m, 2 X
OCH,), 3.93 (1H, ddJ = 2.0, 12.7 Hz, NCH), 3.85 (1H, ddJ = 1.74, 12.7 Hz,
NCHH), 1.82-1.39 (5H, m, C¥CH, + NH), 1.34 (6H, t,J = 7.0 Hz, 2 x
OCH,CHa), 1.32 (3H, dJ = 16.4 Hz, CCH), 0.94 (3H, tJ = 7.2 Hz, CHCH>)
ppm; 8¢ (100 MHz, CDC}) 141.2 (C, Ar), 128.3 (CH, Ar), 128.2 (CH), 126.8
(CH), 62.0 (OCH, d, Jep = 7.2 Hz), 61.7 (OCH d, Jep = 7.9 Hz), 56.5 (C, d,
Jep = 140.9 Hz), 47.5 (NCH d, Jep = 3.6 Hz), 36.9 (CH d, Jcp = 4.3 Hz), 20.8
(CCHs, d, Jep = 2.3 Hz), 16.7 (OCKCH3, d, Jep = 2.2 Hz), 16.6 (OCKCHS, d,
Jep = 2.1 Hz), 15.8CH,CHs d, Jep = 8.4 Hz), 14.6 (CbCH3) ppm; dp (161
MHz, CDCk) 31.1 ppm; MS (E§ mvz = 314.0 [MH]; HRMS (ES) m/z calcd

for Ci6H2sNNaO;P [MNa']: 336.1699; found: 336.1713.
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Diethyl [3-(1-phenylethylamino)-1-phenylhexan-3-yl]phosphonate (152).

HN_ P(O)(OEY),

Ph
Methyleneaziridinel9 (102 mg, 0.64 mmol) was reacted with Cul (27 m@40
mmol), ethylmagnesium chloride (2M in THF, 8@Q, 1.60 mmol), benzyl
bromide (110uL, 0.93 mmol) and diethyl phosphite (210, 1.63 mmol) as
described in General Method 1. Purification orcailgel (30% ethyl acetate in
petroleum ether) affordet52 (143 mg, 54%)as a pale yellow oil asa 1:1
mixture of diastereomers as judged by NMR spectroscopy. = 0.33 (50%
ethyl acetate in petroleum ethes)(film) 2960, 1602, 1452, 1229, 1020 ¢m
8y (400 MHz, CDCJ) 7.41-7.07 (9H, m, Ar), 6.77 (1H, d,= 7.0 Hz, Ar), 4.36-
4.30 (1H, m, NCH), 4.21-4.09 (4H, m, 2 x OgH2.90-2.83 (0.5H, m, ¥ x
CH,Ar), 2.63-2.41 (1.5H, m, % x GJAr), 1.99-1.48 (6H, m, 3 x CH, 1.37-
1.32 (10H, m, 2 x OCHCH3 + CHCH3 + NH), 0.88 (1.5H, tJ = 6.9 Hz, % x
CH,CHs), 0.62 (1.5H, tJ = 6.9 Hz, % X ChCH3) ppm;&c (100 MHz, CDCY)
149.1 (C, Ar), 149.0 (C, Ar), 142.7 (C, Ar), 142@, Ar), 128.4 (CH, Ar),
128.3 (CH, Ar), 128.22 (CH, Ar), 128.19 (CH, Ar2&12 (CH, Ar), 126.5
(CH, Ar), 126.4 (CH, Ar), 126.34 (CH, Ar), 126.3CH, Ar), 126.2 (CH, Ar),
125.7 (CH, Ar), 125.5 (CH, Ar), 62.0 (OGHd, Jcp = 8.0 Hz), 61.9 (OCH d,
Jcp = 8.0 Hz), 61.3 (OCH d, Jep = 8.0 Hz), 61.0 (C, djcp = 134.4 Hz), 52.4
(NCH, d,Jcp = 3.6 Hz), 37.8 (CHl d, Jcp = 3.6 Hz), 37.2 (CH d, Jep = 4.0 Hz),
34.8 (CH, d,Jcp = 4.8 Hz), 34.5 (CH d, Jcp = 6.0 Hz), 29.6 (CBAT, d, Jcp =
4.0 Hz), 27.3 (Ch} d, Jep = 4.4 Hz), 16.8 (Ch), 16.7 (CH, d, Jcp = 4.8 Hz),

16.7 (CH, d, Jcp = 6.0 Hz) 14.8 (CH), 14.7 (CH) ppm;dp (161 MHz, CDCY)
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31.2, 31.1 ppm; MS (E$m/z 418 [MH']; HRMS (ES) calcd for G4H3/NOsP

[MH™]: 418.2506; found: 418.2521.

Ethyl [3-(benzylamino)-1-phenylhexan-3-yl](phenyl)phosphinate (156).

HN_ P(O)(OEt)(Ph)

Ph
Methyleneaziridiné&0 (104 mg, 0.72 mmol) was reacted with Cul (26 m@40
mmol), ethylmagnesium chloride (2M in THF, 90@Q, 1.80 mmol), benzyl
bromide (13QuL, 1.09 mmol) and freshly distilled ethyl phenylgphinate (270
pL, 1.79 mmol) as described in General Method 1.iffeation on silica gel
(25% ethyl acetate in petroleum ether) affordé@ (202 mg, 64%hps a yellow
oil as ca 1:1 mixture of diastereomers as judged ¥y and *P NMR
spectroscopy. R= 0.29 (50% ethyl acetate in petroleum eth&p)x (film) 2957,
2362, 1602, 1453, 1210, 1023 ¢ndy (400 MHz, GDs) 8.14-8.08 (2H, m, Ar),
7.54 (2H, dJ = 7.8 Hz, Ar), 7.36-7.17 (11H, m, Ar), 4.21 (2H, NCHy), 4.15-
4.04 (1H, m, OCHi), 3.80-3.69 (1H, m, O8H), 3.14-2.89 (2H, m, C}Ar),
2.37-2.12 (2H, m, Ch, 2.06-1.55 (5H, m, 2 x CH+ NH), 1.12 (3H, tJ = 7.0
Hz, OCHCHs), 0.98 (1.5H, tJ = 7.4 Hz, % x ChCH3), 0.97 (1.5H, tJ = 7.0
Hz, ¥ x CHCHs) ppm;dc (75 MHz, CDC4) 142.0 (C, Ar), 141.9 (C, Ar), 140.5
(C, Ar), 132.4 (CH, Ar), 132.3 (CH, Ar), 131.6 (CHr, d, Jep = 2.2 HZ), 130.0
(C, Ar, d,Jcp = 6.2 Hz), 128.6 (CH, Ar, dlcp = 6.2 Hz), 127.9 (CH, Ar), 127.8
(CH, Ar), 127.79 (CH, Ar), 127.6 (CH, Ar), 126.4CAr), 125.3 (CH, Ar, d,
Jep = 1.8 Hz), 60.17 (OCH d, Jcp = 7.8 Hz), 60.16 (OCH d, Jcp = 8.0 Hz),

59.8 (C, dJcp = 98.3 Hz), 59.7 (C, dlep = 97.8 Hz), 46.5 (NCb), 34.2 (CH,
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d, Jep = 5.3 Hz), 34.1 (CH d, Jep = 6.7 Hz), 29.1 (ChAr, d, Jep = 4.9 H2),
16.2 (CH, d, Jep = 5.7 Hz), 15.9 (CH d, Jep = 4.7 Hz), 14.2 (CH d, Jcp = 3.5
Hz) ppm;&p (161 MHz, GD¢) 58.8, 58.7 ppm; MS (E$ m/z 436 [MH;

HRMS (ES) calcd for G/H3sNNaOP [MNa']: 458.2219; found: 458.2228.

