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Errata

p. 19 line 7: shouid be ‘phenomenon’ for ‘phenominun’
p. 22 line 7: should be 'leads’ for 'lead’

p.86 line 1: should be 'Grignard’ for 'Gringard'

p. 89, line 4: should be 'Scheme 4.17' for 'Scheme 4.16'

p. 120, line 7: should be 'undec-10-enylamine' for 'undec-10-amine’'

p. 123, Table 6.1: should be 'Isolated yields of (161) (%)’ for 'Isolated yields (%)’, also
it should be 'From resin attached (165)' and 'From solution of (175)' for 'Resin

attached (165)' and 'Solution of (175)' respectively.
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Abstract

The thesis describes the synthesis and application of some nitrogen heterocycles. The
major part of the thesis is concerned with the synthesis of small chiral nitrogen
heterocycles for the use as chiral modifiers in metal-promoted reactions. A study of the

synthesis of large nitrogen heterocyles on a solid support is also included.

The chiral dimethylpyrrolidine ligands (43) and (44) were successfully synthesised from
the key building block, (25,55)-2,5-hexanediol (49), which was prepared by a yeast
reduction of 2,5-hexanedione (50). Both ligands, (43) and (44) were prepared in good
yields and in excellent selectivity (>99% ee). Other modified pyrrolidine analogues ((53),

(62), (63), (64), (65) and (66)) were also successfully prepared.

The chiral diamines (43), (44), were evaluated as ligands in the osmium tetroxid’é
dihydroxylation of stilbene (12). 'H n.m.r experiments showed that these ligands were
toc bulky to coordinate to osmium. Less hindered analogues ((55), (62), (63), (64), (65)
and (66)) did act as ligands in the dihydroxylation reactions but with poor
enantioselectivity (<10% ee). The chiral diamines were also evaluated as ligands in
asymmetric Grignard reactions, Rh-catalysed hydroformylation reactions and copper-
calalysed phenolic coupling reactions with very little success. However, asymmetric

allylic alkylation reactions carried out using chiral pyrrolidine (43) showed excellent

vi




enantioselectivity (75-85% ee). Good streoselectivity (51% ee) was achieved when ligand

(66) was used.

Synthesis of the bis-aziridine ligands (56) and (57) were also attempted. The key building
block in this reaction scheme was (2R,3R)-Butanediol (2.3). Synthesis of the chiral
aziridine (25) was successfully carried out. However, reduction of the diamide (59)
obtained following the coupling to oxalyl chioride failed to give the desired bis-aziridine
ligand (56). The aniline (61) derivative used in the synthesis of the ligand (57) was
prepared in a moderate yield (36%). However, the second coupling of the amine (61)

with the cyclic sulfate (24) failed to give the desired ligand (57).

The second part of the thesis examined the rhodium(l)-phosphite catalysed
hydroaminomethylation of resin-tethered amino alkenes (165a-d) with H./CO. These
reactions gave moderate to good yields of 5-, 8, 10- and
13-membered heterocycles (161a-d). Competing hydrogenation, dimerisatton or
polymerisation reactions were not observed using this methodology. Analogous reactions
of untethered amines (175a-d) in solution gave more complex product mixtures with

formation of polymers in most cases.
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Chapter 1
Introduction

1.1 Introduction
Chirality is important in the context of biological activity because at a moilecular
ievel, asymmetry dominates biological processes.! Biologically active agents such as
neurotransmitters, hormones and drugs often show a high degree of selectivity
towards their molecular site of action.” Therefore it is not surprising that the
pharmaceutical indu.ry has become the ¢ ving force for the synthesis of

. . 2
enantiomerically pure compounds.”

The worldwide market for drugs sold as single enantiomers was $ (U.S) 159 billion in
the year 2002* which was greater than in previous years, with $ 147 billion being
recorded in the year 2001 and $ 133 billion in the year 2000.* Table 1.1 clearly shows
that the majority of new drugs entering the market between 1998 — 2002 are chiral.>®
Figure 1.1 shows the percentage of chiral drugs sold as single enantiomers and in their
racemic form. The trend that can be seen is that the ratio of new drugs entering the
market as single enantiomers is on the rise and is nearing 100%. This is something of
a sea change from the 1980's."® Data from 1982 show that 88% of chiral synthetic

drugs were marketed as racemates. '’
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Chapter 1
Table 1.1: New drugs entering the market from 1998 - 2002*°
Year Total new New chiral Single Nitrogen
drugs drugs enantiomers heterocycles
& 2002 33 22 20 22
4 2001 25 20 19 12
2000 35 23 22 24
1999 36 26 21 19
1998 26 21 15 21
New chiral drugs entering the market from
1998 - 2002
@ single enantiomer
@ racemic
g
s J— —
5
&
1998 199% 2000 — 200 2002
Year

Figure 1.1: The increasing trend towards the single enantiomer drugs entering the market in

the last five years®®

Synthesis of enantiomerically pure compounds is by no means focused on the
pharmaceutical industry. In fact, other industries, such as those involved in the
production of agrochemicals and food (flavours and fragrances), are increasingly

ha2-

concerned with enantiomeric purity."'*'® The major problem associated with the use
of racemates is the often disparate biological activity and potency of each of the

respective enantiomers as shown in Figure 1.2."
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Figure 1.2: Differences in the properties of enantiomers

There are a variety of methods available for the synthesis of optically pure
compounds. Methods include the use of chirality from the chiral pool, resclution of

racemates, fermentation and enzymatic transformation, diastercomeric transformation,
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resolution and asymmetric synthesis. All of these methods are used in industrial

syntheses of enantiomerically pure compounds.

In the year 2002, the anti-infectives were the most active therapeutic area with eight
new launches.’” Of these, seven were chiral and all eight drugs contained nitrogen
heterocycles in their structure. Examples of these include 0megacin® (biapenem) (1)
and Pasil® (pazufloxacin) (2) (Figure 1.3). Nearly two thirds of the new drugs
entering the market every year contain a nitrogen heterocycle moiety (Table 1.1).
Nitrogen heterocycles have played a skeletal role in many synthetic drugs for a very
Jong time and continue to do so. Penicillin (3), the first B-lactam antibiotic, was
discovered in 1928 by Alexander Fleming. Enalapril (4) is a newer drug used to treat

high blood pressure (Figure 1.3).

(1

wallll T
il

3

Figure 1.3: Some new and old drugs containing nitrogen heterocycles

Nitrogen heterocycles also make up the framework of many natural products such as
alkaloids. The powerful euphoric and analgesic alkaloid morphine (5), which is

isolated from poppy (Papaver sominiferum) seeds, possesses a piperidine moiety
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(Figure 1.4).%° Pyrrolizidine alkaloids such as retronecine (6), isolated from Senecio
douglasii var longilobus, are naturally occurring carcinogens used as venoms (Figure
1.4).2' Alkaloids related to aaptamines (7) were isolated from marine sponges of the

genus Xestospongia.>* These alkaloids (7) are topoisomerase 1l inhibitors that catenate

DNA.
OCH,

HLCO

H,CO
N Ry X
i {6) e N/

H =
) o m

Figure 1.4: Plant alkaloids with nitrogen heterocycles?®?"2

The main focus of this project will be to synthesise chiral nitrogen heterocycles for
use as ligands in asymmetric catalysis. This will form Part A of the thesis while Part

B of this thesis will examine the synthesis of large nitrogen heterocycles.

1.2 Nitrogen heterocycles as ligands for metal mediated reactions

Many nitrogen heterocycles when incorporated with metals catalyse a variety of
reactions.”* Achiral reactions which use amine based ligands include
dihydroxylation reactions, where pyridine is employed in conjunction with osmium
tetroxide to carry out catalysis (Scheme 1.1 (a)).?'s'26 Other examples include
palladium catalysed co-polymerisation reactions of alkenes, such as styrene (8), using

the 1,10-phenanthroline tigand (9) (Scheme 1.} (b)).” Platinum based catalysts are

used in Diels-Alder reactions (Scheme 1.} (c)).23
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s} Ph
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N CN
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OHy
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Cat= N——Pt——N
0 / \\
Scheme 1.1

Our main focus has been on the use of chiral amine ligands to aid asymmetric

synthesis and hence to produce enantiomerically enriched material. This type of
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synthesis is carried out under both stoichiometric and catalytic conditions. In both
instances, amine ligands act as chiral auxiliaries and form complexes with metals
which induce enantic:'s'::lf:f:livity.29‘30 Catalytic asymmetric synthesis is the ideal
method to synthesise optically active material, as a small amount of the chiral catalyst
can produce large quantities of enantiomerically pure material.'” A number of
asymmetric synthetic methods exist that vtilise diamine ligands as chiral auxiliaries

and some of these are discussed below.

(i) Asymmetric hydrogenation
Generally, asymmetric hydrogenation catalysts are ruthenium and rhodium based
complexes with diphosphine ligands.” However, iridium complexes of the

oxazolidine ligand (10) have also been used to reduce ketones to alcohols in good

enantioselectivity (91% ee) (Scheme 1.2).°%%*
o o
Ty
. (CKCODI,-L
» R
KOH
2.PrOH, 80°C

0

]

N N "!/,,
(10}

Scheme 1.2%

(i) Asymmetric cyclopropanation
Cyclopropane formation is facilitated by a reaction between diazo compounds and
alkenes and can be catalysed by a wide variety of transition metal compounds which

facilitate the addition of a carbene entity to a carbon-cartbon double bond.*'** The
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most widely used and established methodology for cyclopropanation reactions utilises
copper.”® Copper catalysed reactions have been known for over 80 years and these
catalysts carry out cyclopropanation reactions with good regioselectivity and excellent

enantioselectivity (Scheme 1.3).3 5

CGH-'J CﬁHs H H H
A+ momcoon RO LN AN/ L
o Ty, o Ty
H\\\\‘ HHCOOR ot 5\\\\\ HCOOR
Yield 82% : 15%
“hoe 97% : 95%
A = C{CH,),OH

Scheme 1.3%-%

(iii) Asymmetric epoxidation

Enantioselective alkene epoxidation constitutes an extremely appealing strategy for

the synthesis of optically active organic compounds. Manganese(Ill) complexes with
Cr-symmetric chira! salen ligands, e.g. (11), promote epoxidation with high

enantioselectivity as shown in Scheme 1.4.%738
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Scheme 1.4%

(iv) Asymmetric dihydroxylation

The cis-dihydroxylation of olefins such as stiibene (12) mediated by osmium tetroxide
represents an important general method for olefin functionalisation. Sharpless and co-
workers carry out asymmetric dihydroxylations of alkenes using cinchona alkaloid
derivatives (13) as chiral ligands.®* The ligands when coupled with osmium
tetroxide allow dihydroxylation reactions to be carried out in excellent yield (>99%)

and enantioselectivity (>97% ee) (Scheme 1.5)."!
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Ph
(12)

MeQ,

DHQD - (13}

Scheme 1.5

A variety of chiral diamines such as (15) are elaborated into catalysts to facilitate
asymmetric dihydroxylation (Scheme 1.6).** This reaction will be discussed in greater

detail in Chapter 3.

Ph HO Ph

0s0,
—_— -
L
pn {19) Ph OH

(14)

N N
Ph Ui

(15)

Fh

Scheme 1.6%

1.3 Preparation of nitrogen heterocycles
Many routes to nitrogen heterocycles are available including modification of existing

heterocycles as well as cyclisation reactions. These syntheses can be discussed in two

major parts.

10
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(i) Preparation of small rings (3- and 5-membered heterocycles). These heterocycies
can be formed as either achiral or chiral molecules.

(ii) Preparation of large rings {8 — 13-membered heterocycles)

1.3.1. Preparation of achiral 3- or S-membered heterocylces

The most common method used for the synthesis of aziridines is by heating 2-
aminoethyl hydrogensulfate (16) with concentrated aqueous sodium hydroxide
(Scheme 1.7, Method A).*** Another method that is widely used involves a silver
oxide or bcze catalysed cyclisation of 2-chloroethylamine hydrochloride salt (17)

(Scheme 1.7, Method B).*3

H
H,80. , ) NaOH N
HaNCH,CH,OH O e HyN'CHCH080; e f E
(16)
Method A¥
N
sQC - AgO or KOH
HoNCH,CH,0H e CIHN'CHCHC1  P900rKOH f }
(17}
Method B
Scheme 1.7

The most reliable preparation of 5-membered nitrogen heterocycles is by
intramolecular displacement of an activated alcohol by an amine."’” This cyclisation is
usually stereospecific (i.e. mainly the trans-isomer is formed opposed to the cis-
isomer) with very little epimerisation. An example of this is the synthesis of the trans-

2,5-disubtituted pyrrolidine (18) which was obtained in a >95% yield (Scheme
1.8) 47,48

11
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NHTs

KoCO3, MeOH O\
_——.———-—F e
ALl
! N

QAc |
Ts

trang-2,5-dimathylpyrolidine
(18

Scheme 1.8*

Another method for synthesising a 2,5-substituted pyrrolidine is by the reaction of pyrrole
(19) with excess triallylborane (20). Using this method, trans-2,5-diallylpyrrolidine (21) was

isolated as the main product in a 60% yield (Scheme 1.9).%

" /\/)38
{20)
K/ \> > /\,O"""""’/%
N

N {i) MsOH, -30-20°C
H {iii H,0, OH", 10-70°C H
9 irans-2 5-pyrrolidine
(6U%)
(21)
Scheme 1.9

1.3.2 Preparation of chiral 3- or S-membered heterocycles
As with the achiral pitrogen heterocycles, there are many different ways to synthesise

chiral aza-heterocycles.

(i) Preparation of chiral aziridines
Opiically active aziridines are synthons for the preparation of amino acids, B-lactams,
chiral reagents and show biological activity in their own right.*® There are several

methods for the synthesis of aziridines of which two will be discussed below.

Ring closing aziridination leading to an azido alcohol (22) involves the reaction of a

1,2-glycol (23) which is activated as a cyclic sulfate (24).°*>' The azide (22) was

12
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formed by the use of sodium azide in an acidic medium. Ring closure to the aziridine

(25) was performed by the exposure to triphenylphosphine (Scheme | 10).>!

-
ot
\\\

(R.AM23)

Scheme 1.10

Another method utilises the Evans system of aziridination which employs a bis-
oxazolidine ligand (26) with copper(l) triflate.™ The aziridination of the cinnamate
ester derivative (27) takes place in good yield and excellent enantioselectivity

(Scheme 1.11).%

Ts
Ph Cu(OT1) (5 moi%) N
L
— Phi=NTs - L
+ \\“"
Benzene Fap CO:Me
OzMe 63% yield

(2N \F 94% oe
g/ (26) ’39
C

Scheme 1.1

(ii) Prepai-ation of chiral pyrrolidines

Since the first isolation of 2,5-substituted pyrrolidine alkaloids from ant venom
(Figure 1.5), chemists have extensively studied these natural products.”*> These
heterocycles possess a wide range of biological activity which includes insecticidal,

haemolytic and anticholinergic activity.!’

13
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I'I-C.A;Hg\“““w Q\DC?H 15

H

Figure 1.5: trans-2-heptyl-5-butylpyrrolidine™

Beak et al.”®*" showed that the treatment of N-protected pyrrolidine with n-BuLi in
the presence of (-)-sparteine affected asymmetric deprotonation. Subsequent
stereoselective  alkylation (Scheme 1.12) to give the (25,55)-N-Boc-2,5-
2 sthylpyrrolidine (29) occurred in 47% yield, with 80% diastereoselectivity and

90% enantioselectivity.

Boe
! I
N
( ) (BOC), ( 7
————-
28) Bubi
{+}-sparteine
Me 2804
8oc Toc
| {
N Lt n-Buli
' {-)-sparteine
e
MBQS’O&

(29)

Scheme 1,12 %

Takahatu er al.® showed that 2,5-dialkylpyrrolidines (30) could be synthesisea from
L-(+)-norleucine (31) using aminomercuration with a diastereoselectivity of 96% and

an enantioselectivity of 98% (Scheme 1.13).

14
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SO0H iy A, g
(ii) CozCYVNaOH
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CHg” £ NH, (i) TSCUNEY mCHy” £ TNHCbz
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Ho(OAC)THF
——— e
NG 4Hg N HgBr nCHiw” £ TNHCbz
Cbz H
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n-CaHg iy

-
{iii) Ho/Pd{OH),
Cbz {iv) PhSOCIPy 80,Ph
98% e8
{30)
Scheme 1.13%

Another procedure utilises L-alanine (32) as the starting material, which is reduced
and benzylated following a method described by Schlessinger and Iwanowicz
(Scheme 1.14).>® The alcohol is then converted to a halide before undergoing an
organocuprate reaction. After carrying out a ring closing aminomercuration reaction,

% the benzoyl group is cleaved to give

following a procedure described by Harding,
the desired product as its hydrochloride salt (33) in reasonable yield (40%) and in

excellent stereoselectivity (>98% ee) (Scheme 1.14).8

15
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Scheme 1.14

1.3.3 Preparation of medium and large rings

Cyclisation of small (3- and 4-membered) rings are governed by ring strain.5*%* As
the rings get larger in size the ring strain is no longer a problem. The medium sized
rings (8 — 11-membered) suffer from transannular strain.® However, during the
synthesis of large rings, the probability of coincidence of the reactive centers becomes
very low.® A number of methods have been used to overcome this problem and some

of them are briefly discussed below.

() High dilution principle
Conducting reactions under high dilution conditions encourages intramoiecular
cyclisation, while decreasing the probability of intermolecular reactions which leads

to dimers, cligomers and polymers (Figure 1.6).%

16
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1 lacul ( i
ntemolecular X 7 j
T

Xrwnanassanonsy

r
Intramoiecular

Figure 1.6: Difference between the intermolecular vs intramolecular reactions®

The concept was first formulated and applied in 1912 by P. Rouggli in the forination
of cyclic amides (34) (Scheme §.15).588 High dilution does not necessarily imply
large volumes of solvent. It can also mean the slow addition of a bis-functional
reagent 10 a solution containing a promoter. This serves to maintain a continuous low
concentration of the reactive species.®® At low reactant concentrations, ring closure is
favoured because the reacting molecules are "isolated” and more time is available for

intramolecular reactions as opposed to intermolecular reactions.”

o (&) (34)

Scheme 1.15%

(if) Templated ring closure
There are two main cyclisation methods which use either internal (endo) or external
(exo0) templates. The templates can be either temporary or permanent. They are

chosen according to the specific reaction and the nature of the reacting groups.

17
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{a) Endo templates
The term endo template is used to describe a process where a macrocycle is formed
upon the template of a smaller ring. The ring is then enlarged to include all the pre-

existing parts of the molecule, as shown in Figure 1.7.%°

Figure 1.7: Ring expansion using internal templates®

This is observed in the conversion of the lactam (35) into amino amide (36) where
ring enlargement is facilitated by the use of the KAPA (potassium aminopropylamide
in 1,3-propanediamine) reagent (Scheme 1.16).%° In this case, a 13-membered lactam
(35) is transformed into a 33-membered amino amide (36) by five successive

introductions of propylamine (-CH2CH>CH,NH>) units into the ring.”’

0
cn;,)11
KAPA reagent - (CH;)" M
M (CHNH )j
NH,
(38)
Scheme 1.16%
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(b) Exc templates

A temporary centre or group, which is either ionic or covalent, is used as a template in
the cyclisation reaction (Figure 1.8). The template functions by self-assembling
precursors molecules around it. Completion of the synthesis results in the elimination

of the template.

Figure 1.8: Cyclisation around a metal cation®

This phenominun can be observed in the synthesis of the 17-membered macrolactam
(37) (Scheme 1.18).”* The substrate is either covalently or coordinatively attached to
the antimony template. Reaction of the amine with ester functional groups present at
cither end of the long open chain substrate results in cyclisation. The macrolactam
(37) synthesis takes place in 76% yield with no polymerisation or regioisomer

formation, and results in straightforward isolation of the lactam.”
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Scheme 1.177

(iii) Homogenous metal catalysis
Metal catalysed reactions play an important role in the formation of nitrogen
heterocycles and two approaches, namely ring closing metathesis and rhodium

catalysed hydroformylation, will be discussed below.

(a) Ring Closing Metathesis

Reports have shown that ruthenium complexes, e.g. the Grubbs’ catalyst, catalyse ring
closing metathesis (RCM) reactions to form 5 - 8-membered heterocycles (Scheme
1.19).”™ Due to the extraordinary functional group tolerance of the ruthenium-based

catalysts, cyclic amino acids, peptides and many natural products can be synthesised

by this method.”™
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(b) Rhodium catalysed cyclisation reactions

Hydroformylation is the reaction of olefins with CO and Hj in presence of a catalyst
to produce linear and branched aldehydes (Scheme 1.19).”® Rhodium catalysed
reactions of short chain alkenamines with CO/H; have beer used in the preparation of
5 - 7-membered heterocycles when the intermediate aldciiyde cian react with the

amino group in the substrate as shown in Scheme 1.20.7"" Rhodium catalysed

hy.roformylation reactions 1!l i:» discussed in depth in Chapter 6.
_ . &
At Ph
(Rin n
A —E I W
Pt N n CCrtey P
H Pn N o
H
Scheme 1.197

(iv) Solid support synthesis of heterocycles

Solid-phase synthesis of nitrogen heterocycles has emerged as an important tool in
drug discovery and it also plays an integral part in the synthesis of many other natural
products. Recent solid-phase synthesis literature describes many heterocyclic

syntheses.®
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Examples of this approach include the preparation of substituted indoles (38) from
copper/paliadivum catalysed coupling of terminal acetylenes with resin-bound aryl
jodides (39) (Scheme 1.20, (a)).? Another example is the cor-ensation reaction
carried out using arylamines (40), aldehydes (41) and olefins {42) {Scheme 1.20

(b))%

Y@ Cne [T
HOLC
Pd(u) Cu \
Ay
{ti) cleavage
o N
H
{38)

(39)

(b)

Scheme 1.20%!-%

This approach involves the selection of a suitable solid polymer support and a linker,
which binds to the substrate molecule. Use of these cor. s lead to site isolation,
effectively providing high dilution conditions.® Other benefits of doing a reaction on
solid support include the separation of the intermediates from soluble reagents and
solvents by simple filtration, consequently saving time and labour compared to
solution phase synthesis. The excess reagents can be employed to help drive the
reaction tc completion and these reagents can be recovered and reused. In addition,
the physical loss of the compound being synthesised is minimised as it remains

attached to the solid support.
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1.4 Aims of project

Part A

1.4.1 Preparation and applications of (2R,5R)-2,5-dimethylpyrrolidin-1-yl
ligands ((43) and (44))

This project aims to synthesise 1,2-bis-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)ethane
(43) and 1,2-bis ((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene (44) (Figure 1.9) and
their analogues for use as ligands in asymmetric dihydroxylation reactions. The above

mentioned ligands will also be evaluated as catalysts in other asymmetric reactions.

/ \ S &
N N N N -b‘
(43) (44)

Figure 1.9: (2R,5R)-2,5-Dimethylpyrrolidin-1-yl ligands ((43) and 4™

These ligands (43) and (41) are very similar to the ligand (15} synthesised by
Tomioka et al..*’ Dihydroxylation of a variety of alkenes using osmium tétroxide with
ligand (15} takes place in good yield and in excellent enantioselectivity (83-99% ee)
(Scheme 1.21).% Osmium tetroxide is complexed to the chiral ligand which dictates
facial diastereoselectivity when the osmium glycolate (45) is formed.* ¥ Cleaving the
osmium glycolate (45) using LiAlH, releases the chiral diol in excellent yield and

high enantioselectivity (Scheme 1.21).%
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Scheme 1,21

1,2-Bis-((2R,5R)-2,5-dimethylpyrrolidin-!-yl)ethane (43) is reported in the literature
and used in the asymmetric palladium catalysed alkylations.”® The ligands are also
related to a class of chiral C;-symmetric 2,5-disubstituted bis-(phospholano) ligands
developed by Burk er al. and uvsed in asymmetric hydrogenation reactions.* Both
ethane bridged bis-(phospholano)} analogue (BPE) (46), as well as the 1,2-bis-
{phosphiclano)benzene analogue (DuPHOS) (47) (Figure 1.10), when incorporated
into a rhodium complex result in the reduction of substituted alkenes in high yield and

excellent enantioselectivity.

\\
N
/ \ S S
# S

P Py o oS

Figure 1.10: Bis-(phospholano) ligands ((46) and (47)) synthesised by Burk er al.®

The proposed reaction scheme (Scheme 1.22) consists of a coupling reaciion between
(2R,5R)-2,5-dimethylpyrrolidine (48) and oxalyl chloride followed by a reduction to
produce the desired diamine (43). The chiral pyrrolidine (48) can be syntl esised from
(25,55)-2,5-hexanediol (49) which can be obtained via a yeast reduction of 2,5-

hexanedione (50).
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Scheme 1.22

The cyclic sulfate (52) will also be reacted with o-nitroaniline (53) to give the nitro
pyrrofidine product {(54) (Scheme 1.23). Reduction of the nitro group (54) followed by

a second coupling of the resulting amine (55) with cyclic sulfate (52) should provide

the desired ligand (44) (Scheme 1.23).
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ON NH, ON N
{53)

Scheme 1.23

1.4.2 Proposed synthesis of (25,35)-2,3-dimethylaziridin-1-yl ligands ((56) and
(57)

The bis-aziridine ligand (58) has been reported to be an excellent ligand for the
osmium teroxide dihydroxylation of stilbene (12). The dihydroxylation reaction takes

place in an excellent yield (90%) and enantioselectivity (95% ee) (Scheme 1.24).%
HQ, Ph

Ph
/ (it &, OsOy

{ii} LiAlH,

VA

Phtline.- <K l>-—-pn

Ph Pﬁ$
(58)

Scheme 1.24"

The corresponding methyl substituted derivatives (56) and (57) are not known and it

was of interest to compare their efficiency with that of the pyrrolidine ligands (43)
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and (44). Synthesis of the methyl derivatives (56) and (57) were based on the same
methodology described for the pyrrolidine ligands (43) and (44) (Scheme 1.235). The

(2R,3R)-diol (23) can be obtained by a yeast reduction.

N N )
I ﬂ (>—— ;
s e_«‘?‘
& §
§ (59)

/—\ _> ) N T:

{56}
/,4
 mm— ———
\\\\\
R.A-(23) O 0 {25)
{24}
(53)

L eomm————
HN N
©: 1) L

N N
[>-— -\:“’“
o) F
{24)

N N

—{ P

,ﬂfb"

t,

57

Scheme 1.25
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1.4.3 Asyrametric synthesis
The chiral pyrrolidine ligands ((43) and (44)) and aziridine ligands ((56) and (57))
will firstly be examined in the asymmetric dihydroxylaton of stilbene (12) with OsO,

under conditions described by Tomioka er al. (Scheme 1.26).%

{i} (43) or (44)

Ph or {56 of (57) HQ, Ph
—— 0504 - )
() LIAIM,
Ph (12 Ph OH

Scheme 1,26

Some of these ligands will also be used in other asymmetric syntheses such as biaryl
coupling reactions, palladium catalysed alkylation reactions, Grignard reactions and

hydroformylation reactions.

Part B

1.44 Preparation of nitrogen heterocycles by rhodium catalysed
hydroformylation of polymer-attached amino alkenes

The preparation of nitrogen heterocycles, with ring stzes ranging from smali to large
(5, 8 10 and 13), via an intramolecular hydroaminomethylation sequence was
investigated. The synthesis of these nitrogen heterocycles was difficult in solution due
to competing polymerisation reactions.” It was postulated that by performing the
reactions on a solid support should favour intramolecular cyclisation and minimise

intermolecular reations.

in this part of the project, Wang (4-(hydroxymethyl)phenoxymethyl polystyrene)
resin was used to tether a starting aminoalkene {Scheme 1.27). This alkene was

hydroformylated using a Rh-catalysed reaction with H/CO (syn gas). Ring formation
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is then achieved via an intramolecular attack of the nucleophilic amino group on the
initially formed aldehyde. Reduction of the resulting imine should give the desired

heterocycte which can then be cleaved from the resin (Scheme 1.27).