Diethyl (1-benzyl-2-propylpiperidiny-2-yl)-2-phosphonate (157).

conor ]
b

Copper (1) iodide (26 mg, 0.14 mmol) in a roundtboted flask was flame
dried under vacuum and then purged with nitrogéneé cycles performed).
THF (2 mL) was added and the mixture cooled to -=8) whereupon
ethylmagnesium chloride (2M in THF, 9@, 1.80 mmol) was added. After 10
min, methyleneaziridin&0 (104 mg, 0.72 mmol) in THF (1 mL) was added and
the mixture stirred at room temperature for 3 hokgooling to 0 °C, 1,3-
diiodopropane (21QuL, 1.83 mmol) was added dropwise, then the mixture
heated at 45C overnight. In a separate flask, n-butyllithiumg(M in hexanes,
1.12 mL, 1.79 mmol) was added dropwise to a satutb diethyl phosphite
(230 uL, 1.79 mmol) in THF (1 mL) at 0 °C. After 30 mithis mixture was
allowed to warm to room temperature then addadcannula to the first flask
stirred at room temperature. The mixture was heatanight at 45C. Upon
cooling to room temperature, the mixture was ddurath E6O (20 mL) then
washed with saturated aqueous J8H solution (2 x 20 mL), 50% NaOH
solution (2 x 20 mL) and brine (2 x 20 mL). The angc phase was separated,

dried over MgS@ filtered and concentratad vacuo. Purification on silica gel
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(30% ethyl acetate in petroleum ether) afford®d@ (124 mg, 49%)s a pale
orange oil. R= 0.31 (50% ethyl acetate in petroleum etheg) (film) 2959,
1654, 1450, 1230, 1017 &mdy (400 MHz, CDCY) 7.35-7.18 (5H, m, Ar), 4.23
(5H, m, 2 x OCH + NCHH), 3.60 (1H, dd) = 4.8, 15 Hz, NE&H), 2.93-2.85
(1H, m, ring NCHH), 2.55-2.52 (1H, m, ring NigH), 2.04-1.93 (2H, m, C}),
1.87-1.45 (9H, m, 4 x Ci#+ NH), 1.37 (3H, tJ = 7.0 Hz, OCHCHa), 1.35 (3H,
t, J = 7.0 Hz, OCHCH3), 0.89 (3H, tJ = 7.0 Hz, CHCH3) ppm;dc (100 MHz,
CDCls) 141.0 (C, Ar), 128.2 (CH, Ar), 127.8 (CH, Ar),8.2 (CH, Ar), 61.8 (C,
d, Jep = 122.3 Hz), 61.4 (OCKld, Jcp = 8.0 Hz), 60.6 (OCH d, Jcp = 8.0 Hz),
54.9 (CH), 46.7 (NCH), 36.6 (CH, d, Jcp = 6.3 Hz), 31.2 (Ch), 25.9 (CH),
21.1 (CH, d,Jcp = 2.6 HZ), 16.8 (CHl d, Jep = 6.0 Hz), 16.7 (Ckl d, Jcp = 6.3
Hz), 15.7 (CH, d, Jcp = 6.7 Hz), 14.8 (Ck) ppm;&p (161 MHz, CDCJ) 32.5
ppm; MS (ES) m/z 354 [MH']; HRMS (ES) calcd for GgHzaNOsP [MH']:

354.2193; found: 354.2200.

Diethyl (3-amino-1-phenylhexan-3-yl)phosphonate (164).

H,N_ P(O)(OEY),

Ph
Palladium, 10 wt.% on activated carbon (52 mg) wadded to
a-aminophosphonat&9a (346 mg, 0.86 mmol) in methanol (10 mL), water (10
mL) and conc. hydrochloric acid (5 mL). The resgtimixture was stirred at
room temperature under a hydrogen atmosphere foh.1lAfter filtration
through Celit&, the mixture was concentratéal vacuo. Purification on silica
gel (10% methanol in dichloromethane) affordé€d (267 mg, 99%Hps a clear

colourless oil. R= 0.39 (10% methanol in dichloromethane)x (film) 2959,
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1603, 1454, 1224, 1020 ¢mdy (400 MHz, d-MeOD) 7.31-7.16 (5H, m, Ar),
4.21 (4H, dtJ = 7.3, 14.6 Hz, 2 x OCH, 2.82-2.69 (2H, m, CkAr), 2.00-1.84
(2H, m, CH), 1.80-1.62 (2H, m, C}), 1.60-1.46 (2H, m, OCH}, 1.39 (6H, t,J
= 7.1 Hz, 2 x OCHCHS3), 0.99 (3H, t,J = 7.3 Hz, CHCH3) ppm: ¢ (100 MHz,
ds;-MeOD) 143.6 (C, Ar), 129.5 (CH, Ar), 129.3 (CH,)AL27.0 (CH, Ar), 64.0
(OCHy, d, Jep = 7.8 Hz), 63.9 (OCH d, Jep = 8.0 Hz), 56.1 (C, dlcp = 145.7
Hz), 39.3 (CH, d, Jep = 3.1 Hz), 39.1 (CH d, Jep = 2.6 Hz), 30.8 (CHAT, d,
Jep = 5.2 Hz), 17.6 (CHl d, Jop = 5.4 Hz), 16.9 (CH d, Jep = 5.4 Hz), 15.1
(CHs) ppm; 8p (161 MHz, d-MeOD) 31.1 ppm; MS (ES$ m/z 314 [MHT;

HRMS (ES) calcd for GeH2o0NOsP [MH™]: 314.1880; found: 314.1890.

(3-Amino-1-phenylhexan-3-yl)phosphonic acid (165).

HoN_  P(O)(OH),

Ph
a-Aminophosphonat&64 (0.203 mg, 0.65 mmol) in conc. hydrochloric ac@é (
mL) was refluxed for 14 h. On cooling to room temgtare, the solvent was
removedin vacuo. The residue was dissolved in the minimum amairitot
ethanol ¢a 1 mL), cooled to room temperature and excess fpeopyoxide (20
mL) added. After stirring for 3 h, the precipitatehosphonic acid65 (152 mg,
91%) was isolated by filtration as a white solid. m.@04206 °C (from
ethanol/propylene oxidepmax (film) 2961, 2872, 1603, 1525, 1496, 1454, 1147
cm?; 8y (400 MHz, d-AcOD) 7.32-7.19 (5H, m, Ar), 2.91-2.77 (2H, m,
CH,Ar), 2.36-1.99 (4H, m, 2 x CHl, 1.67-1.52 (2H, m, C}), 1.00 (3H, tJ =
7.1 Hz, CH) ppm; 5c (100 MHz, d-AcOD) 141.1 (C, Ar), 128.4 (CH, Ar),

128.1 (CH, Ar), 126.0 (CH, Ar), 58.5 (C, dep = 145.0 Hz), 35.1 (Ch), 34.8
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(CH,), 29.3 (CHAr), 16.1 (CH, d, Jop = 4.5 Hz), 13.5 (Ck) ppm; dp (161
MHz, di-AcOD) 17.1 ppm; MS (ES mvz 258.0 [MH]; HRMS (ES) calcd for

C1oH21NOzP [MH]: 258.1254; found: 258.1255.

5-(Ethoxy(ethylper oxy)phosphino)decan-5-amine (169).

H,N_ P(O)(OEt),

A round-bottomed flask was flame dried under vaciamd then purged with
nitrogen (three cycles performed). Upon coolingréom temperature, THF
(1 mL) andn-butyl lithium (1.6 M in hexanes, 62d., 0.99 mmol) were added
and the mixture cooled to T, whereupon hexanenitrile (1¢@, 0.84 mmol)
was added. The reaction mixture was stirred fon®0 at 0°C. The reaction
mixture was allowed to warm to room temperatureernhcadmium iodide
(31 mg, 0.08 mmol) and diethyl phosphate (1801.01 mmol) were added and
the mixture heated to 7& (preheated bath). After 24 h the mixture was edol
to room temperature and poured intgOH(20 mL) and extracted with EtOAc
(3 x 20 mL). The combined organic extracts were heds with brine
(3 x 20 ml), dried over MgS§ filtered and the solvent removed vacuo.
Purification on silica gel (2% methanol in dichlorethane) afforded69 (90
mg, 37%) as a pale yellow oil.s R 0.58 (10% methanol in dichloromethane);
vmax (film) 2954, 1607, 1458, 1229, 1022 ¢ndy (400 MHz, CDCH) 4.17-4.10
(4H, m, OCH), 1.67-1.19 (22H, m, 7 X GHr 2 X CH + NH;), 0.94-0.88 (6H,
m, 2 X CH) ppm;d¢c (100 MHz, CDC4) 62.0 (OCH, d, Jep = 7.6 Hz), 54.8 (C,
d,Jecp= 143.3 Hz), 54.7 (C, dcp = 143.0 Hz), 35.3 (CK d,Jcp = 3.4 Hz), 35.0
(CHy, d, Jcp = 3.4 Hz), 32.4 (Ch), 24.2 (CH_ d, Jcp = 5.6 Hz), 23.3 (Ch), 22.6

(CHy, d, Jop = 5.6 Hz), 22.5 (Ch), 16.5 (OCHCHs, d, Jep = 5.6 Hz), 14.0
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(CHs), 13.9 (CH); & (161 MHz, CDC}) 31.9 ppm; MS (E§ miz = 294.0
[MH™]; HRMS (ES) mvz calcd for G4H3,NNaO;P [MNa']: 316.2012; found:

316.2020.

2,3-Dihydro-1,2-dimethyl-2-pentylpyridin-4(1H)-one (197).

O

N
[

Me
To a stirred solution of 2-heptanone (A0 0.52 mmol) in CHCI, (1 mL) were
added Zn(OT#H (93 mg, 0.26 mmol), methyl amine (2.0M in THF, InQ, 2.1
mmol), and Danishefsky's diend7l) (200 uL, 1.0 mmol). After stirring at
room temperature for 16 h, the reaction mixture diaged with CHClI, (5 mL)
and a saturated solution of WEl (5 mL) added. The reaction mixture was
stirred for 2 h and the organic layer separatedthadaqueous layer extracted
with CH,Cl, (2 x 5 mL). The combined organic extracts wereedrover
NaSQ,, filtered, and the solvent removedl vacuo. Purification on silica gel
(ethyl acetate) affordetid7 (30 mg, 29%, contaminated with small amounts of
unknown impurities) as a pale yellow oil; R 0.12 (ethyl acetate)iy (400
MHz, CDCk) 6.80 (1H, dJ = 7.4 Hz, =CHN), 4.84 (1H, d, = 7.5 Hz, =CH),
2.86 (3H, s, NCh), 2.50 (1H, dJ = 16.2 Hz, CO&H), 2.20 (1H, dJ = 16.0
Hz, COCHH), 1.25-1.19 (8H, m, 4 x G} 1.16 (3H, s, CCH), 0.82 (3H, tJ =

6.7 Hz, CHCHz) ppm; MS (E$) mVz = 196.1 [MH].
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Preparation of N-(2-bromo-2-propenyl)-alkylamines

General Method 2:

To a stirred suspension of amine (2 equiv.) an@®g (1 equiv.) in THF (100
mL) was added 2,3-dibromopropene (1 equiv.) dropwie reaction mixture
was stirred at room temperature for 48 h, thenteldwith EtO (200 mL) and
10% NaOH (200 mL), and the phases separated. Gamiorphase was washed
with 10% NaOH (200 mL) and brine (200 mL). The anigaphase was dried
over MgSQ, filtered and concentratedn vacuo. Purification of the
N-(2-bromo-2-propenyl)-alkylamine was achieved byuom chromatography

with silica pre-treated with BN.

3-[2-(2-Methyleneaziridin-1-yl)ethyl]indole (252a).*®
H Br
N AL
w
N
H
Tryptamine g27a) (10.5 g, 65.5 mmol) was reacted with potassiunbaaate
(4.79 g, 34.7 mmol) and 2,3-dibromopropene (3.40, 2.9 mmol) as
described in General Method 2. Purification orcailgel (ethyl acetate) afforded
252a (8.31 g, 93%) as a brown oils R 0.20 (ethyl acetateyimax (film) 3413,
3168, 2917, 2844, 1627, 1455 ¢ny, (400 MHz, CDCY) 8.16 (1H, br s, indole
NH), 7.61 (1H, dJ = 7.9 Hz, Ar), 7.31 (1H, d) = 7.9 Hz, Ar), 7.18 (1H, m,
Ar), 7.11 (1H, m, Ar), 6.99 (1H, d] = 2.3 Hz, Ar), 5.71 (1H, dJ = 1.8 Hz,
=CHH), 5.50 (1H, d,J = 1.8 Hz, =CHH), 3.47 (2H, s, NChLCBr), 3.00-2.88

(4H, m, CHCH,), 1.57 (1H, br s, NH) ppmic (100 MHz, CDC}) 136.4 (C,

152



Chapter 6

Ar), 133.5 (CBr), 127.5 (C, Ar), 122.1 (CH, Ar), 2D (CH, Ar), 119.3 (CH,
Ar), 118.9 (CH, Ar), 117.5 (=C}), 113.8 (C, Ar), 111.2 (CH, Ar), 57.5 (NGH
48.1 (NCH), 25.8 (ArCH) ppm; MS (E$) mvz 281 [MH', ¥Br], 279 [MH',
Br]; HRMS (ES) calcd for GaHiBrN, [MH*, "Br]: 279.0491; found:
279.0489. Anal. calcd for@H1sBrNo: C, 55.93; H, 5.42; N, 10.03%. Found: C,

55.56; H, 5.32; N, 9.72%.

2-Bromo-N-[2-(5-methoxy-1H-indol-3-yl)ethyl]prop-2-en-1-amine (252b).

MeO Hvi

H

5-Methoxy-tryptamine 227b) (2.50 g, 13.1 mmol) was reacted with potassium
carbonate (0.91 g, 6.6 mmol) and 2,3-dibromoprog@r&8 mL, 6.6 mmol) as
described in General Method 2. Purification orcailgel (ethyl acetate) afforded
252b (1.99 g, 98%) as a brown oil; R 0.23 (ethyl acetateymax (film) 3176,
2910, 1624, 1484, 1456, 1438 ¢néy (400 MHz, CDC}) 8.01 (1H, br s, indole
NH), 7.23 (1H, d,J = 8.8 Hz, Ar), 7.05 (1H, d] = 2.4 Hz, Ar), 7.02 (1H, d] =
2.3 Hz, Ar), 6.85 (1H, dd]= 2.4, 8.8 Hz, Ar), 5.73 (1H, d,= 1.5 Hz, =G&iH),
5.52 (1H, d,J = 1.5 Hz, =CHH), 3.86 (3H, s, Ch), 3.48 (2H, s, NCBKLCBr),
2.97-2.88 (4H, m, ChCH,), 1.71 (1H, br s, NH) ppmic (100 MHz, CDC})
153.9 (CO), 133.5 (CBr), 131.5 (C, Ar), 127.8 (Q),AL22.7 (CH, Ar), 117.5
(=CHy), 113.5 (C, Ar), 112.3 (CH, Ar), 111.9 (CH, Ar)0@7 (CH, Ar), 57.4
(NCHy), 55.9 (CHO), 47.9 (NCH), 25.8 (ArCH) ppm; MS (ES) nmvz 309

[MH*, "Br], 311 [MH", 8'Br]; HRMS (ES) calcd for G4H1gBrN,O [MH*,"*Br]:
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309.0597; found: 309.0596. Anal. calcd fould;;BrN,O: C, 54.38; H, 5.54; N,

9.06%. Found: C, 54.12; H, 5.35; N, 8.94%.