Schente 1.27
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Chapter 2

Synthesis of (2R,5R)-2,5-Dimethylpyrrolidine Based Ligands

2.1 General summary of Chapter 2

The key building block for the synthesis of chiral dimethylpyrrolidine ligands (43)
and (44} was (28§,55)-2,5-hexanediol (49), which was prepared by a yeast reduction of
2,5-hexanedione (50). In order to synthesise 1,2-bis-((2R,5R)-2,5-dimethylpyrrolidin-
I-yDethane (43), the activated diol (52) was converted to the (2R,5R)-2,5-
dimethylpyrrolidine hydrochloride salt (33) and coupled with oxalyl chloride. The
resuiting compound (51) was reduced with LiAlH, to give the required chiral diamine
(43) in good vyield (Scheme 2.1). The synthesis of 1,2-bis-(2R,5R)-2,5-
dimethylpyrrolidin-1-yl)benzene (44) was achieved via the coupling of the activated
diol (52) with o-nitroaniline (53). Subsequent reduction of the nitro group followed by
a second coupling with the activated diol (52) afforded the desired chiral diamine (44)

{Scheme 2.1).
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Scheme 2.1

Of the six modified diamine ligands synthesised in this thesis, five were
unsymmetrical and possessed only one (2R,5R)-2,5-dimethylpyrrolidine moiety. The
second binding nitrogen was present as a primary ({(55) and (62)). a secondary ((63)
and (64)) or a tertiary ({65) and (66)) amine (Scheme 2.2). The diamine ligand (65)
was @ homologue of the chiral ethane bridged ligand (43). This ligand (65) was

symmetrical but lacked chirality.
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2.2 Yeast reductions of the diketone (50)
Bakers' yeast (Saccharomyces cerevisae) has been extensively used in the synthesis of

chiral compounds.” The attraction of Bakers® yeast is that it is cheap (250 g = AS
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4.50), readily available (local supermarket) and reaction procedures are generally very

. 93
simple.”

Bakers® yeast has been used extensively for the reduction of carbonyl groups.” In this
study, (23,58)-2,5-hexanediol (49) was prepared by the reduction of 2,5-hexanedione
(50) following a method described by Lieser ef al..>® The reduction of the diketone
(50) is a fermentation reaction utilising the alcohel dehydrogenase enzymes in yeast.”
The sugar included in the reaction media helps the reduction in two ways. Firstly,
sucrose is permeable through the yeast cell walls.®® Therefore, once the sucrose is in
the yeast cytosol, the yeast enzyme o-glycosidase breaks the sucrose down to its
constituent monosaccarides, D-glucose and D-fructose.”® The yeast survives and
multiplies converting these simple sugars to carbon dioxide and ethanol, or water
depending on the availability of oxygen. Secondly, glycolysis helps recycle the
nicotinamide co-factors (NADP*/NADPH) used in the reduction of the diketone

(Figure 2.0

1] [
I

0
)k/\’( Alcohol dehydrogenase :

50 w0 2
(50) 0 ( 34
NADPH j.
6-Phosphoglucolaciong - D-Giucose ..._Eﬁl“fi"ﬂe Sucrose
Glucose-6-phosphate
dehydrogenase

Figure 2.1: Reduction of the diketons (50) coupled with co-factor-recycling®

The yeast reduction of the hexanedione {50) was carried out under two different

conditions as summarised in Table 2.1. Under fermentation conditions, using sugar
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and water, the (25,55)-2,5-hexanediol (49) was isolated in a 46% yicld with an
enantioselectivity of >99% for the (25,55)-diol (49). The 'H n.m.r. spectrum of the
crude reaction mixiure also showed the presence of (2R,3R)-butanediol (23} (~10%).
This diol (23) was produced with an enantioselectivity of 89% and a

diastereoselecti f 100%.

Yeast reduction . hexanedione (50) carried out under non-fermentation conditions,
where no sugar was used, showed similar results to those observed by Lieser ef al..”
The yicid was comparable (~50%) with that of the fermentation reaction and the high
enantioselectivity (>99% ee) was also maintained. The reaction time, however, was
considerably shorter via this method (27 h vs 7 days). The 'frothing’ observed in
fermentation reactions was avoided with the non-fermentation conditions and the
products were much more readily isolated without the need for slow filtrations and
continuous extractions of broths. In addition, production of 2.3-butanediol (23),
obtained as an impurity from the fermentation reaction, was avoided. Further
discussion about the 2,3-butanediol (23) formation in these fermentation reactions is

presented in Chapter 5.

Table 2.1: Yeast reduction of 2,5-hexanedione {50)

Condition

Under Fermentation
conditions

Under Non-fermentation
Conditions

Reaction time

7 days

27h

Main diol isolated

(25,55)-hexanediol (49)

(25,55)-hexanediol (49)

Isolated yield of (25.55)- 46% 55%
hexanediol (49)

% ee of (25,55)- >99% >99%
hexanediol (49)

By-products isolated (2R,3R)-butanediol (23) None

(89% ee)
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Without the presence of sugar in the reaction mixture (under non-fermentation
conditions) it is unclear how the co-factors are recycled. The excess of yeast used may
possibly eliminate the aced to regenerate the yeast co-enzymes. The reduction of the
hexanedione (50) proceeds to give exclusively (28,55)-2,5-hexancdiol (49) following
the Prelog rle””” This rule basically says that during the course of the reaction the

enzyme attacks the substrate from the less sterically hindered side as shown in Figure

2.2,
O OH
Dehydrogenase H
-
/ \ S
NADPH NADP*
S = small L= |arge

Figure 2.2. Prelog rule for asymumetric reduction of ketones

As the hexanediol (49) could not be resolved using a range of chiral GC columns it
was converted to the corresponding diacetate (68) using acetyl chloride (Scheme 2.3).
A sample containing all three isomers of hexanediol (49) was obtained by reduction
of hexanedione (50) using LiAlHs (Scheme 2.3). The meso-hexanediol (49) showed
similar 'H n.m.r. and “'C n.m.r. spectroscopy shifts to those of the racemic diol (49).
This sample was also converted to the diacetate (68) using the same conditions m<ed
for (25,55)-hexanediol (49). Again there was no significant difference in the 'H n.m.r.
and *C n.m.r. spectra between the meso-(68) and the racemic compounds (68). Chiral
GC, using the Chirasil-Dex CB column resolved the sample of the three diacetate
stereoisomers (68) and displayed the expecied peak area ratio of 1:2:1 for (25,55)-

(68), (meso)-(68) and (2R,5R)-(68) respectively, Chiral GC of the (25,55)-diacetate
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(68) obtzined from the yeast reduction gave a single peak and none of the

cnantiomeric (2R, 5R)- specics could be detected.
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Scheme 2.3

2.3 Preparation of the activated hexanediol (52)

The (25,55)-2,5-hexanediol (49) was activated to nucleophilic attack by conversion to
its cyclic sulfate (52) following the methods described by Caron and Kazlauskas® and
Burk et al.” The diol (49) was first reacted with thionyl chloride to form the cyclic
sulfite (69) which was isolated as a brown oil in good yield (Scheme 2.4). The
appearance of two multiplets in the 'H nm.r spectrum at & 4.33 and 5.16,

corresponding to H2 and HS5, is characteristic of the cyclic sulfite (69) due to its
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. N . P . k|
unsymmelrical nature. This observation was consistent with the BC nm.r. spectrum

which showed two signals at 8 70.0 and 75.1 for C2 and C5.

i O O
4 SH 0,// S‘. O/S \\0
“a) {69} {52}

Scheme 2.4

Oxidation of the cyclic sulfite (69) following a method described by Burk et al,*
ustng ruthenium(lI1) chloride and sodium periodate, produced the cyclic sulfate (52)
in reasonable yield (57%). This is a very colourful reaction in which the colour
changes from green to red to light yellow and finally black during the workup. The
formation of the cyclic sulfate (52) was verified by the appearance of the sulfale
group in the infrared spectrum at stretching frequencies of 1376 and 1190 cm™. In
addition, only one multiplet was observed for the H2 and HS5 protons in the 'H n.m.r.

spectrum at § 4.82 consistent with a symmetrical structure. The melting point and the

optical rotation for this compound were also consistent with the literature.”

2.4 Preparation of (2R,5R)-dimethylpyrrolidine hydroechloride (33)

/-Benzyl dimethylpyrrolidine (70) was synthesised by reacting the cyclic sulfate (52)
with neat benzylamine for 96 h following a modified method described by Short ef al.
(Scheme 2.5).'% Excess benzylamine was removed from the crude product using
dichloromethane after making the reaction mixture basic with sodium hydroxide. The

product mixture was then continuously extracied into dichloromethane. The tertiary

37




Chapter 2

,
RS e RN m@w‘.‘d?‘y

amine (70) was found to give characteristic splitting (6 3.51 (dd) and 3.84 (dd)) in the

b
i 'H n.m.r. spectrum due to the diastereotopic benzylic protons H, and Hp.
| Hydrogenolysis of the benzyl pyrrolidine (70) over Pd/C gave (2R,5R)-2,5-
1 dimethylpyrrolidine (48) which was immediately converted into its hydrochloride salt
L (33) in order to eliminate difficulties associated with handling the low boiling free
! amine (48) (Scheme 2.5).
¥
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Scheme 2.5

, 2.5 Preparation of 1,2-bis-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)ethane (43)
The chiral pyrrolidine hydrochloride (33) was stirred with an excess of pyridine
before being reacted with oxalyl chloride (Scheme 2.6). The pyridine acts as a base,

not only neutralizing the chiral pyrrolidine salt (33) but also quenching the

Mm,,g Tl S A

el - i) - ..
AT e SRS H o T L i e mere it L

hydrochloric acid formed during the reaction.
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Scheme 2.6

The amide (51) was isolated in 74% yield. The strong carbony! stretching observed in
the infrared spectrum at 1629 cm’! is characteristic of the diamide (51) (Scheme 2.6).
When the reaction was carried out for shorter periods (18 h), mono-substituted amide
(71) was isolated. The synthesis of this amide (71) will be discussed in greater detail

in Section 2.7.1.

Synthesis of the target chiral diamine (43) was achieved by reduction of the diamide
(51) using LiAlH4 under reflux in THF. The final diamine (43) had an optical purity
of 99% for the (-)-enantiomer which was determined through comparison of
experimental ([o:ff —181.1°) and literature ([aff ~183°)*® optical rotation values.
This percentage value for optical purity was consistent with the optical purity
observed for the chiral 2,5-hexanediol (49) used as the initial starting material for the

preparation of the diamine (43). The 'H n.m.r. and the "*C n.m.r spectra of the chiral

diamine (43) were consistent with those reported by Nakajima et al..”

2.6 Preparation of 1,2-bis-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene
(44)

The cyclic sulfate (52) synthesised above (see Section 2.3) was reacted with
o-nitroanitine (53) in the presence of sodium hydride (Scheme 2.7). No reaction was

observed when the sodium hydride was omitted. The reaction was carried out using a
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modified method described by Cahill et al..'™ The o-nitroaniline (53) was refluxed for
two days with the cylic sulfate (52). The literature reports formation of a precipitate in
the reaction mixiure '® but this was not obscrved in the present work. The reaction
mixture became a deep orange/black colour and, additicn of sodium hydride formed a
deep red solution. The highly coloured nitrophenyl pyrrolidine (54) was isolated in

63% yield.

The accurate mass spectrum showed a {M+Na]* signal at 243.1101, confirming the
presence of nitrophenyl pyrrolidine (54). The 'H n.m.r. spectrum was largely
inconciusive and showed some broad signals in the aliphatic region. This is probably
due to the anisotrophy effect exerted by the nitrogens.'” Pd/C has been used to
successfuily hydrogenate aromatic nitro compounds.'® Using this methodology the
nitrophenyl pyrrolidine (54) was readily hydrogenated to give the aminopheny!
pyrrolidine (55) in excellent yield (100%). The IR spectrum showed a strong broad
peak at 3433 cm™ corresponding to the primary amine (55). A crystal structure of the

hydrochloride salt (72) of this molecule was obtained (Figure 2.3:;1).":'4

The amino pyrrolidine (55) was coupled with a second molecule of cyclic sulfate (52)
in the presence of sodium hydride to give the target chiral ligand (44} in good yield
(71%) (Scheme 2.7). The 'H n.m.r. spectrum showed a singlet at & 6.84 for the
equivalent aromatic protons. A crystal structure of this ligand (44) was also obtained

(Figure 2.3b).'" The crystal structure further confirmed the predicted (2R,5R)-

stereochemistry of this ligand (44).
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(n)

(b)

Figure 2.3: (a) ORTEP diagram of 1-amino-2-{(2R,5R)-2,5-dimethylpyrrolidin-1-yljbenzene
hydrochloride salt (72);'™ (b) ORTEP diagram of 1,2-bis[(2R,5R)-2,5-dimethyl[pyrrolidin-1-

yllbenzene (44)'%
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2.7 Preparation of modified pyrrolidine ligands
Less hindered analogues of the diamine ligands (43) and (44) were prepared as

described in Scheme 2.2.

2.7.1 Preparation of chiral primary amine ligands

The mixed ligands of interest consisted of the chiral (2R,5R)-2,5-dimethylpyrrolidine
moiety together with a second nitrogen as a primary amine. The ligands prepared
were the l-amino-2-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene ligand (55) (see
previous Section 2.6) which is the precursor of the dimethylpyrrolidne ligand (44) and

2-((2R.5R)-2,5-dimethylpyrrolidin- [-yl)ethylamine (62).