2-Bromo-N-[2-(1-methyl-1H-indol-3-yl)ethyl]pr op-2-en-1-amine (252c).
Br

Q_VHA

N
[

Me

N-2-(1-Methyl-1H-indol-3-yl)ethylaminé’ (227c) (1.62 g, 9.31 mmol) was
reacted with potassium carbonate (0.64 g, 4.65 mara 2,3-dibromopropene
(0.48 mL, 4.65 mmol) as described in General MetBo@urification on silica
gel (ethyl acetate) affordezb2c (1.19 g, 88%) as a brown oil; R 0.22 (ethyl
acetate)vmax (film) 3054, 2911, 2824, 1625, 1472 ¢y (400 MHz, CDCY)
7.60 (1H, dJ = 7.6 Hz, Ar), 7.28 (1H, d] = 8.2 Hz, Ar), 7.22 (1H, ddd,= 1.1,
6.9, 8.0 Hz, Ar), 7.10 (1H, ddd,= 1.0, 6.8, 7.9 Hz, Ar), 6.91 (1H, s, Ar), 5.73
(1H, d,J = 1.4 Hz, =®H), 5.51 (1H, d,J = 1.4 Hz, =CHH), 3.74 (3H, s, Ch),
3.47 (2H, s, NCHKCBr), 2.99-2.88 (4H, m, C¥€CH,), 1.63 (1H, br s, NH) ppm;
8¢ (100 MHz, CDCJ) 137.1 (C, Ar), 133.4 (CBr), 127.8 (C, Ar), 126CH,
Ar), 121.6 (CH, Ar), 119.0 (CH, Ar), 118.7 (CH, A17.4 (=CH), 112.2 (C,
Ar), 109.2 (CH, Ar), 57.4 (NCh), 48.2 (NCH), 32.6 (NCH) 25.7 (ArCH)
ppm; MS (El) mz 292 [MH'","*Br], 294 [MH'?'Br]; HRMS (EI") calcd for
CuHiBrN, [MH*®Br]: 292.0575; found: 292.0575. Anal. calcd for

Ci14H17/BrN2: C, 57.35; H, 5.84; N, 9.55%. Found: C, 57.575H5; N, 9.42%.
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N-[1-(1H-Indol-3-yl)propan-2-yl]-2-bromopr op-2-en-1-amine (252d).
™y
N

(£)-o-Methyl-tryptamine 227d) (3.00 g, 17.2 mmol) was reacted with
potassium carbonate (1.19 g, 8.6 mmol) and 2,3dibpropene (0.89 mL, 8.6
mmol) as described in General Method 2. Purificatan silica gel (ethyl
acetate) afforde@52d (2.48 g, 98%) as a brown oil; R 0.39 (ethyl acetate);
vmax (film) 2961, 2907, 1625, 1455, 1355 ¢ndy (400 MHz, CDCY) 8.09 (1H,
br s, indole NH), 7.61 (1H, d,= 7.9 Hz, Ar), 7.35 (1H, d] = 8.0 Hz, Ar), 7.19
(1H, t,J = 7.3 Hz, Ar), 7.11 (1H, t) = 7.3 Hz, Ar), 7.05 (1H, d] = 2.2 Hz, Ar),
5.65 (1H, d,J = 1.2 Hz, =@&H), 5.47 (1H, dJ = 1.2 Hz, =CHH), 3.47 (2H, s,
NCH,CBr), 3.10-3.02 (1H, m, CH), 2.88-2.79 (2H, nH4CH), 1.78 (1H, br s,
NH), 1.11 (3H, dJ = 6.6 Hz, CH) ppm;&c (100 MHz, CDCY) 136.3 (C, Ar),
133.7 (CBr), 127.7 (C, Ar), 122.5 (CH, Ar), 1220H, Ar), 119.3 (CH, Ar),
119.0 (CH, Ar), 117.3 (=C§), 113.2 (C, Ar), 111.1 (CH, Ar), 54.8 (NGH
50.9 (NCH), 33.2 (Ch), 20.2 (ArCH) ppm; MS (ES) m/z 293 [MH","*Br], 295
[MH* 2'Br]; HRMS (ES) calcd for G4H1BrN, [MH*,"*Br]: 293.0648; found:
293.0650. Anal. calcd for gH17BrN2: C, 57.35; H, 5.84; N, 9.55%. Found: C,

57.20; H, 5.73; N, 9.40%.
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N-(2-(1H-1ndol-3-yl)ethyl)-2-br omo-3-methylbut-2-en-1-amine (254).

H Br
N X
Q_gvd\(
N
H

To a stirred solution o1,1-dibromo-2,2-dimethyl-cyclopropaté (8) (10.0 g,
43.9 mmol) in 1,2-dichlorobenzene (80 mL) was aduagotamine 227a) (15.5
g, 96.5 mmol) and potassium carbonate (6.67 g, ABrl). The mixture was
then heated at 17T for 48 h. On cooling to room temperature, thetorix was
diluted with diethyl ether (50 mL), and separateithwi0% aqueous sodium
hydroxide (50 mL). The aqueous layer was extractigd diethyl ether (3 x 50
mL). The combined organic extracts were washed luiitte (3 x 50 mL), dried
over MgSQ, filtered and concentratad vacuo. The 1,2-dichlorobenzene was
removed by distillation (60C/15 mmHg) prior to purification on silica gel, pre
treated with BN (ethyl acetate), which afforde&b4 (7.95 g, 59 %) as a brown
solid. m.p. 97-98C (from ethyl acetate); {R= 0.19 (ethyl acetate}imax (film)
2921, 2839, 1618, 1448, 1109, 742 %réy (400 MHz, CDC}) 8.07 (1H, br s,
indole NH), 7.62 (1H, dJ = 8.0 Hz, Ar), 7.35 (1H, d] = 8.2 Hz, Ar), 7.21-7.17
(1H, m, Ar), 7.13-7.09 (1H, m, Ar), 7.05 (1H, = 2.0 Hz, Ar), 3.59 (2H, s,
NCH,CBr), 3.01-2.97 (2H, m, NC}, 2.90-2.87 (2H, m, ArCh), 1.97 (1H, br
s, NH), 1.87 (3H, s, C#§), 1.80 (3H, s, Ch ppm;dc (100 MHz, CDCJ) 136.4
(C, Ar), 133.4 (CBr), 127.5 (C, Ar), 122.0 (CH, Ad21.8 (CH, Ar), 121.4 (C,
Ar), 119.3 (CH, Ar), 118.9 (CH, Ar), 114.0 (=C), 1.1 (CH, Ar), 53.4 (NCHh),
48.0 (NCH), 25.9 (ArCH), 25.5 (CH), 20.7 (CH) ppm; MS (ES) mvz 309

[MH*, 8'Br], 307 [MH", "*Br]; HRMS (ES) calcd for GsH1gBrN, [MH™, “Br]:
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307.0804; found 307.0803. Anal. calcd forsi€oBrNo: C, 58.64; H, 6.23; N,

9.11%. Found: C, 58.76; H, 6.25; N, 9.06%.

Preparation of 2-Methyleneaziridines

General Method 3:

H Br |I\|

N

R” N I
An oven-dried 3-neck flask was fitted with an owdired cold-finger condenser
and gas inlet. Iron (Ill) nitrate nonahydrate (0./1®1%) was added and the
system flushed with anhydrous ammonia. Ammonia thas condensed into
the flask by the addition of dry-ice to the condan$Sodium metal (3.5 equiv.)
was added to the solution in small pieces, a baleuc was initially observed,
which faded to grey as the suspension of sodiundamias formed. Upon
cooling to —33°C a solution of vinyl bromid@52 in EtO (1:1 w/v) was added
and the solution stirred for 10 min. The mixturesvelluted with EfO (20 mL)
and quenched by the dropwise addition of watem2) (CAUTION). Once the
ammonia had evaporated,.8t (50 mL) was added and the organic phase
separated, washed with 10% NaOH solution (3 x 50 amd brine (3 x 50 mL).
The organic phase was dried over MgSfiltered and concentrated vacuo.
Purification of the 2-methyleneaziridine was ackév by bulb-to-bulb

distillation unless otherwise stated.
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3-[2-(2-Methyleneaziridin-1-yl)ethyl]indole (244a).*®

Cry)

N

Sodium amide, generated from sodium (1.08 g, 4#rbknand iron (lll) nitrate
nonahydrate (2.0 mg, 5i@mol) in ammonia (100 mL), was reacted with vinyl
bromide 252a (3.76 g, 13.5 mmol) as described in General Mettsod
Purification by bulb-to-bulb distillation (178C, 0.1 Torr) afforded®49a (2.36
g, 88%) as a clear colourless @ihax(film) 3412, 1766, 1619, 1455, 1339 ¢m
Su (400 MHz, CDC}) 8.06 (1H, br s, indole NH), 7.60 (1H, 3= 6.8 Hz, Ar),
7.32 (1H, dJ = 8.1 Hz, Ar), 7.18 (1H, t = 7.5 Hz, Ar), 7.11 (1H, t] = 7.5 Hz,
Ar), 7.00 (1H, s, Ar), 4.71 (1H, s, @), 4.69 (1H, s, =CH), 3.10 (2H, tJ =
7.5 Hz, NCH), 2.84 (2H, tJ= 7.5 Hz, ArCH), 2.06 (2H, s, ring Ck ppm;dc
(100 MHz, CDC4) 137.4 (C, Ar), 136.3 (C=), 127.5 (C, Ar), 1220H, Ar),
121.9 (CH, Ar), 119.3 (CH, Ar), 118.8 (CH, Ar), 163C, Ar), 111.2 (CH, Ar),
83.2 (=CH), 60.0 (NCH), 30.9 (ring CH), 25.9 (ArCH) ppm; MS (ES) m/z

199 [MH']; HRMS (ES) calcd for GaHisN, [MH*]: 199.1230; found 199.1231.
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5-M ethoxy-3-[2-(2-methyleneaziridin-1-yl)ethyl]-1H-indole (249Db).