The precursor for the amine ligand (62) was the corresponding alcohol, 2-((2R,5R)-
2,5-dimethylpyrrolidin- 1-yl)ethanol (67). The synthesis of the alcohol (67) was
carried out using two methods as described in Scheme 2.8. The first method involved
the reaction of the pyrrolidine hydrochloride salt (33) with ethyl oxalyl chloride to
give the amido ester, (2R,5R)-ethyl-2-(2,5-dimethylpyrrolidin-1-yl)-2-oxoethanoate
(73). The formation of this molecule was confirmed by 'H n.m.r. and PC n.mur.
spectroscopy. The LR spectrum showed strong streiching bands at 1738 and 1650
cm’! characteristic for the ester (73) and the amide carbonyl groups respectively.
Reduction of this molecule using lithium aluminium hydride gave the desired alcohol

(67).
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The second method involved a reaction between the pyrrolidine hydrochloride salt
(33) and oxalyl chloride (Scheme 2.3). Leaving the reaction for a short reaction time
(18 h) with 2 equivalents of pyridine only one pyrrolidine coupled to the oxalyl
chloride, in contrast to the reaction for a longer time (2 days) with more pyridine (see
Scheme 2.6). After the aqueous work up, the corresponding acid (71) was isoiated
(see Section 2.6). This molecule was fully characterised using 'H n.m.r. and YCh.mr.
spectrospcopy. The mass spectnun showed a molecular ion plus hydrogen signal at
m/z 172.0, confirming the presence of the acid (71). Again, the reduction of the acid

(71) using LiAlH; gave the desired alcohol (67).

Reduction of both the acid (71) and the ester (73) gave the alcohol (67) in modest
yields 52% and 38% respectively. This is possibly because the alcohol (67) is
hydrophilic and gets trapped in the precipitate formed by the addition of sodium
sulfate decahydrate (Na,SO,4.10H,0). Of the two methods used, the first gave the

better yield and control of the products isolated as only one pyrrolidine can react with
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ethyl oxalyl chloride. Therefore, the method described first was generally used in the

synthesis of the amine ligand (62).

In order to synthesise the amine ligand (62) (Scheme 2.9), the alcohol (67) was
reacted with phthalimide under Mitsunobu conditions.'®'”” The pthalimide was
immediately converted to the amine using hydrazine hydrate and isolated as the
hydrochloric acid salt in 96% yield. It was readily converted to the free amine (62) in
almost quantitative yield by neutralising with NaHCO;. The free amine (62) was

somewhat volatile and therefore needed to be handled with care.

(i} PPh,, phthatamide
/ \ DIAD / \

HO N i - H;N N
{ii} Hydrazina hydrate
(iii) HC
{62)

(67 {iv) NaHCO,

gy
“'lmm

Scheme 2.9

2.7.2 Preparation of secondary amine ligands

Preparation of mixed ligands (63) and (64) containing one chiral pyrrolidine moiety
and a secondary amine was also undertaken. Reaction of !-amino-2-((2R,5R)-2,5-
dimethylpyrrolidin-1-yl)benzene (55) with acetyl chloride gave the amide (74)
(Scheme 2.10) in a reasonable yield (63%). The structure was confirmed by 'H n.m.r.
and ’C n.m.r. spectroscopy. Accurate mass spectroscopy gave a {M+H]" peak at

233.1641 consistent with the calculated value (233.1654).

The amide (74) was reduced with LiAlH; to give the secondary amine (64) in
excellent yield (98%). A characteristic triplet was observed in the 'H n.m.r. spectrum

at § 1.27 for the methyl protons within the ethyl group.
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Scheme 2.10

A similar procedure was used in the acylation of pyrrolidine ethane ligand (63) to give

the amide product (75) in 51% yield. The characteristic carbonyl stretch was observed

at 1650 cm™ in the infrared spectrum and a carbonyl carbon was present at § 170.5 in
the C n.nv.r. spectrum. Reduction of the amide (75) using LiAlH, gave the desired
ligand (63) (Scheme 2.11). Again a characteristic triplet for the methyl group was

observed at § 1.12 in the 'H n.m.r. spectrum.
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Scheme 2.11

2.7.3 Preparation of modified tertiary amine ligands

Two diamine ligands of interest fell into this category. The first ligand (66) was an
unsymmetrical ligand contairing one amine as a chiral dimethylpyrrolidine moiety
and the second amine as an unsubstituted pyrrolidine. The second ligar< (65) was a

symmetrical ligand containing two pyrroliding units.

Two methods were attempted for the synthesis of the unsymmetrical diamine ligand

(66). The first attempted to use a Mitsunobu reaction'®'"’

to convert the pyrrolidine
alcchol (76) into the desired ligand (66) (Scheme 1.12). This route was undertaken so
as to minimise the loss of any chiral material since the addition of the chiral amine
(48) to the alcohol (76) would occur in the Jast step. Unfortunately this reaction failed,
probably because the (2R,5R)-2,5-dimethypyrrolidine (48) was very difficult to obtain
as the free amine under anhydrous conditions. The only products isolated at the end of
the reaction were triphenylphosphine oxide, reduced DIAD and the alcohol (76). The

amine (48) was not isolated as it is very volatile and is lost during the evaporatoration

of the solvent.
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An alternative route involved bromination of the chiral alcohol (67) to give an
unstable bromide (78) (Scheme 2.13). The presence of the brominated product (78)
was confirmed with 'H n.m.r. spectroscopy and mass spectroscopy. Addition of
pyrrolidine (28) to the reaction mixture containing the bromo compound (78) gave the
desired ligand (66) (Scheme 2.13) after stirring for 18 h and purification via its

hydrochloride salt. The 'H n.m.r and °C n.m.r spectra and mass spectrum confirmed

the presence of this ligand (66).

HO N CBry gy Ne—r’!  (28) N N
PPhg ! E
(78) (66)

(67

l!ﬂ‘w
il Ilf”
iy

Scheme 2.13

Synthesis of 1,2-di-(pyrrolidin-1-ylethane (65) was carried out using the same
method that followed for the preparation of 1,2-bis-((2R,5R)-2,5-dimethyipyrrolidin-
1-yl)ethane (43) (see also Section 2.5). Commercially available pyrrolidine (28} was

used instead of the chiral dimethylpyrrolidine hydrochloride (33) to couple with
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oxalyl chloride (Scheme 2.14). Reduction of the dioxo compound (79) provided the
desired diamine (65) in a moderate yield (47%). The 'H n.m.1. spectroscopy data was

consistent with literature values.'®

0, 0

(i) ¢COCN,,

H
N NEL N ON LiAlH, N NO
9 .

(28)

Scheme 2.14

2.8 Conclusion

2,5-Hexanedione (50) was reduced using yeast to give the corresponding diol (49) in
moderate yield and in excellent stereoselectivity. The diol (49) was activated as the
cyclic sulfate (52) which was then converted to the chiral 2,5-dimethylpyrrolidine salt
(33) and coupled with oxalyl chloride. Reduction with LiAlH; gave the desired

diamine ligand (43) in good yield and in excelient enantioselectivity (>99% ee).

In order to synthesise the 1,2-bis-({2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene
ligand (44), the cyclic sulfate (52) was reacted with 2-nitroaniline (53) followed by a
hydrogenation to give the free aniline (55). A second coupling of the cyclic sulfate

(52) produced the desired ligand (44) in good yield.

Modified pyrrolidine analogues with primary ((55), (62)), secondary ((63), (64)) and

tertiary ((65), (66)) amine ligands were also successfully prepared.
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Chapter 3

Asymmetric Dihydroxylation (AD) Reactions using Pyrrolidine

Ligands

3.1 Introduction

The cis-dihydroxylation of olefins mediated by osmium tetroxitde (OsOj) is an
important method for olefin functionalisation.'® The osmylation process (Scheme
3.1) has been proposed to proceed via either a [3+2] cycloaddition leading directly to
the monoglycolate ester (80) or a reversible [2+2] cycloaddition leading to a metallo-
oxetane intermediate (81) (Scheme 3.1, Route A), which then :i.dergoes trreversible

rearrangement to the monoglycolate ester (80) (Scheme 3.1, Route B). Hydrolysis of

the glycolate ester (80) releases the racemic diol (82).'"°
R,
R
ROUTE A
R,
o Ry OH
Hydrolysis
/(llsvm o R 777 >—<
o7 |\\0 °\\~\\| ] HO o
Q 0’//0 racemic diol
(80) (82)
Ry
o
R,
o
. ‘\O/s
AL\
R 2
2 O 1)
ROUTE B
Scheme 3.1
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Criegee et al.® first reported the acceleration of osmium(VI) ester (83) formation by
nucleophilic amine ligands such as pyridine (Scheme 3.2, Route A). The use of chiral
amine ligands such as (84) not only accelerate the osmium(V]) ester (85) formation

but also facilitate the formation of the chiral diol (86) (Scheme 3.2, Route B).

R,

A, AOUTE B ROUTE A
\=\ 0 0 0
R, °~ | L2 “ vill L 0\.(')‘5=0

0 - 0s==0 aff————— - -
°~ o/ | O/OT\O o/|
0s—0 L2 s Lt
O#l
te (85
12= E\ \./ L= O
R,
N N
Hydrolysis
{84} \
2
Y s
Y
HO Ry HOQ R, o Ra
Rydrolysis 0‘\\
/05""—'0
A, OH Ry OH 0 l
i cemic diok L (83}
+(86)- or {)-(86)-diol fa
{+)-{86)- or {-)-(86) 62)
Scheme 3.2

In the first example of metal mediated chiral induction, Sharpless and co-workers
replaced the achiral N-donor ligands with chiral ligands such as (-)-2-(2-
menthyl}pyridine (84). Initial work involved dihydroxylation reactions that took place

with modest enantioselectivity (3-18% ee) (Scheme 3.3).26

A A" 1. Os0, R OH
e ™ V oy "'""lﬂ"
I ; %
A A N HO R ge
3-18%ee
(84)
2. LiAdH,
Scheme 3.3%
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Dihydroquinine (DHQ) (87) and dihydroquinidine (DHQD) (88) (Scheme 3.4) were
prepared from naturally occurring cinchona alkaloids quinine and quinidine. These
chiral ligands ((87) and (88)) were found to bind to osmium tetroxide through the
quinuclidine nitrogen much more tightly than the chiral pyridine derivative (84)

resulting in greater enantioselectivity (<83% ee).”

These ligands were tested on stilbene (12) which is the standard substrate of choice
for testing ligands for asymmetric dihydroxylation reactions. Dihydroxylation
reactions of stilbene (12) carried out using DHQ (87) and DHQD (88) ligands

together with OsQ; gave hydrobenzoin (14) in 90% yield and in 83%

enantioselectivity.
Phy 1. 0s0, R Ph OH
AN 2. LiAH
( 1 2) Ph 4 HO ( 1 4} Ph
90% yield
L=

N

DHQ - {87)

Scheme 3.4

The dihydroquinidine (88) and dihydoquinine (87) ligands were further modified to
increase the enantioselectivity. The 9-O-aryl ethers of DHQ (89) (R = Ar) and DHQD

(90) (R = Ar) were reported to be the best ligands for asymmetric dihydroxylation of
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dialkyl-substituted trans-olefins giving diols in high yields (>90%) and with excellent

enantioselectivity (>98% ee),**4!11!

3.1.1 Chiral diamine ligands as chiral auxiliaries in asymmetric dihydroxylations
Since the initial reports of asymmetric dihydroxylation by Sharpless and Hentges,” a
number of other groups have developed chiral ligands for this reaction. A class of

ligands which has received a great deal of attention has been diamines®®!'*'"’

(Figure
3.1). The diamines allow for an increased binding affinity at low temperatures (-78, -
100°C) to the osmium tetroxide,''® relative to the monoamines. Hence, better stability

of the osmate complexes results and improved enantioselectivity in the product is

chserved.
...\\\\\N Mﬁg ENQ_<Nj
NMeo
(91) Tokles and Synder''*

Ph b

(82} Hirama etal.'"*

H HN N N
Ph s
Ph (15) Tomioka eral®  Ph
{93) Corey et al.'"”

"y
fff
o

%, Nap
¢
s N
(94) Yamada and Narasaka’''?

Figure 3.1:Chiral diamine ligands used in asymmetric dihydroxylation
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These chiral diamines together with OsOy4 perform dihydroxylation reactions on a
number of different atkenes with good enantioselectivity (>98% ee). The yiclds and
enantioselectvities achieved for the dihydroxylation of stilbene (12) using the

diamines described in Figure 3.1 are summarised in Table 3.1.

Table 3.1: Asymmetric dihydroxylation of stilbene (12) using different diamine ligands

Entry Ligand® Yield Enantioselectivity
(%) (%)
I Tokles and Synder (91)""" 34 69
2 Tomioka (15)*° 85 97
3 Hirama (92)' " 80 91
4 Yamada and Narasaka (94)' "~ 71 90
5 Corey et al. (93)'"' 95 g2

a: Ligands identified by the authors

The diamine ligands (43) and (44) (Figure 3.2) are very similar to the ligand (15)
synthesised by Tomioka et al.¥ Dihydroxylation of stilbene (14) using osmium
tetroxide with ligand (13) takes place in good yield and in excellent enantioselectivity

(83-99% ee) (Table 3.1).%

oy
O
S S

N N g
“ty ;Q

.,

{43) {44)

Figure 3.2: (2R,5R)-2,5-Dimethylpyrrolidin-1-yl ligands ((43) and (44))

These ligands (43) and (44) are also related to a class of chiral C;-symmetric 2,5-
disubstituted bis-(phospholano) ligands (46)''® and (47)'**'*® developed by Burk et al.
which have been used in enantioselective Rh-catalysed hydrogenation reactions.®*

Both the ethane bridged (46), as well as the benzene analogue (47) (Figure 3.3), when
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incorporated into a rhodium complex result in the reduction of substituted alkenes in

high yield and excellent enantioselectivity (>99% ee). M

& Q
\\\‘ b

Q 77 \‘?f

{46) (47)

Figure 3.3: Bis-(phospholano) ligands ((46) and (47)) synthesised by Burk ez al.