MeO

o)

N

Sodium amide, generated from sodium (585 mg, 25dokbnand iron (ll1)
nitrate nonahydrate (12.0 mg 2%mol) in ammonia (50 mL), was reacted with
vinyl bromide 252b (2.25 g, 7.27 mmol) as described in General MetBod
249b (1.44 g, 87%) was isolated as a brown oil whicls wharacterised and
used without further purificatiommax(film) 2938, 1766, 1623, 1583, 1484 ¢m
Su (400 MHz, CDC}) 7.98 (1H, br s, indole NH), 7.22 (1H, 3= 8.8 Hz, Ar),
7.04 (1H, dJ = 2.1 Hz, Ar), 7.01 (1H, m, Ar), 6.85 (1H, dd= 2.4, 8.8 Hz,
Ar), 4.71 (1H, dJ = 1.3 Hz, =@4H), 4.69 (1H, s, =CH), 3.86 (3H, s, OCH),
3.06 (2H, t,J = 7.5 Hz, NCH)), 2.82 (2H, tJ = 7.5 Hz, ArCH), 2.07 (2H, s,
ring CHy) ppm; 8¢ (100 MHz, CDCY) 153.9 (CO, Ar)), 137.4 (C, Ar), 1315
(=C), 127.8 (C, Ar), 122.7 (CH, Ar), 113.4 (C, AD)]2.1 (CH, Ar), 111.9 (CH,
Ar), 100.8 (CH, Ar), 83.1 (=CbJ, 59.9 (NCH), 55.9 (CH), 30.9 (ring CH),
25.9 (ArCH) ppm; MS (ES) mvz 229 [MH']; HRMS (ES) calcd for

C14H17N20 [MH™]: 229.1335; found 229.1333.
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1-Methyl-3-[2-(2-methyleneaziridin-1-yl)ethyl]-1H-indole (249c).

Crx)

N

Me

Sodium amide, generated from sodium (403 mg, 17mdobnand iron (ll1)
nitrate nonahydrate (12.0 mg, 29umol) in ammonia (50 mL), was reacted with
vinyl bromide 252c (1.47 g, 5.0 mmol) as described in General Method 3
Purification by bulb-to-bulb distillation (185 °®@,1 Torr) gave249c (741 mg,
70%) as a yellow oilvmay (film) 3051, 1765, 1615, 1472, 1173 by (400
MHz, CDCk) 7.59 (1H, dJ = 7.9 Hz, Ar), 7.29 (1H, dJ = 8.4 Hz, Ar), 7.24-
7.19 (1H, m, Ar), 7.12-7.08 (1H, m, Ar), 6.91 (18, Ar), 4.72-4.71 (1H, m,
=CHH), 4.68 (1H, s, =CH), 3.74 (3H, s, NCh), 3.08 (2H, t,J = 7.6 Hz,
NCH,), 2.82 (2H, tJ = 7.6 Hz, ArCH), 2.07 (2H, s, ring Ck ppm;dc (100
MHz, CDCk) 136.4 (C, Ar), 135.9 (=C), 127.8 (C, Ar), 125@H), 120.5 (CH,
Ar), 117.8 (CH, Ar), 117.7 (CH, Ar), 111.1 (C, Ar108.2 (CH, Ar), 81.9
(=CH,), 59.2 (NCH), 31.5 (CH), 29.8 (ring CH), 24.7 (Ar CH) ppm; MS
(EI") m/z 212 [M], 211 [M-H]; HRMS (EI") calcd for G4HisN,> [M—H™:
211.1235; found 211.1243. Anal. calcd foiadieNo: C, 79.21; H, 7.60; N,

13.20%. Found: C, 79.25; H, 7.70; N, 13.11%.
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3-[2-(2-Methyleneaziridin-1-yl)propyl]-1H-indole (249d).

AN
Sodium amide, generated from sodium (1.17 g, 50r®nand iron (111) nitrate
nonahydrate (12.0 mg, 29umol) in ammonia (100 mL), was reacted with vinyl
bromide 252d (4.28 g, 14.54 mmol) as described in General M#tB0249d
(2.92 g, 94%) was isolated as a brown oil which wiaracterised and used
without further purificationvmax (film) 2967, 1771, 1454, 1162, 1089 ¢mby
(400 MHz, CDC}) 8.11 (1H, br s, indole NH), 7.58 (1H, &= 7.6 Hz, Ar), 7.35
(1H, d,J = 8.0 Hz, Ar), 7.21-7.17 (1H, m, Ar), 7.13-7.09 (1M, Ar), 7.02 (1H,
d,J = 2.0 Hz, Ar), 4.73 (1H, m, =8H), 4.67 (1H, s, =CH), 3.16 (1H, dd, =
5.1, 14.1 Hz, Ar€H), 2.91 (1H, dd,J = 8.0, 14.1 Hz, ArCHi), 2.27-2.18 (1H,
m, CH), 2.06 (1H, s, ring IgH), 2.00 (1H, s, ring CH), 1.20 (3H, dJ = 6.6
Hz, CHs) ppm;dc (100 MHz, CDCJ) 135.8 (C, Ar), 135.2 (=C), 126.7 (C, Ar),
121.6 (CH, Ar), 120.8 (CH, Ar), 118.2 (CH, Ar), 197CH, Ar), 112.0 (C, Ar),
110.1 (CH, Ar), 81.9 (=Ch) 63.6 (CH), 31.8 (ArCh), 28.7 (ring CH), 18.8
(CHs) ppm; MS (ES) m/z 213 [MH']; HRMS (ES) calcd for G4H17N2 [MH™]

213.1386, found 213.1386.
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N-(2-(1-methyl-1H-indol-3-yl)ethyl)-1-phenyloctan-3-amine (260).

Re-purified Copper (I) iodide (36 mg, 0.19 mmol)anround-bottomed flask
was flame dried under vacuum and then purged wiilogen (three cycles
performed). THF (4 mL) was added and the mixtureled to —30°C,
whereupom-butylmagnesium chloride (2M in THF, 1.06 mL, 2.A@2nol) was
added. After 10 min, methyleneaziridi@d9c (200 mg, 0.94 mmol) in THF (2
mL) was added and the reaction mixture stirredoatrr temperature for 16 h.
Upon cooling to 0°C, benzyl chloride (0.16 mL, 1.39 mmol) was added
dropwise, and the mixture heated at %® for 20 h. Upon cooling to room
temperature, the reaction mixture was addadannula to a stirred solution of
sodium borohydride (140 mg, 3.70 mmol) in glaciaktec acid (2.5 mL) at
10 °C. After 2 h, water (2 mL) was added slowly, folledvby 10% NaOH (2
mL) and EtOAc (4 mL). Stirring was continued for ffin, then the mixture
was extracted with EtOAc (3 x 20 mL) and the corebimrganic phases were
washed with saturated NBI solution (3 x 20 mL), saturated NaHg®6blution
(3 x 20 mL) and brine (3 x 30 mL). The organic ghass dried over MgSQ
filtered and concentrateish vacuo. Purification on silica gel (5% methanol in
dichloromethane) afforded@60 (228 mg, 69%) as a brown oils R 0.23 (5%
methanol in dichloromethane);ax(film) 2927, 1585, 1454, 1327, 698 ¢nby
(400 MHz, CDC4) 7.53 (1H, d,J = 7.8 Hz, Ar), 7.19-6.98 (8H, m, Ar), 6.80
(1H, s, Ar), 3.62 (3H, s, NC§), 2.94-2.84 (4H, m, B,CH,NH), 2.51-2.45 (3H,
m, CHAr + CH), 1.68-1.62 (2H, m, CHE), 1.37 (1H, br s, NH), 1.18-1.22
(8H, m, 4 x CH), 0.76 (3H, tJ = 6.9 Hz, CH) ppm; dc (100 MHz, CDC})
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142.4 (C, Ar), 137.2 (C, Ar), 128.4 (CH, Ar), 1278H, Ar), 126.9 (C, Ar),
125.7 (CH, Ar), 121.7 (CH, Ar), 119.1 (CH, Ar), 18§CH, Ar), 112.2 (C, Ar),
109.3 (CH, Ar), 57.1 (CH), 47.0 (NG} 35.3 (CH), 33.5 (CH), 32.6 (NCH),
32.1 (CH), 32.0 (CH), 25.6 (CH), 25.4 (CH), 22.7 (CH), 14.1 (CH) ppm;
MS (ES) nvz 363 [MH']; HRMS (ES) calcd for GsHzsN» [MH™]: 363.2722;

found 363.2752.