Diamine liganids (43) and (44) were evaluated as chiral modifiers of the osmium
tetroxide dihydroxylation of stilbene (12) (Scheme 3.5). Unfortunately these reactions
failed. '"H n.m.r experiments and molecular modelling studies showed that these
ligands ((43) and (44)) were too buiky to coordinate to osmium. Less hindered
analogues ((55), (62), (63), (64), (65) and (66)) of these ligands were studied and
some were shown to act as ligands in dihydroxylation reactions but with poor

enantioselectivity (<10% ee).

Scheme 3.5
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3.2 Stoichiometric asymmetric dihydroxylation (AD) reactions using
tertiary amine based pyrrolidine ligands
The dihydroyxlation reactions of stilbene (12) were performed using a modified

1.2 The reactions could not be carried out at the

procedure described by Tomioka ef a
temperature (-110°C) described by Tomioka et al., because the solvent (THF) was
frozen at this temperature. Therefore, the low temperature reactions were carried out
at -78°C. Stilbene (12) was reacted with osmium tetroxide in the presence of the

diamine ligands ((43), (44), (65) and (66)) at a range of temperatures (-78, -15, O and

23°C) and solvents (THF, toluene and DCM) (Scheme 3.6) (see Table 3.2).

The reactions were performed firstly by mixing the desired ligand with OsO4. The
L-Os complex (95) formed provides the chiral environment required for the substrate
(stilbene {12)) to chelate to form the stilbene-Os-L complex (96). LiAlH,4, when added

to the reaction mixture, releases the desired diol (14) from the stilbene-Os-L complex

(96) (Scheme 3.7).
Ph HQ Ph
/ (i) 0sO, ‘j :
P! t Pr OH
(12) (if} LiAH, {14)
L=

Scheme 3.6
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Table 3.2: Stoichiometric AD reactions of stilbene (12) to hydrobenzoin (14)

Entry Ligand Solvent | Temperature | Time | Conversion % ee
O (h) to (14) (%)
| No ligand THF -78 7 0 -
2 No Ligand THF 23 4 93 -
3 (43) THF -78 8 0 -
4 (43) THF -15 8 0 -
5 (43) THF 23 6 0 -
6 (43) Toluene -78 6 <l -
7 (43) Toluene 0 48 <3 -
8 (43) Toluene 23 6 <1 -
9 (43) DCM 0 8 0 -
10 (44) THF -78 6 0 -
11 (44) THF 23 6 0 -
12 (44) Toluene 0 8 0 -
13 (44) Toluene 23 8 0 -
14 (65) THF -78 8 100 -
15 (65) THF 23 8 37 -
16 (66) THF -78 7.5 0 -
17 (66) THF -15 7.5 50 9 (R.R)
18 (66) THF 23 7.5 0 -
19“ (97) THF 23 7.5 100 89 (R,R)
20° (97) THF 23 7.5 100 66 (R,R)
a: Ratio of stilbene: OsOy: ligand of 0.8: 0.9: 2
R R
g o l:;‘;.\N/ R
| W%
" AN '—"'0>/>ﬁ j
N o 5
7 N ) /N\FI
Ligand (95)
Ph
{12) Ph
- R AP
HO Ph LiaH, O‘BEVNj
Pnj :OH /"—"O/cl,\N
i Ph 7N
R R
(96)
Sche:ne 3.7
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Reactions involving the ethane bridged and benzene bridged analogues ((43) and
{(44)) gave no conversion to diol (14) (Entries 3 - 13). Tomioka and co-workers
commented that their benzene-linked ligand (98) failed to carry out dihydroxylations

giving mainly starting material (12)>'*'

(Scheme 3.8). This observation was
explained as being due to the aniline lype nitrogens coordinating less effectively at the
metal centre. These results were very similar to what was observed with ligand (44),

which gave only starting material (12) when the reaction was carried out at -78°C.

Ph HO Ph
/ (i) 050y > :
Ph (12) L Ph OH
i) LATH
@ UAIR, (RA-14)
5% yield {47% ee)
L=
N N
Ph’Q -‘”"'f!ph
i (98)
Pn Ph
Scheme 3.8'%

This explanation by Tomioka could be the reason why the benzene-linked ligand (44)
was not facilitating the dihydroxylation reactions to take place but it does not explain
why the dihydroxylation reactions using the ethane bridged ligand (43) were failing.
In contrast, Tomioka's ligand (J5) was very effective in dihydroxylation reactions of
stilbene (12). It is more likely that steric effects exerted by the flanking methyl groups
found at the 2 and 5 positions of the pyrrolidine ring were hindering the substrate
binding to the osmium ligand complex. Tomioka and co-workers synthesised a

pyrrolidine ligand (99) with benzyl groups at the 2 and 5 position of the pyrrolidine
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ring,” but the Os-L complex of this ligand (99) gave only starting material (12) in

dihydroxylation reactions (Scheme 3.9).%

HO Ph
Ph OH

CHitre..

CH,Ph
]

PhH,

Scheme 3.9

"H n.m.r experiments were then conducted to establish a reason for the failure of these
reactions. Firstly, a bis-pyridine osmium(VI) complex (100) was prepared as shown in
Scheme 3.10 using methodology described by Sharpless et al..! ' The presence of the

bis-pyridine osmium glycolate (100) was confirmed by 'H n.mr and C nm.r.

spectroscopy.
"
Ph N /
QsO, + \=\ + \ N\cl’l/ -
5
"ow ®/ﬂ\°
{12} {2eq} \ \
Y /
(100) =
Scheme 3.10

The ethane bridged analogue (43) was added to a solution of the bis-pyridine osmium

glycolate (100) in deuterochloroform at room temperature (Scheme 3.11). It has been
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previously shown that labile pyridine iigands can be displaced by competing diamine
ligands.*”” No change in the 'H n.m.r spectrum was observed when chiral diamine
ligand (43) was used (Figure 3.4, (b)). Signals observed corresponded to either the

ligand (43) or the osmium glycolate (100).

S oI 08
PR Pia ™ 0Ny
\ / Q / w " —O\“/ j
,, VA
\ o \ N e ey, N L i
h o
{43)
q

Scheme 3.11

In contrast, when the unsubsituted dipyrrolidine (65) was added (Scheme 3.12), peaks
due 1o (100) and (65) were immediately replaced by a new set of resonances which
were attributed to free pyridine and a new osmium-gly -olate complex (101) (Figure
3.5, (b)). This reaction was repeated on a preparative scale and 1,2-di(pyrrolidin-1-
yhethane osmium(VI1) 1,2-diphenylglycolate (101) was isolated and characterised by

elemental analysis, 'H n.m.r and '*C n.m.r. spectroscopy.

C,{ L)

Ph Ph
~N——o0. 7 ON
\ﬁ/ ] N ~O\olt-.l/ j
Qs + —_— . 7
T j Pand )
0 \Ph N Fh

\_/

(101} ; ;
(100}
+
e
i

Scheme 3.12
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Use of the diamine (65) in the dihydroxylation reaction led to complete conversion 1o
the diol (14) at -78°C (Entry 14} and 37% conversion at room temperature (Entry 15)
when the reaction was carried out in THF. Similar dramatic changes in the 'H n.m.r
spectrum were observed by Tomioka when he added the 3,4-diphenyl analogue (15)
to complex (100).*” This ligand gave high conversions of stilbene at -100°C and -
78°C but reduced yields from reactions carried out at temperatures above -30°C due

to some decomposition of the in situ formed Os-diamine complex.

Molecular modelling of the osmate ester (L-OsQy) of the ethane bridged analogue
(43) and 3,4-dipheny! analogue (15) using Insight II gave the space filling molecular

mechanics structures shown in Figure 3.6

Equatorial oxygen

Axial oxygen

Equatorial oxygen )
Axial oxygen

(43)-0s04

Figure 3.6: Structures of the osmium complexes of (43) and (15) minimised by molecular

mechanics

The flanking methyl groups in the ester derived from (43) clearly impede access to the
axial oxygens (only one visible) but allow free access to the equatorial oxygens. The
ester from Tomioka's ligand (15), in contrast, allows clear access to both equatorial

and axial oxygens. The lack of activity of osmium compounds derived from (43) thus
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appears to be associated with lack of access to an axial oxygen. This result is in
agreement with a mechanism proposed by Corey et al.''” in which one axial and one
equatorial oxygen are involved in forming a 5-membered transition state with the

alkene (Figure 3.7).

Figure 3.7: The complex formed with the ligand (93), OsO; and stilbene (12) postulated by

Corey et al."*®

Tomioka’s earlier mechanistic suggestion was based on an X-ray crystal structure of
the diamine osmium glycolate formed from (15), OsO4 and stilbene (12) which
showed that glycolate formation involved two equatorial oxygens (Figure 3.8).2¢%1%!
Mechanistic  models have been  exiensively discussed by  several

42.109.110,118,122,123

researchers but full agreement has not been achieved on details of the

reaction profile.
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Figure 3.8: X-Ray crystal structure of diamine (15) osmium glycolate'*!

Reactions of the mixed ligand (66) bearing one 2,5-dimethyl- and one unsubstituted
pyrrolidine group also gave no conversion to diol (14) at -78°C and room temperature
(Entries 16 and 18), but at -15°C gave 50% conversion with a small but observable
enantioselectivity (9% ee) (Entry 17). 'H n.m.r. spectroscopy displacement studies
using this ligand (66) (Scheme 3.13) showed that the reaction only went to 50%
completion and that removal of pyridine in vacuo was required to facilitate the
complete conversion to product (102). The 'H n.m.r spectrum obtained was more
complicated than that of the osmium glycolate (101) described previously, mainly
because a mixture of two diastereoisomers ((R,R,R,R)-(102) and (R,R,S,5)-(102)) are
formed when the racemic pyridine osmium glycolate (100) coordinates to the chiral
ligand (66). This reaction was repeated on a preparative scale and 1-((2R,5R)-2,5-
(dimethylpyrrolidinyl)-2-(pyrrolidinyl)ethane osmium glycolate (102) was isolated as
a mixture of diastereoisomers and characterised by 'H n.mr and “C nm.r.

spectroscopy.
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Scheme 3.13

Reactions of OsO, with stilbene (12) were carried out at -78°C and room temperature
in the absence of added ligand. No conversion was obtained at -78°C (Entry 1) but
100% conversion was achieved at room temperature (Entry 2). Use of the Sharpless
ligand (-)-DHQD-PHN (97)" at room temperature with ligand-to-OsQy; ratios of 2:1

or 1:1 gave quantitative conversions and high ees {Entries 19 and 20).

These resulis are in agreement with the attempted reactions at -78°C which shows that
with the poorly compexing ligands lead to no conversion as the unchanged OsO, is
unreactive at this temperature. Attempted reactions involving the diamines as ligands
at room temperature found that unreacted ligands could not be recovered from these
reactions. Even (-)-DHQD-PHN (97) could not be recovered from successful

dihydroxylation reactions of stilbene (12).

66




Chapter 3

3.3 Dihydroxylation reactions using modified primary and secondary

amine based pyrrolidine ligands

The flanking methyl groups of ligand (43) and (44) were thought to be causing
problems in substrate chelation, and thuc dihydroxylation reactions of stilbene (12)

were undertaken using ligands with reduced steric bulk.

3.3.1 Primary amine ligands in dihydroxylations
Asymmetric dihydroxylations of stilbene (12) were carried out using ligands (55) and

(62) containing a chiral 2,5-dimethylpyrrolidine and a primary amine (Scheme 3.14)

(Table 3.3, Entries 1 —4).

It was observed that the reactions proceeded partially at ambient temperature (Entries
2 and 4) vsing chiral ligands ((55) and (62)). However. the products (14) showed very
peor enantioselectivity. The reactions i:iled to proceed at lower temperatures
(<-60°C) giving only starting material (12) (Entries 1 and 3). It was not clear whether
lack of dihydroxylation reactivity at low temperatures were due to the bulky
pyrrolidine group or the primary amino group. Dihydroxylation reactions were thus
carried out using two other primary amines, N-butylamine (103), an aliphatic primary
amine, and aniline {104), an aromatic primary amine (Scheme 3.14). Two equivalents

of .nese amines were used to maintain the coordinatively saturated system.
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£h HO Ph
/ {) Os0, : ;
PR t P oM
(12) {il) LiAH, (14)
HoN N\j
(62)
55}
/\/\NHz
{104)

Scheme 3.14

Table 3.3: AD reactions of stilbene (12) using primary amine based ligands

Entry Ligand | Temperature Time Conversion to % ee
°C) (h) hydrobenzoin
(14) (%)

] (55) -60 7.5 6 -

2 (55) 23 7.5 66 <l (R,R)
3 (62) -78 6.5 0 -

4 (62) 23 6.5 28 <6 (R,R)
5¢ (103) -78 7.5 0 -

6 (103) 23 7.5 100 -
7 (104) -18 7.5 0 -

g’ (104) 23 7.5 100 -

a: Ratto of stilbene: OsOy: ligand of 0.8: 0.9: 2

The results obtained from these reactions are summarised in Table 3.3 (Entries 5 — 8)
and are similar to those obtained with the primary amine/pyrrolidine {igands (55) and
(62). This result is consistent with what has been reported previously which states that
tertiary amines coordinate to the osmium and increase its reactivity.® However,
primary amines do not possess this ability. Also, due 1o the weak coordination of the
primary amine to the osmium at ambient temperature, the osmium tetroxide is free to

carry out the oxidation of the olefin. The reduced reactivity of the ligands (55) and
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{62) (Entries 2 and 4), relative to aniline (104} and N-butylamine (103) (Entries 6 and
8) is difficult to understand and could be explained if the free osmium tetroxide is

reacting more quickly with the ligand than with the alkene (12).

In view of the failure of ligands containing primary amines, ligands with secondary

amines were investigated.

3.3.2 Secondary amine ligands in dihydroxylations

Attempted asymmetric dihydroxylation reactions carried out using the chiral ligands
(63) and (64) gave only starting material (12} (Scheme 3.15) (Table 3.4). The
complete lack of reactivity at both ambient and low temperatures (Entries 1 - 3)
suggests that the free osmium tetroxide is not available to react with the alkene (12),
but must react with the ligands ((63) and (64)) leading to its destruction. This is

"7 and Hannessian's'** ligands. Both of these

difficult to understand in view of Corey’s
ligands containing secondary amines successfully carried out AD reactions at low
temperatures in good yield (>70%) and with excellent enantioselectivity (>90%

ce).117.124

AD reactions were attempted using two equivalents of pyrrolidine (28) and N-
methylaniline (105) to evaluate the effectiveness of other secondary amines as
ligands. The results of the attempted dihydroxylation reactions are also summarised in

Table 3.4.
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Scheme 3.15

Table 3.4: Dihydroxylation of stilbens {i2) using secondary amine ligunds

Entry Ligand Temperature Time ' Conversion to
(°C) (h) hydrobenzoin
(14) (%)

! (64) 23 8 0
2 (63) -78 8 6
3 63) 23 8 0
4 (28) 78 6 0
5 (28) 23 7.5 0
6 (105) .78 7.5 0
7 (105) 23 75 70

a: Ratio of stilbene: OsQO,: ligand of (.8: 0.9: 2

The reaction using N-methylaniline (105) did show some conversion to product (14)
al room temperature but the conversion had dropped (Entry 7) from the 100%
conversion observed when aniline (104) was used as a ligand (Table 3.3, Entry 6). It
was also interesting to note that addition of pyrrolidine (28) to OsO, completely
suppressed the reaction. These results suggest the osmium tetroxide is again reacting
with the ligands ((64), (63), (28) and (105)) leading to its destruction rather than

reacting with stilbene (12).
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3.4 Conclusion

Chiral diamines based on frans-2,5-dimethylpyrrolidine appcar to be t0o hindered to
be of use as chiral modifiers of osmium tetroxide dihydroxylations of stilbene (12).
Ligand  1,2-bis-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)ethane (43) and 1,2-bis-
((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene (44) were not suitable as ligands for the
asymmetric dihydroxylation of stilbene (12) under stoichiometric conditions. The

reactions failed to proceed at either ambient or ow temperatures.

A less hindered analogue (66) of ligand (43) was also used in dihydroxylation
reactions and gave moderate conversion (50%) but poor enantioselectivity (9% ee). In
contrast, reactions using the unsubstituted 1,2-di(pyrrolidine-1-yl)ethane ligand (65)

gave complete conversion in the dihydroxylation of stilbene (12) at low temperature.

These results, together with the molecular modelling studies and 'H n.mur.
spectroscopy studies, suggested that the steric interactions from the flanking methyl
groups (2,5-disubstituted rings) found in chiral diamine ligands (43) and (44) were
impeding the reaction. However, the reasons for the reactions failing at ambient
ternperature, are still unclear. A possible answer might involve ar unproductive

reaction between osmium tetroxide and the ligand resuiting in the decomposition of

both.

The use of two diamines incorporating one 2,5-dimethylpyirolidine and a secondary
amine, (63) and (64), also gave no conversion to the diol (14} at -78°C or at room
temperature. In contrast, some conversion was achieved with the two diamines

incorporating one 2,5-dimethylpyrrolidine and a primary armine, (55) and (62), but no
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significant enantioselectivity was observed (<6% ee). These resulis are consistent
with reactions involving pyrrolidine (28) and OsO4 which under our conditions gave
no diol (14) at -78°C or room temperature. Conversely, both butylamine (103) and
aniline (104) gave 100% conversion at room temperature. However, osmium tetroxide

alone in the absence of added ligand also gives complete conversion at ambient

temperature.
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Chapter 4

Other Asymmetric Reactions using (2R,5R)-2,5-

Dimethylpyrrolidine Ligands

4.1 Introduction

The limited success achieved using the chiral pyrrolidine ligands (43} and (44) in
asymmetric dihydroxylation reactions led to a study of their use in other
enantioselective catalytic reactions. Biaryl coupling, palladium catalysed allylic
substitution, Grignard and hydroformylation reactions were studied. Other diamine

ligands such as (43), (44), (62), (55), (65) and (66) were also used in these

asymmetric reactions.

4.2 Copper catalysed oxidative coupling reactions

1,1-Bi-2-naphthol (binol) (106} is a very useful compound in a variety of catalytic
asymmetric reactions which include Diels-Alder, ene and Lewis acid catalysed

125-129

reactions. it can also be converted into cuantiomerically pure 2,2

bis(diphenylphosphino)-1,1-binapthyl (BINAP),"*® which is an excellent ligand for

rhodium and ruthenium catalysed hydrogenation/hydroformylation rezctions, "'

The most widely vsed methods for obtaining enantiomerically pure bino! (106)

involve the optical resolution of racemic binol (106) through the formati.+: of

125,128

diastereomeric complexes. 133434 The procedures developed in this way often

require expenstve chiral reagents and complicated techniques. On the other hand, Noji
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et al. reported a racemic synthesis of birol (106) involving a copper-TMEDA

catalysed coupling of 2-naphthol (107) as shown in Scheme 4.1.'%

OH

Oxidant (O,)

CuCKOHLTMEDA ‘ e
-

OH 8.5h, 0°C

OH
v “

NV
N
Ho/ \c'

Scheme 4.1

1
CuGHOH). TMEDA, (106)

The same group further developed this reaction into an asymmetric synthesis of binol
(106) through the use of chiral ligand (108) in the copper(Il) amine catalyst system.'*
The coupling reaction gave binol (106) in 89% yield but with only 17%
enantioselectivity. However, this same copper complex catalysed the oxidative
coupling of methyl 3-hydroxy-2-naphthoate (109) to give the corresponding

binaphthol compound (110) in 85% yield and 78% enantioselectivity (Scheme 4.2)1%

Other groups have also used chiral diamine liganas in Cu-catalysed oxidative
reactions to achieve good coupling yields and excellent enantioselectivities.'*”'*® As
our diamine ligands (43), (55), (62} and (65) were very similar to those that examined

by Nakajima e al.'™ it was decided to evaluate them in the oxidative coupling of 2-

naphthol (107) and methyl 3-hydroxy-2-naphthoate (109).
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X
X
-~ CUCIOH).L
> OH
Oxidant (O;)
OH 8.5h F OH
X =H {107
A C
X = COOMe {10%) X
X = H{106)
0 X = COOMe (110)
L= .
N/
: I
R R?
{108}

Scheme 4.2'%¢

4.2.1 Preparation of CuCl.diamine catalysts
All catalysts were synthesised by reacting Cu(I)Cl with the desired diamine under an

oxygen atmosphere in either methanol or dichloromethane (Scheme 4.3).'*° The

desired catalysts were isolated as solids after centrifugation.

Q2
cullCl 4+ L —————  CuCl(OH).L

DCM or methanol

L=
SN / \ &
N N Nj
(65} (43)
-
/ \
N NH,
...nq”’, HZN N :?
(62)
(55}
Scheme 4.3
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4.2.2 Oxidative coupling of 2-naphthol (107)

Coupling of 2-naphthol (107) was attempted with four different catalysts using a

substrate to ligand ratio of 1:100 and the results are summarised in Table 4.1.

Table 4.1: Oxidative coupling of 2-naphthol (107) with copper complexes of diamine ligands

Entry | Ligand | Oxidant | Time [ Temp Products (%) Sim
(h) (°C) | (1006) (111) 112) (107)
(%)
] (65) air 18 23 100 0 0 0
2 (43) air 48 23 5 3 trace 92
3 (43) air 7 (days) | reflux 0 0 0 100
4 (43) 0, 48 23 0 59 41 0
3 (43) O, 18 23 0 0 30 70
6 (62) 0, 72 23 0 76 24 0
7 (62) air 7 (days) 23 9 8 0 83
8 (62) air 7 (days) | reflux 0 0 0 100
9 (55) O, 18 23 il 73 0 16

The best results were observed when the copper catalyst (CuCl(OH).(65))

incorporating the unsubstituted ligand was used. This system gave a 100% conversion

to binol (106) (Entry 1). Low conversions to the desired binol (106) were obtained

when Cu-complexes with the asymmetric ligands (43) and (62) were used (Entries 2 —

8). The main products were 1,2-naphthaquinone (111) and 2'-hydroxy-(1,1')-

binaphthyl-3,4-dione (112) (Figure 4.1) {(Entries 4-6). Noji et al. also reported the

formation of quinones in the oxidative coupling of phenols.'* Li er al. has reported

the formation of the coupled quinone (112} in their reaction involving 2-naphthol

(107) and methyl 3-hydroxy-2-naphthoate (109)."*’
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o
0
0
0
N
— OH
/
A
(111) .
e X
(112

Figure 4.1: 1,2-Naphthaquinone (1) 1) and 2hydroxy-(1,1’)-binapthyl-3,4-dione (112}

4.2.3 Oxidative coupling of methyl 3-hydroxy-2-naphthoate (109)

Extensive studies have oveen carried out by Nakajima and co-workers to evaluate
which substituents on the naphthol ring provide the best induction.'® It was reported
that an ester at the C2 positior. of the naphthalene ring encourages coupling reactions
to take place in good yield and in excellent enantioselectivity. Li e al. reported that
the substituent at the C2 position was critical for high induction. Hence, it was
decided to carry out the coupling using methyl 3-hydroxy-2-napthoate (109) which

was known to give the coupled product (110} with good selectivity (78% ee).

The postulated mechanism described in Figure 4.2" uses a copper catalyst
incorporating 1,5-diaza-cis-decalin. This mechanism suggests that the substrate
undergoes a ligand exchange with the catalyst to form a Cu(Il)-ligand-substrate
complex. Subsequent electron transfer from this complex would yield a tetrahedral
copper radical complex (113). The model illustraies that due to steric reasons addition

of the second substrate molecule to the complex is preferred from the top face giving

the desired product (110).
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Figure 4.2: Tentative stereochemical model (only key hydrogens shown) for the biaryl

coupling of methyl 3-hydroxy-2-naphthoate (109) using (S,5)-1,5-diazo-cis-decalin ligand'*’

Methyl 3-hydroxy-2-naphthoate (109) was prepared by esterification of the naphthoic

R L L. AR oo e eyt A S SRR 4 1L 2 R UM T MR RS DA A
AT T S QUITS S P B SRR L P R e DL D e TR ¥ 3

; acid (114) using methanol and concentrated sulfuric acid (Scheme 4.4). The product

q (109) showed a singlet in the 'H n.m.r. spectrum at 8 4.02 and a signal at § 52.4 in the

13C n.m.r. spectrum for the methoxyl group.

ii LCOOH COOMe

‘ ‘ H,SO4. MeOH ‘O

(114) (109}

Scheme 4.4
Coupling of the naphthoate (109) was carried out using air and oxygen as oxidants
(Scheme 4.5) and the results for the copper complexes of the different ligands are

summarised in Table 4.2.
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/COOMa
COOMa ‘
N ‘ OH
CH,Cly, O,

L Y Cull)CIL OH

OOMe
(110)
Scheme 4.5

Table 4.2: Oxidative coupling of methy! 3-hydroxy-2-napthoate (109) with copper complexes

of diamine ligands

Entry Ligand | Oxidant Time Temp | Conversionto | % ee
(h) (“C) (110) (%) of (110)

| (63) air 48 reflux 100 -

2 (63) 0, 72 23 20 -

3 (63) air 72 23 17 -

4 (43) ar 120 23 0 -

S (43) 0, 72 23 0 -

6 (43) air 120 reflux 0

/ (62) 0, 72 23 17 23
8 (62) air 7 {days) | reflux 100 6

9 (62) 0, 10 (days) 23 13 -
10 (55) O, 18 23 0 -
11 (55) air 18 reflux 0 -

Formation of the desired coupled product (110} was a very slow process, often
requiring more than 24 hours. Only starting material was isolated with the use of the
copper complex of the bis-2,5-substituted pyrrohidine ligand (43) (Entries 4 ~ 6) and
the copper complex of the benzene ligand (55) (Entries 10 and 11), even at elevated
temperatures. The copper complex of the bis-pyrrolidine ethane ligand (65) gave a
100% conversion at elevated temperature (Entry 1). However, only 21% conversion

was observed when the reaction was carried out at room temperature (Entry 2).
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Use of the copper complex of the mixed substituted/unsubstituted ligand (62) gave a
17% conversion at ambient temperature with an enantioselectivity of 23% (5) (Entry
7). Reactions carried out at higher temperature to increase the percentage conversion
had a detrimental effect on the enantioselectivity dropping it down to 6% ee (Entry 3).
These results are moderate compared (o that repértcd in the literature (85% vyield and

93% ec)."”’

4.3 Enantioselective palladium catalysed allylic substitutions

Enantioselective metal-catalysed allylic substitutions using phosphine ligands were
first reported by Trost and Strege in 1977."¥ Since then, much research has been dong
to increase the selectivity of these reactions. A number of nitrogen based diamine

M and bis-aziridine (58)"*' ligands (Figure

figands, such as the bis-oxazolidine (26)
4.3), have been used to carry out these reactions with excelient enantioselectivity

(>90% ec).

T o

%
Ph Ph

:f;;,ﬁ'

8 (26)
59)

Figure 4.3: Chiral diamine ligands used in enantioselective allylic substitution reactions

]

The catalytic cycle of the palladium allylic alkylation reaction is illustrated in Figure
4.4.* Firstly the allylpalladium(Il) chloride dimer is easily reduced in sit to the
active Pd(0) form.™ After the elimination of X~ (e.g. OAc’) from the substrate a (n3~
allyhpaliadium(1l) complex (115) is formed. A soft nucleophile (pK, <25),"* such as

a stabilised malonate anion, then attacks the allyl face opposite to the palladium. The
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resulting unstable Pd(0)-olefin complex (116) readily releases the final product and

regenerates the active palladium catalyst for the addition of another substrate

molecule.'*?
[ 4+
LA "
\P:d ]
X i
/\E//T\
R R
— Nu’ -
< {(115)
H/\/'\H
N ] L L ]
/\)"\ \
Pdo  Nu
NN <
R R
N {116} N

Figure 4.4: Mechanism of palladium catalysed allylic substitution"™

The chiral diamine ligand (43) was used in asymmetric allylic alkylation reactions by
Kubota et al..”® This reaction proceeded in excellent yield and enantioselectivity (89%
e¢). We intended to reproduce these results and investigate the use of the pyrrolidine

ligands (43) and (66) to extend the scope and enantioselectivity of these allylic

alkylation reactions.