Synthesis of 1,1 disubstituted tetrahydro-p-carbolines.

General Method 4:

RZ
oy O

NIV N
' OR®
To a stirred solution of methyleneaziridigd9 (1 equiv.) in CHCI, (2 mL) at

—-30°C was added BFEL,O (1 equiv.) dropwise. After 5 minutes, the alcofil
equiv.) was added dropwise and the solution wasvell to warm to room
temperature and stirred for 16 hours. The mixtuas ywoured into 10% NaOH
(20 mL), at which point a colour change from red/étiow was observed. The
mixture was extracted with GBI, (3 x 10 mL). The combined organic phases
were washed with brine (10 mL), dried over MgS$S@ltered through a pad of
decolourising charcoal and concentrat@ad vacuo. Purification of the
tetrahydroB-carboline was achieved by column chromatographth wgilica

pre-treated with BN.
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1-[(Benzyloxy)methyl)]-2,3,4,9-tetr ahydr o-1-methyl-1H-pyrido[ 3,4-b]indole

(269a).

\ NH

Ir=z

o
\\
Ph

Methyleneaziridine249a (200 mg, 1.01 mmol) was reacted with 8,0 (130
puL, 1.03 mmol) and benzyl alcohol (21, 2.03 mmol) as described in
General Method 4. Purification on silica gel (2%tlnaaol in dichloromethane)
afforded 269a (226 mg, 73%) as a brown oil.; B 0.22 (5% methanol in
dichloromethane)ymax(film) 2853, 1724, 1452, 1297, 1092 ¢ndy (400 MHz,
CDCls) 8.22 (1H, br s, indole NH), 7.48 (1H, 8= 7.5 Hz, Ar), 7.36-7.24 (6H,
m, Ar), 7.15-7.05 (2H, m, Ar), 4.54 (1H, d= 11.9 Hz, OGIH), 4.50 (1H, d,)
= 11.9 Hz, OCHH), 3.55 (1H, dJ = 8.5 Hz, O®IH), 3.51 (1H, dJ = 8.5 Hz,
OCHH), 3.21-3.10 (2H, m, NC}), 2.70 (2H, tJ = 5.8 Hz, ArCH), 1.70 (1H,
br s, NH), 1.48 (3H, s, CHil ppm; ¢ (100 MHz, CDC4) 138.4 (C, Ar), 138.1
(C, Ar), 135.7 (C, Ar), 128.6 (CH, Ar), 128.0 (CHr), 127.9 (CH, Ar), 127.2
(C, Ar), 121.6 (CH, Ar), 119.2 (CH, Ar), 118.3 (CHr), 110.9 (CH, Ar), 108.2
(C, Ar), 77.8 (OCH), 73.8 (CHO), 53.4 (C), 39.9 (CKCH.), 25.5 (CH), 22.9
(CH,CH,) ppm; MS (ES) m/z 307 [MH']; HRMS (ES) for CgH23N>0 [MH™]:

307.1805; found 307.1802.

164



Chapter 6

1-(Ethoxymethyl)-2,3,4,9-tetr ahydr o-1-methyl-1H-pyrido[3,4-b]indole

(270).
\ NH
(@]

\

Methyleneaziridine249a (200 mg, 1.01 mmol) was reacted with 8,0 (130

Iz

puL, 1.03 mmol) and benzyl alcohol (13, 1.11 mmol) as described in
General Method 4. Purification on silica gel (2%tlnaaol in dichloromethane)
afforded 269a (169 mg, 54%) as a brown oil, with the data désctiabove.
Further elution afforded®70 (33 mg, 14%) as a brown oil.: R 0.21 (5%
methanol in dichloromethane)ay (film) 2971, 2869, 1451, 1296, 1104 ¢m
u (400 MHz, CDC}) 8.37 (1H, br s, indole NH), 7.48 (1H, 8= 7.4 Hz, Ar),
7.29 (1H, dJ = 8.1 Hz, Ar), 7.15-7.11 (1H, m, Ar), 7.09-7.054(1m, Ar), 3.54-

3.45 (4H, m, CHOCHp), 3.22-3.11 (2H, m, NC}), 2.70 (2H, t,J = 5.6 Hz,

ArCH,), 2.06 (1H, br s, NH), 1.47 (3H, s, C@H1.21 (3H, tJ = 6.9 Hz,
CH,CH3) ppm; 3¢ (100 MHz, CDCJ) 138.6 (C, Ar), 135.7 (C, Ar), 127.2 (C,
Ar), 121.5 (CH, Ar), 119.2 (CH, Ar), 118.2 (CH, Af11.0 (CH, Ar), 108.0 (C,
Ar), 78.0 (OCH), 67.1 (OCH), 53.4 (C), 39.8 (NCH), 25.4 (GCHg), 22.9
(ArCHy), 15.3 (CHCHz) ppm; MS (LSIMS) miz 245.1 [MH], HRMS

(LSIMS") calculated for @H»0DN,O [MD']: 246.1711; found 246.1714.
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1-Methyl-1-(propoxymethyl)-2,3,4,9-tetr ahydr o-1H-pyrido[3,4-b]indole

(269b).
\ NH
O\\\

Methyleneaziridine249a (200 mg, 1.01 mmol) was reacted with 8,0 (130

Iz

uL, 1.03 mmol) and propan-1-ol (150, 2.01 mmol) as described in General
Method 4. Purification on silica gel (2% methanoldichloromethane) afforded
269b (217 mg, 83%) as a brown oil. ;R= 0.22 (5% methanol in
dichloromethane)ymax(film) 2962, 2919, 2850, 1452, 1297 ¢ndy (400 MHz,
CDCls) 8.31 (1H, br s, indole NH), 7.48 (1H, 3= 7.9 Hz, Ar), 7.30 (1H, d] =
7.9 Hz, Ar), 7.16-7.11 (1H, m, Ar), 7.10-7.05 (1i, Ar), 3.51-3.37 (4H, m,
CH,OCH,), 3.24-3.12 (2H, m, NC}), 2.71 (2H, tJ = 5.7 Hz, ArCH), 1.68-
1.59 (3H, br m, NH and 18,CHs), 1.49 (3H, s, CCHJ, 0.95 (3H, tJ = 7.3 Hz,
CH,CHs) ppm; dc (100 MHz, CDC}) 138.7 (C, Ar), 135.7 (C, Ar), 127.2 (C,
Ar), 121.5 (CH, Ar), 119.1 (CH, Ar), 118.2 (CH, A10.9 (CH, Ar), 108.0 (C,
Ar), 78.5 (OCH), 73.4 (OCH), 53.5 (C), 39.9 (NCH, 25.5 (CCH3), 22.95
(CH,CHs), 22.90 (ArCH), 10.8 (CHCHs) ppm; MS (LSIMS) m/z 259 [MH'];

HRMS (LSIMS") calculated for @H23N,0 [MH']: 259.1810; found 259.1820.
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1-(Cyclohexyloxymethyl)-1-methyl-2,3,4,9-tetr ahydr o-1H-pyrido[ 3,4-

blindole (269c).
\ NH
2

Methyleneaziridine249a (200 mg, 1.01 mmol) was reacted with 8,0 (130

Iz

pL, 1.03 mmol) and cyclohexanol (21, 1.99 mmol) as described in General
Method 4. Purification on silica gel (2% methanoldichloromethane) afforded
269c (191 mg, 63%) as a brown oilRf = 0.20 (5% methanol in
dichloromethane)ymax(film) 2928, 2853, 1449, 1297, 1093 ¢ndy (400 MHz,
CDCls) 8.45 (1H, br s, indole NH), 7.54 (1H, 8= 7.8 Hz, Ar), 7.37 (1H, d] =
8.2 Hz, Ar), 7.22-7.18 (1H, m, Ar), 7.16-7.11 (1, Ar), 3.59 (1H, dJ = 8.2
Hz, OCHH), 3.55 (1H, d,J = 8.2 Hz, OCHH), 3.38-3.20 (3H, m, OCH + NG
2.79 (2H, tJ = 5.7 Hz, ArCH), 1.98-1.29 (11H, m, 5 x GH NH), 1.57 (3H, s,
CHs) ppm;&c (100 MHz, CDCJ) 138.9 (C, Ar), 135.6 (C, Ar), 127.1 (C, Ar),
121.4 (CH, Ar), 119.1 (CH, Ar), 118.2 (CH, Ar), 190(CH, Ar), 107.8 (C, Ar),
78.2 (OCH), 75.9 (OC}h), 53.4 (C), 39.9 (NC}}, 32.3 (CH), 31.9 (CH), 25.8
(CHy), 25.6 (CH), 23.9 (CH), 22.9 (ArCH) ppm; MS (ES) m/z 299 [MH];

HRMS (ES) calcd for GgH»7NO [MH']: 299.2118; found 299.2121.
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1-(tert-Butoxymethyl)-1-methyl-2,3,4,9-tetr ahydr o-1H-pyrido[3,4-b]indole

(269d).
\ NH
O\é

Methyleneaziridine249a (200 mg, 1.01 mmol) was reacted with 8,0 (130

Iz

pL, 1.03 mmol) and 2-methyl-propanol (19@, 1.99 mmol) as described in
General Method 4. Purification on silica gel (2%thagol in dichloromethane)
afforded 269d (160 mg, 58%) as a brown oil.s R 0.28 (5% methanol in
dichloromethane)ymax(film) 2848, 1431, 1363, 1192, 1093 ¢ndy (400 MHz,
CDCls) 8.38 (1H, br s, indole NH), 7.48 (1H, 3= 7.9 Hz, Ar), 7.31 (1H, d] =
7.9 Hz, Ar), 7.16-7.11 (1H, m, Ar), 7.10-7.05 (1, Ar), 3.45 (1H, dJ = 7.8
Hz, OCHH), 3.39 (1H, dJ = 7.8 Hz, OCHH), 3.26-3.14 (2H, m, NCH), 2.72
(2H, t,J = 5.6 Hz, ArCH), 1.77 (1H, br s, NH), 1.48 (3H, s, §H1.21 (9H, s,
(CHs)s) ppm;d¢ (100 MHz, CDCY) 139.2 (C, Ar), 135.6 (C, Ar), 127.2 (C, Ar),
121.4 (CH, Ar), 119.1 (CH, Ar), 118.2 (CH, Ar), 190(CH, Ar), 107.8 (C, Ar),
73.5 (OCH), 69.8 C(CHj3)3), 53.2 (C), 40.0 (NCh, 27.6 (CCHs)s), 25.6
(CCH3), 22.9 (ArCH) ppm; MS (LSIMS) m/z 273 [MH']; HRMS (LSIMS)

calcd for G7H2sN>O [MH']: 273.1967; found 273.1973.
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1-(Allyloxymethyl)-1-methyl-2,3,4,9-tetr ahydr o-1H-pyrido[ 3,4-b]indole

(269€).

Methyleneaziridine249a (200 mg, 1.01 mmol) was reacted with 8,0 (130
uL, 1.03 mmol) and allyl alcohol (146L, 2.06 mmol) as described in General
Method 4. Purification on silica gel (2% methanoldichloromethane) afforded
269e (206 mg, 80%) as a brown oilRf = 0.22 (5% methanol in
dichloromethane)ymax(film) 2972, 2901, 1451, 1297, 1075 ¢ndy (400 MHz,
CDCls) 8.27 (1H, br s, indole NH), 7.48 (1H, = 7.8 Hz, Ar), 7.29 (1H, d] =
7.8 Hz, Ar), 7.16-7.12 (1H, m, Ar), 7.09-7.05 (1i, Ar), 5.95-5.85 (1H, m,
=CHCH,), 5.33-5.23 (1H, m, =8H), 5.19-5.09 (1H, m, =CH), 4.05-3.96 (2H,
m, OCH), 3.52 (1H, dJ = 8.6 Hz, O®IH), 3.49 (1H, dJ = 8.6 Hz, OCHt),
3.24-3.12 (2H, m, NC}J, 2.71 (2H, tJ = 5.7 Hz, ArCH), 1.69 (1H, br s, NH),
1.49 (3H, s, Ck) ppm; ¢ (100 MHz, CDC}) 138.4 (C, Ar), 135.7 (C, Ar),
134.6 (=CH), 127.2 (C, Ar), 121.5 (CH, Ar), 119QH, Ar), 118.3 (CH, Ar),
117.4 (=CH), 110.9 (CH, Ar), 108.2 (C, Ar), 77.8 (OGH 72.6 (OCH), 53.3
(C), 39.9 (NCH), 25.5 (CH), 22.9 (ArCH) ppm; MS (ES) miz 257 [MH'];

HRMS (ES) calcd for GeH2:N-0 [MH™]: 257.1648; found 257.1648.

169



Chapter 6

1-Methyl-1-[(pent-4-ynyloxy)methyl]-2,3,4,9-tetr ahydr o-1H-pyrido[ 3,4-

blindole (269f).

Iz

W\

Methyleneaziridine249a (200 mg, 1.01 mmol) was reacted with 8,0 (130
uL, 1.03 mmol) and 4-pentyn-1-ol (19Q, 2.04 mmol) as described in General
Method 4. Purification on silica gel (2% methanoldichloromethane) afforded
269f (201 mg, 71%) as a brown oil. {R= 0.22 (5% methanol in
dichloromethane)ymax(film) 3287, 2862, 1620, 1452, 1297 ¢ndy (400 MHz,
CDCls) 8.33 (1H, br s, indole NH), 7.49 (1H, = 8.4 Hz, Ar), 7.33 (1H, d] =
8.4 Hz, Ar), 7.17-7.13 (1H, m, Ar), 7.10-7.06 (1, Ar), 3.59 (2H, tJ = 6.0
Hz, OCH), 3.54 (1H, dJ = 8.4 Hz, OGiH), 3.48 (1H, dJ = 8.4 Hz, OCHH),
3.26-3.14 (2H, m, NCh), 2.73 (2H, tJ = 5.7 Hz, ArCH), 2.39-2.25 (2H, m,
CH,CH,CH,), 2.01 (1H, t,J = 2.8 Hz,=CH), 1.88-1.80 (2H, m, B,C=CH),
1.65 (1H, br s, NH), 1.51 (3H, s, GHppm; 3¢ (100 MHz, CDCY) 138.4 (C,
Ar), 135.7 (C, Ar), 127.1 (C, Ar), 121.5 (CH, A019.2 (CH, Ar), 118.2 (CH,
Ar), 111.0 (CH, Ar), 108.1 (C, Ar), 84.0 €, 78.5 (OCH), 70.2 (OCH), 69.0
(=CH), 53.4 (C), 39.9 (NC}), 28.3 CH,C=CH), 25.4 (CH), 22.9 (ArCH),
15.5 (CHCH,CH,) ppm; MS (LSIMS) m/z 283 [MH']; HRMS (LSIMS') calcd

for C1gH2aN,0 [MH™]: 283.1806; found 283.1810.
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1-(Benzyloxymethyl)-6-methoxy-1-methyl-2,3,4,9-tetr anydro-1H-pyrido[ 3,4
indole (2690).