4.3.1 Pd catalysed allylic alkylation reactions using tertiary diamine ligands

Before the reactions could be carried out, 1t was necessary to prepare ()-1,3-
diphenylprop-2-en-1-yl acetate (117} which has become a standard substrate for the
evaluation of chiral ligands in Pd-catalysed allylic substitution reactions."* Reduction

of 1,3-diphenylprop-2-en-1-one (118) to the alcohol (119) followed by an acetylation
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(Scheme 4.6) gave the product (117) which was purified by column chromatography

and characterised by the usual spectroscopic methods.'**

0 OH
/\/u\ - /\A
D —————

Ph X Ph © P \ Ph
(18) {119)
(CHyCO),0.

N{E),
Ohc

Ph/\/é\Ph

nmn

Scheme 4.6

Palladium catalysed allylic alkylation reactions were carried out as described by
Kubota et al.®® (Scheme 4.7) in dichloromethane using dimethyl malonate as the
nucleophile. The reactions were carried out using a catalyst: substrate ratio of [:5 and

the results are summarised in Table 4.3.

CHICOOMe),
Qhc 2.5 mot % [Pa(n-CaHa)Cllb.
6 mol % L
/\/g\ — AN
Ph P CH,{COOMe), Ph Ph
(17) BSA, ACOK (120)

N,
&
\‘\
Ly
tny
-~
N N
t,
f;, ”
e,
“?fl

(43) J—
(44)

N N
iy O

(66)

Scheme 4.7
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Table 4.3: Allylic alkylation of (&)-1,3-diphenylprop-2-en-1-yl acetate (117) using Pd

complexes with diamine ligands

Entry Ligand Time Temp Conversion to % ee
(h) ©C) (120) (%)
I (43) 18 23 100 85 (S)
2 (43) | reflux 100 75 (S)
3 (44) 24 23 0 -
4 (44) 24 reflux 0 -
5 (66) 24 23 100 51(S)

As shown in Table 4.3, the results obtained by Kubota er al.’® were reproduced
successfully. The reaction using ligand (43) was observed to give 100% conversion to
product (120) in less time than reported (36 h)* in the literature (Entry 1). A reaction
at reflux led to an increase in rate but resulted in reduced enantioselectivity (75% ee)
(Entry 2). As expected, a reaction using ligand (66), with only one chiral pyrrolidine
moiety, gave complete conversion to product (120) but showed a decline in the

enantioselectivity (51% ee) (Entry 5).

It was hoped that use of ligand (44) with its more rigid benzene backbone would lead
to a higher enantioselectivity. However, ro conversion to product (120) occurred,
suggesting that the anilino nitrogens were 100 weak to activate the Pd metal cenire
(Entries 3 and 4). In order to test this hypothesis, 'H n.m.r. spectroscopy studies were

used to observe the binding of ligands (43) and (44) with palladium.

432 'H nmr. spectroscopic studies using ligands (43) and (44) with
allyipalladium(Il) chloride dimer

The 'H n.m.r. spectrum of a mixture of allylpalladinm(Ii) chloride dimer and 1,2-bis-
((2R.5R)-2,5-dimethylpyrrolidin- 1-yl)ethane (43) was recorded (Scheme 4.8). The 'H

n.m.r. spectrum showed shifts very different to those observed for the free tigand (43),
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suggesting that the ligand was coordinating with the metal center. Hence, good yields

and excellent enantioselectivities were observed in the allylic alkylation reactions.

=

N

et

L. -a
{43)

Scheme 4.8

Mixing the allylpalladium dimer with 1,2-bis-((2R,5R)-2,5-dimethylpyrrolidin-1-
ylbenzene (44) (Scheme 4.9) under the same conditions showed no change in the
shifts in the 'H n.m.r. spectrum compared to those of the free ligand (44), suggesting
that the ligand was not >oordinating to the metal. These observations are consistent

with the results obtained in the allylic alkylation reactions.

0

] ER S

- 4 Cl
{44)

Scheme 4.9

4.4 Asymmetric Grignard reactions

A selection of chiral auxiliaries have been developed over the years for the synthesis
of chiral alcohols from achiral aldehydes or ketones (Scheme 4.10). Cohen and
Wright"*® first used 2,3-dimethoxybutane as a chiral solvent to carry out Grignard

reactions. A few diamines have been used in the preparation of chiral secondary
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147-152

alcohols under stoichiometric conditions. Some of them are illustrated in

Scheme 4.10.

0 o
R-MgX . )]\ Chiral diamine = L )\
R H R’ R
OR
L= l
N
/ N/
OR |
Saebach"? Nozaki"a
O\/N "
N at
| e Ph
Ly i
. 1 =
Mukaiyama B, (8 S
Tomioka'?
Scheme 4.10

The possible origins of enantioselectivity were investigated by using the complex
(121) (Figure 4.5)."*7">* The chiral ligand which is coordinated to the magnesium

metal dictates the face in which the carbonyl group approaches the nucleophile.

Figure 4.5

Tomioka's ligand (15) had been reported to give good enantioselectivity (71% ce)

when used with o-naphthylmagnesium bromide (122) and benzaldehyde (123)
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(Scheme 4.11)."*° Therefore, the use of the related pyrrolidine ligand (43) in Gringard

reactions was of interest.

MgBr 0 QN N HO. ‘

(122) {123)

Yield 92%
{71% es)

{124)
Scheme 4.11

4.4.1 Asymmetric Grignard reactions  using 1,2-bis-((2R,5R)-2,5-
dimethylpyrrolidin-1-yl)ethane (43)

An asymmetric Grignard reaction was camried out using benzaldehyde (123) and
methyl magnesium bromide (125) in the presence of the substituted pyrrolidine ligand
(43) (Scheme 4.12). A control reaction was also carried out without the use of the
chiral auxiliary {43). Both the reactions showed partial conversion to the alcohol
(126). The product isolated from the reaction using the chiral auxiliary (43) showed
no enantioselectivity. This result led 10 a study of o-naphthylbenzaldehyde (127), a

more sterically demanding substrate.

{123) {126

Scheme 4.12

A Grignard reaction was carried out with the o-naphthaldehyde (127) and phenyl

magnesium bromide (128). The reaction was monitored by 'H n.m.r. spectroscopy.
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During the time specified (1 h) by Tomioka er al., the reaction had not gone to
completion, therefore the reaction was left for a further 36 hours. The racemic alcohol
(124) was isolated and reacted with Mosher's acid ((-)-MTPA) (129) (Scheme 4.13) to

give the Mosher’s ester (130). 54

OH,

X
z

R(124)

S{124)

\\\'&CFg
L
129
:; OI (129)

Y

S:A-(130) $.5-(130)

Scheme 4,13
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The 'H g.nr. spectrum of the two diastereoisomers showed two distinct multiplets for
the incthoxyl protons at 8 3.38-3.43 and 3.48-3.52. Two distinct peaks were also

observed in the F n.mur. spectrum at & 71.7 and 71.8 for the CF; groups.

With this knowledge, an asymmetric Grignard reaction involving ot-naphthaldehyde
(127) (Scheme 4.14) was carried out using chiral figand (43). Unfortunately, the
rcaction failed and gave only starting material (127). This again suggested that the
steric effects exerted by the methyl grovp of the pyrrolidine ligand (43) was
preventing the aldehyde (127) from binding to the metal ligand complex, as with the

dihydroxylation reactions described in Chapter 3.

)
N e HO, \l

e G

SOROE SIS

(12n {128)

(124)

Scheme 4.14

4.5 Asymmetric hydroformylation

The "oxo process” or "hydroformylation” is the metal catalysed addition of CO and
H; to an olefin to produce an aldehyde.**'*® Depending on the insertion point of the
carbonyl group either a branched or a terminal ald:zhyde is produced (Scheme 4.15).7°
The formation of terminal aldehydes and their use in the synthesis of heterocycles will
be extensively discussed in Chapter 6. In this section, the synthesis of chiral
aldehydes was evaluated, which means that the insertion to favour the formation of

branched aldehydes was desired.
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CHO
/\ CO/M; CHO
/\/
A \ - ....._._.__...lM] A + R
torminal branched

Scheme 4.15

Styrene (8) is the substrate of choice for the. evaluation of asymmetric
hydroformylation reactions for a few reasons. Firstly, styrene (8) is highly reactive
giving mainly the branched aldehyde (90:10, branched (131): terminal (132))
(Scheme 4.16).'57 Also, the branched aldehyde (131) is related to important chiral
pharmaceuticals such as non-steroidal anti-inflammatory drugs based on 2-

L 158,15
arylpropanoic acids.'**'*

MgBr O N N "o

(122) (123)
Yield 92%
{71% oe)

{124)
Scheme 4.16

A variety of chiral phosphorous containing ligands have been synthesised for use in
the asymmetric metal catalysed hydroformylation reactions of styrene (8) and related
compounds.'® Most of the diphosphine ligands give poor to moderate
enantioselectivities, but the mixed phosphine-phosphite ligand (Figure 4.6) reported
by Takaya and co-workers gave excellent regioselectivity towards the branched

161,162

aldehyde with an enantioselectivity of >90%. However, the synthesic of this

ligand is complicated and lengthy.'®
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Figure 4.6: 1 igand synthesised by Takaya'®?

Disulfide ligands have also been used in hydroformylation reactions of styrene (8) to

give moderate enantioselectivities (4-58% ee).'®¥'*

Mixed ligands containing both
phosphorus and sulfur heteroatoms (Figure 4.7) have also been synthesised and used
to give quite satisfaciory chemo- and regioselectivities but with low
enantioselectivities (14% ee).'®® Other mixed ligands containing both N and P
heteroatoms (Figure 4.7) have been used in the hydroformylation of styrene (8) with
poor regio- and enantioselectivity.'®® Diamine ligands do not appear to have been
used in hydroformylation reactions. A study was undertaken into the use of 1,2-bis-

((2R,5R)-2, 5-dimethylpyrrolidin-1-yl)benzene (44) as a ligand in rhodium catalysed

asymmetric hydroformylation of styrene (8).

Figure 4.7: Phosphorus/sulfur and phosphorus/nitrogen mixed ligands
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4.5.1 Asymmetric hydroformylations using 1,2-bis-((2R,5R)-2,5-
dimethylpyrrolidin-1-yl)benzene (44)

Hydroformylation reactions were carried out using styrene (8) (Scheme 4.17) at two
different syn gas pressures with a substrate: catalyst ratio of 1:100 to give branched

(131) and lincar (132) aldehydes (Table 4.4).

. N (44} \( .
o
:. G) Banzene 50131

[F\hIOAchlz
R-{131) (132)
Lﬁ Scheme 4.17

Table 4.4: Asymmetric hydroformylations of styrene (8)

Entry { CO/H; | Temp Time Products isolated (%)
(psi) (°C) (h) S/m (8) (131} (%ee) (132)
1 1000 80 20 - 83 (-%) 17
2 400 S0 20 50 44 (-%) 6
3 400 50 48 88 (15%) 12

The first reaction of styrene (8) was carried out at 1000 psi of hydrogen pressure and
gave complete conversion 1o aldehyde after 20 hours (Entry 1). When the reaction
pressure was decreased a longer reaction time was required for the reaction to go to
completion (Entries 2 and 3). The enantioselectivity was measured by the use of a
chiral shift reagent [Eu(hfc);] and 'H n.m.r. spectroscopy. Although, only a 15%
enantioselectivity was obtained, both this and the good regioselectivity were
comparable with what has been reported with most phosphorus and the mixed

ligands. 164
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4.6 Conclusion

The chiral diamine ligand (43) based on 2,5-dimethylpyrrolidine was too hindered for
the use in asymmeltric Grignard reactions. However, the asymmetric allylic alkylation
reactions carried out using chiral pyrrolidine (43) showed excellent enantioselectivity
(75-85% ee). Good stereoselectivity (51% ee)} was achieved when ligand (66) was
used. Chiral diamine ligand (44) showed promise in Rh-catalysed hydroformylation
of styrene (8). Cu-catalysed oxidative coupling of methy! 3-hydroxy-2-naphthoate
(109) was successfully achieved with two ligands ((65), (62)). However, only ligand

(62) was capable of inducing enantioselectivity (23% ee).

92




Chapter 5

Chapter 5

Attempted Synthesis of Aziridine Based Ligands

5.1 Introduction

The three membered nitrogen heterocycle, aziridine, was first discovered by Gabriel
in 1888.'¢7'®® Since then aziridines have played an important role in many industries,
particularly in the synthesis of polymerisation products and adhesives.'® They are
also a rich source of important pharmaceuticals such as adrenoreceptor blocking
agents and chemotherapeutic agents.'69 Tanner and co-workers have used the chiral
bis-aziridine ligand (58) (Figure 5.1) in asymmetric transformations with great
success.'”® Asymmetric reactions such as dihydroxylations, aziridinations, alkylations

and cyclopropanations were studied by this group.®!'®-170:17!

/" O\

N N

Ph"“m“<k I>—ph
$

{58)

Figure 5.1: 1,2-Bis-(2,3-diphenylaziridin-1-yl)ethane (58)

Synthesis of ligand (56), very similar to that used by Tanner and co-workers, was
attempted. This ligand (56) has methyl substituents at the two and three position of
the aziridine ring instead of the phenyl substituents found in ligand (58). The ligands
(56) and (57) were 1o be synthesised using similar methodology to that used for the

pyrrolidine ligands (43) and (44). The (2R,3R)-butanediol (23) is produced from
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““‘ reactions involving yeast as a reducing agent. The chiral butanediol (23) is next
{a converted to the cyclic sulfate (24) (Scheme 5.1).