MeQO

\ NH

Iz

0]
\\
Ph

Methyleneaziridine249b (412 mg, 1.80 mmol) was reacted with;H%0 (230
puL, 1.81 mmol) and benzyl alcohol (370, 3.58 mmol) as described in
General Method 4. Purification on silica gel (3%tina@ol in dichloromethane)
afforded 269g (401 mg, 66%) as a brown oil.; R 0.21 (5% methanol in
dichloromethane)ymax(film) 2935, 1705, 1625, 1590, 1453 ¢ndy (400 MHz,
CDCl) 8.14 (1H, br s, indole NH), 7.37-7.28 (5H, m, AP)15 (1H, dJ = 8.7
Hz, Ar), 6.95 (1H, dJ = 2.4 Hz, Ar), 6.79 (1H, dd] = 2.4, 8.7 Hz, Ar), 4.57
(1H, d,J = 12.2 Hz, OGIH), 4.51 (1H, dJ = 12.2 Hz, OCH), 3.84 (3H, s,
OCHg), 3.56 (1H, d,J = 8.4 Hz, OGiH), 3.53 (1H, dJ = 8.4 Hz, OCHH), 3.23-
3.11 (2H, m, NCH), 2.69 (2H, tJ = 5.7 Hz, ArCH), 1.92 (1H, br s, NH), 1.49
(3H, s, CH) ppm;dc (100 MHz, CDC}) 153.9 (C, Ar), 139.1 (C, Ar), 137.9 (C,
Ar), 130.8 (C, Ar), 128.5 (CH, Ar), 127.9 (CH, Aj27.8 (CH, Ar), 127.4 (C,
Ar), 111.5 (CH, Ar), 111.4 (CH, Ar), 107.9 (C, A00.6 (C, Ar), 77.7 (OCH),
73.7 (OCH), 56.1 (OCH), 53.5 (C), 39.8 (NCh}, 25.4 (CH), 22.8 (ArCH)
ppm; MS (ES) m'z 337 [MH']; HRMS (ES) calcd for GiHsN,O, [MH™]:

337.1911; found 337.1911.
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1-[(Benzyloxy)methyl)]-2,3,4,9-tetr ahydro-1,9-dimethyl-1H-pyrido[ 3,4-

blindole (269h).

Methyleneaziridine249c (200 mg, 0.94 mmol) was reacted with 8,0 (120
puL, 0.95 mmol) and benzyl alcohol (194, 1.89 mmol) as described in
General Method 4. Purification on silica gel (2%tlnaaol in dichloromethane)
afforded269h (130 mg, 43%) as a brown oil; R 0.25 (5% MeOH in CKCly);
vmax (film) 2928, 1705, 1469, 1453, 1091 ¢ndy (400 MHz, CDCY) 7.48 (1H,
d,J = 7.8 Hz, Ar), 7.33-7.23 (6H, m, Ar), 7.21-7.1H(m, Ar), 7.10-7.06 (1H,
m, Ar), 4.56 (1H, dJ = 12.3 Hz, OGIH), 4.49 (1H, dJ = 12.3 Hz, OCHt),
3.87 (1H, dJ = 9.7 Hz, O®IH), 3.63 (3H, s, NCh), 3.58 (1H, dJ = 9.7 Hz,
OCHH), 3.22-3.07 (2H, m, NC}), 2.77 (2H, tJ = 5.7 Hz, ArCH), 1.93 (1H,
br s, NH), 1.49 (3H, s, CHi ppm; ¢ (100 MHz, CDC4) 138.0 (C, Ar), 137.8
(C, Ar), 137.4 (C, Ar), 128.4 (CH, Ar), 127.8 (CHr), 127.7 (CH, Ar), 126.7
(C, Ar), 121.4 (CH, Ar), 118.9 (CH, Ar), 118.2 (CHy), 110.0 (C, Ar), 108.7
(CH, Ar), 74.7 (OCH), 73.3 (OCH), 55.0 (C), 39.4 (NCh), 31.6 (NCH), 23.9
(CHs), 23.3 (ArCH) ppm; MS (ES) mz 321 [MH']; HRMS (ES) calcd for

C21H2sN20 [MH™]: 321.1961; found 321.1962.
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Chapter 6

1-(Allyloxymethyl)-1,9-dimethyl-2,3,4,9-tetr ahydr o-1H-pyrido[ 3,4-b]indole

(269i).

Methyleneaziridine249c (200 mg, 0.94 mmol) was reacted with 8,0 (120
uL, 0.95 mmol) and allyl alcohol (136L, 1.91 mmol) as described in General
Method 4. Purification on silica gel (2% methanoldichloromethane) gave
269i (94 mg, 37%) as a brown oR; = 0.23 (5% methanol in dichloromethane);
vmax (film) 2930, 1647, 1470, 1364, 1237 ¢ndy (400 MHz, CDCY) 7.48 (1H,
d,J=8.0 Hz, Ar), 7.27 (1H, d] = 8.7 Hz, Ar), 7.23-7.18 (1H, m, Ar), 7.11-7.06
(1H, m, Ar), 5.91-5.81 (1H, m, #ACH,), 5.25-5.15 (2H, m, =C§), 3.99 (2H,
d,J=5.8 Hz, OCH), 3.89 (1H, d,J = 9.6 Hz, OGIH), 3.78 (3H, s, NCH), 3.59
(1H, d,J = 9.6 Hz, OCHH), 3.25-3.09 (2H, m, NCH), 2.77 (2H, tJ = 5.7 Hz,
ArCH,), 1.95 (1H, br s, NH), 1.51 (3H, s, @Hppm; 5c (100 MHz, CDC}))
137.8 (C, Ar), 137.4 (C, Ar), 134.6 (CH, Ar), 126, Ar), 121.5 (CH, Ar),
118.9 (CH, Ar), 118.2 (CH, Ar), 117.4 (=GH 110.0 (C, Ar), 108.7 (CH, Ar),
74.9 (OCH), 72.4 (OCH), 55.0 (C), 39.3 (NC}), 31.8 (NCH), 23.9 (CH),
23.3 (ArCH), ppm; MS (ES m/z 271 [MH]; HRMS (ES) calcd for

C17H2aN20 [MH™]: 271.1805; found 271.1802.
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Chapter 6

(1R*,3R*)-1-[(Benzyloxy)methyl]-2,3,4,9-tetr ahydro-1,3-dimethyl-1H-

pyrido[3,4-blindole (272).

Methyleneaziridin249d (200 mg, 0.94 mmol) was reacted with Hf,0 (120
puL, 0.94 mmol) and benzyl alcohol (194, 1.88 mmol) as described in
General Method 4. Purification on silica gel (2%thaaol in dichloromethane)
afforded (R*,3R*)-272 (190 mg, 63%) as a light brown oils R 0.25 (5%
methanol in dichloromethane)ay (film) 2862, 1707, 1453, 1307, 1092 ¢m
oy (400 MHz, CDC)) 8.45 (1H, br s, indole NH), 7.46 (1H, 8= 7.8 Hz, Ar),
7.41-7.33 (5H, m, Ar), 7.27 (1H, d,= 8.0 Hz, Ar), 7.18-7.14 (1H, m, Ar), 7.11-
7.07 (1H, m, Ar), 4.64 (1H, dl = 11.6 Hz, OGiH), 4.58 (1H, dJ = 11.6 Hz,
OCHH), 4.00-3.88 (2H, m, OCH), 3.63-3.53 (1H, m, NCH), 2.92 (1H, dii=
4.1, 15.7 Hz, Ar€leH), 2.76-2.73 (1H, m, ArB,H), 1.74 (3H, s, CCH), 1.55
(3H, d,J = 6.3 Hz, CHE®l3), 1.25 (1H, br s, NH) ppmc (100 MHz, CDCH})
138.3 (C, Ar), 137.9 (C, Ar), 135.9 (C, Ar), 1246H, Ar), 128.0 (CH, Ar),
127.9 (CH, Ar), 126.9 (C, Ar), 121.5 (CH, Ar), 129CH, Ar), 118.2 (CH, Ar),
110.9 (CH, Ar), 108.3 (C, Ar), 78.6 (OGH 73.7 (OCH), 55.5 (C), 45.1 (CH),
30.6 (QCHg3), 25.1 (ArCH), 22.6 (CHCH3) ppm; MS (ES) m/z 321 [MHT;

HRMS (ES) calcd for GiH2sN-O [MH*] 321.1961, found 321.1960.
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'H NMR spectra (400 MHz) of 155
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Appendix

1P NMR spectra (161 MHz) of 155
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'H NMR spectra (400 MHz) of 244d
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'H NMR spectra (400 MHz) of 267
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