Synthesis of the chiral ligand (56) was attempted by reacting the cyclic sulfate (24)
i with benzylamine. However, hydrogenolysis of the resuiting benzyl aziridine (133)
% failed to give the desired product (25). Alternatively, the aziridine (25) was prepared
% by converting the cyclic sulfate (24) to the azido alcohol (22), followed by a
‘ cyclisation reaction. Next, the aziridine (25) was reacted with oxalyl chloride to give
the diamide (59) but reduction with LiAlH, failed to give the desired ligand (56)
i
(Scheme 5.1).
IJ g (1 SOC, N
5 (n) RuCly, NaiQ, NalNg, H* H
‘._:9 )Y s. - /Y
1 OH OH
l R.R-(.?G} {24) (22}
5 (64%) o
i lPhCH;NHz PPhy
!f H
f } Ph/\ V/ N
}f \\\\ "
| W jes) gz i & g Ny
1 76%) = (73%)
1 {COCY,, NEL,
&
3 g LY
7\ H
1 [T N
;@ N mX - -
| (56) $§

(59)
(83%)

Scheme 5.1
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Altempts to synthesise the chiral ligand (57) involved the reaction of the cyclic sulfate
(24) with o-nitroaniline (53). The product was reduced using benzyl viologen

17217

dibromide and sodium dithionate to afford the desired amine (57). Coupling of

the second cyclic sulfate (24) to the amine failed to give the desired ligand (57)

MNaH q iy
& D ——
(o]
< NO,
(60}

(Scheme 5.2).

X

o\ /%

XN
@ °

(41%)

BavZ*eBr
Na 38204

E4), “thy
(£ [LTTTN I>- \
‘ NH,
<K ’ ;
)

57 (36%)

NH,
q +
NO
(53)
N N

Scheme 5.2

5.2 Yeast reductions leading to (2R,3R)-2,3-butanediol (23)

It was observed that 2,3-butanediol (23) was produced as a by-product in the
fermentation reaction leading to (25,55)-2,5-hexanediol (49) (Section 2.2). Samples of
the racemic and meso diols (23) in a 33:67 ratio were obtained by LiAlH, reduction of

butanedione (134) (Scheme 5.3).
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{134} ©

LIAH,

B ————

OH

/ + N +

”‘?ﬂqj'

OH
diol (23)

t1%

Scheme 5.3

H

anfi

s

OH
{S.5)-diol (23)
12%

OH

A

Titeses

OH

maso-diol (23)
TT%

The fermentation reaction of 2,3-hexanedione (50) produced (2R,3R)-2,3-butanediol

(23) in a 89% enantioselectivity (Table 5.1, Entry 1). This result was quite intriguing

since there was no obvious substrate present in the reaction mixture that could

produce (2R,3R)-2,3-butanediol (23). A number of different yecast reductions were

undertaken and they are summarised in Table 5.1.

Table 5.1: Yeast reduction to form butanediol (23)

Conditions | Entiry Substrate Products isolated (%) Reaction Sugar

used used (5.5)- | (R.R)- | (5,5)- | meso- time Conc

(49) (23) 23 (23) (days) (g/ml)

Fermentation I Hexanedione >80 945 0.55 0 7 0.22
(50)

2 None - 80 0 20 7 0.42

3 Butanedione - 46 4 50 7 0.22
(134)

Non- 4 Butanedione - 20 13 67 24h -

Fermentation (134)

Fermentation reactions using sugar and yeast with no substrate gave the (2R,3R)-diol

(23) and the meso-diol (23) in a 4:1 ratio (Scheme 5.4) (Table 5.1, Entry 2). This ratio

was determined by 'H n.m.r. spectroscopy. The optically active diol (23) was

separated from the meso-diol (23) using column chromatography and its

enantioselectivity measured using chiral gas chromatography. The (2R,3R)-diol (23)

was the only enantiomer detected.
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OH OH

g

Sugar H
. 72h .
Yeast
OH OH
(R.A23) maso-(23)
B0% 20%
Scheme 54

This result was very similar to that reported by Romano et al.'™ and Roustan et al..!"
The sugar (sucrose) in the reaction medium enters the yeast cell by facilitated
diffusion. Sucrose is hydrolysed by the enzyme invertase to D-glucose and D-fructose,
which is held in the yeast cell wall.”® The monosaccharides are then ‘ransported
through the plasma membrane by facilitated diffusion. Both D-glucose and D-fructose
are converted to pyruvate (135) by glycolysis. The pyruvate (135) can then undergo
transformation to a number of different products including ethanol, acetate and 2,3-
butancdiot (23) (Figure 5.2).'7 Low boiling materials such as ethanol, and water

soluble products such as acetate, would be lost during the work up process.

Pyruvate
Pynsvate Pyruvate decarboxylase
dehydrogenas
Acetyl-CoA Acetoin
/ \ Butanediol dehydrogenase
Acetaldchyde Acetyl-phosphate 2,3-Butanediol
Ethanol Acetate

Fiaure 5.2: Products isolated by pyruvate metabolism

The absence of the (5,5)- configured diol (23) from the fermentation reaction

suggested that decarboxylation of pyruvate (135) produces only the (R)-acetoin (136)
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cnantiomer (Scheme  5.5).'7 This result infers that the enzyme (pyruvate
decarboxylase) responsible for this reaction is extremely cnantioselective. However,
the butancdiol dehydrogenase which is the enzyme respounsible for the second
reduction'™ does not scem to be as streoselective, Therefore, two products, namely

the (R,R)-diol (23) and the meso-diol (23), are formed.

a)
Pyruvate C
onJecarboxjlase decarboxylase + €0

(135 © (A~ acelom(lSG}
(100%)

Butanadiol
dehydrogenase

OM oH
) ]/ ' /k/
OH OH
(R, Ay-diot (23) maso-gig) (23)

(80%)

1ivaiee.-

(20%})

Scheme 5.5

It was interesting that the 2,5-hexanedione (50) reduction produced both the (S,5)-diol
(23) and the (R,R)-diol (23) with none of the meso-(23) (Entry 1), whereas in the
absence of substrate none of the (5.5)-diol (23) but some meso-diol (23) was formed
(Entry 2). This result suggests that either the hexanedione (50) or the increased sugar
concentration (042 g/ml vs 0.22 g/ml)'’® in the reduction mixwre affects the
stereochemistry of the product. A similar observation was observed during the yeast

reduction of 2,3-pentanedione.'”
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Reduction of 2,3-butanedione (134) under fermentation conditions gave 50% of the
meso-diol (23) (Entry 3). This result is consistent with the literature.!”>"’® Chiral gas
chromatography was used to measure the cnantioselectivity of the reaction and
showed that 4% of the chiral material present was the (25,35)-diot (23) with 46% as

the (2R,3R) isomer (23) (Scheme 5.6).

OH oH OH
o g
yaast + /\/ + */
sugar H H
OH OM OH
(134) 0 (R0l (23) (5.5)-diol {23) meso-diol {23)
45% 4%, 5%
O
(1) o
Butanedione
dehydrogenase

OH OH

* /t\"/
o]
{A)-acetoin (136) {S)y-acetoin (136)
(50%) {50%])

Butanediol
l dehydroganase
OH OH OH

+ /\/ +

OH OM OH
(R.A)-diol (23) (8.5)-giol (23} meso-dio) (23)

(46%) (4%) (50%}

Scheme 5.6
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This result suggests that the butanedione dehydrogenase does not exhibit high
stereoselectivity in the reduction of butanedione (134) and results in both (R) and (S)-
acetoin (136) in approximately 1:1 ratio (Scheme 5.6). The second reduction, which is
similar to the route of pyrvate (135) (Scheme 5.5) reduction exhibits greater
selectivity and gives all of the chiral products, (R,R)-(23), (5,5)-(23) and meso-(23), in
a ratio of ~12:1:13. The sugar in the reaction mixture probably facilitates the
production of the chiral material, however, the degree 1o wiach this contribites

remains unknown.

Reactions carried out under non-fermentation conditions showed reduced
enantioselectivity for the (R,R)-diol (23) (Scheme 5.7) (Table 5.1, Entry 4). Meso-diol
(23) formation also significantly increased. In this reaction, there is no effect from the
sugar towards the butanediol (23) formation. The sugar ts known to induce the

activity of fermenting enzymes and hence change the stereochemistry of the products

that are isolated.'’
OH OH
O 'E'
yeast & /\/ + A/
SH oH
(! 34)0 (A, R)-dlol {23} (8,9)-diol {23) meso-diol (23)
20% 13% 67%

Scheme 5.7

5.3 Synthesis of (2R,3R)-2,3-dimethylaziridine (25)
The cyciic sulfate (24) was prepared from (2R,3R)-butanediol (23) by reaction with

thionyl chloride to give the cyclic sulfite (137). This was immediately oxidised with

ruthenium trichloride and sodium periodate to give (24) (Scheme 5.8).
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ﬁf;

é‘
0 /-S
3 © (137) (24)

Scheme 5.8

The cyclic sulfate (24) was reacted with benzylamine to form the benzyl aziridine
(133) (Scheme 5.9). The structure of this molecule was confirmed by 'H n.m.r.
spectroscopy where two doublets were recorded for the diastereotopic benzylic

protons with a coupling constant of 14 Hz.

+ Pn/\qu EEm— Pn/’\nv/
/\

24) (133

I

Scheme 5.9

This product was subjected to hydrogenolysis using Pd/C and H,, followed by
hydrochloride salt formation (Scheme 5.10). The 'H n.m.r. spectrum of the isolated
crude oil suggested that a mixture of compounds had been formed but none

corresponded to the desired aziridine (25), the aziridine hydrochloride salt (138) or

starting material (133).

/\\ V/ 6 i
{ii} %

{133}

e

Scheme 5.10

Unlike the stable five membered pyrrolidine ring, the aziridine ring, is highly strained

and is highly susceptible to ring opening.®’ Ibuka er al. showed that Pd(0) was
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responsible for isomerisation reactions of aziridines involving ring c:q;cningg,.”'9
Ambrosi et al. also showed the use of Pd/C led to ring opening of aziridines.'®® The
attempted salt isolation involving acid may have also led to ring opening even though

. s e : cr 4593
mild conditions were used. Aziridine ring opening by acids is well documented.

The aziridine (25) was prepared following a method described by Shustov et al.
(Scheme 5.11).%' The cyclic sulfate (24) was converted to an azide (22) using sodium
azide in an acidic medium (99% yield). The azide (22) was then reacted with
triphenylphosphine to form the desired aziridine (25) which was distilled from the
reaction mixture (73% yield). Much care was needed to isolate this low molecular

weight amine (25) as it was highly volatile.

O o No H
\< NaNy, PPhy N
/ \ P \\\\\\“‘ OH \\\\\\«"‘A
24) @2 (@)

Scheme 5.11

5.4 Attempted synthesis of the chiral (25,35)-bis-aziridine ligand (56)

The aziridine (25) was reacted with oxalyl chloride in the presence of excess
triethylamine to give the desired diamide (59) (Scheme 5.12). Excess triethylamine
was crucial as this neutralised the hydrochloric acid that was being produced during
the reacticn, preventing any ring opening. The presence of the diamide (59) was
confirmed by the strong infrared stretching observed at 1672 cm™ and an accurate
mass spectrum which showed a [M+Na]" peak at 219.1105. Unfortunately, the lithium
aluminium hydride reduction, performed under varying experimental conditions,

failed to give the desired ligand (56) (Scheme 5.12). The 'H n.m.r. spectra isolated of
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the crude oils showed multiple products. Mass spectra of the crude oils did not show

the desired mass for the product (56).

; H

N COCi E f

i { )7 Ny y
\\"‘ NE(Q LTI

o |

(25)

$
&
&

(59}

Scheme 5.12

These results led us to investigate other avenues for the synthesis of the bis-aziridine
(56) ligand. The Tanner group had synthesised'®' these ligands using an cpoxide'®

route (Scheme 5.13). The diol (14) was converted to an epoxide {139) which was

¥
[£3
B
N,
o
b,
IR:
E:
7
T
.
[
i
i
i

reacted with ethylenediamine followed by ring closure to give the Jesired ligand

(58).1%!

iR g

CHyC(OCHs)y, (Ma)SiCI _
ph \\\‘\..
2 Ph B PN Ph

‘_i {ii} KoCO, {139)

'5__'_% {(13) oM

()]

3 HaN NH,
Lﬁ (ii} PPhy, DEAD

/\

N N

‘g Phifit e I>-‘Ph
! $
| Ph P
(58)

Scheme 5,13

This same methodology was used in an attempted synthesis of the ethane bridged

ligand (56). The (2R,3R)-butanediol (23) was reacted with p-toluenesuifonic acid and

103




i L

P i Al SRR P S A

e L e E s L
R R o TR R, Y

I

- S T TR

Chapter 5

trimethylorthoacetate, to activate one of the hydroxyl groups (Scheme 5.14).
Trimethylsily! chloride was added to produce the 2-acetoxy-3-chlorobutane (140). It
was noted that when the dichloromethane was not vigorously dried hydroxy acetate

(141) was formed.

o) 0
Hsc_@——SOaH (Me)3SiC) /[\/
- - :
CH,CLOCH) orvoeM i
OH > O ol
{(2R.3M)-(23) {140)
(M8),SICI
DCM
0
¢
OH
(141
Scheme 5.14

The 2-acetoxy-3-chlorobutane (140) was reacted with potassium carbonate and the 'H
n.m.r. spectrum of the crude reaction mixture showed the presence of the epoxide

(142) (Scheme 5.15). As the epoxide (142) was highly volatile isolation was not

attempted.
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o)
0 K,CO4
)\/ W
Y (142)
g
{140)

Scheme 5.15

Attempted synthesis of the bis-aziridine ligand (56) was first carried out using a
sample of racemic epoxide (142) which was reacted with ethylenediamine under the
conditions described by Andersson er al.."®! The ethane bridged bis-amino alcohol
(143) that was isolated was a low melting solid (Scheme 5.16). A Mitsunobu

06

reaction'® was carried out on this solid in an attempt to form the desired bis-aziridine

ligand (56). This reaction failed, and no signals were observed for the product (56) in
the 'H n.m.r. spectrum of the crude mixture. It is unclear as to why the reaction failed

as triphenylphosphine oxide and reduced DEAD was isolated at the end of the

OH HO
] / A\
H;N NH / \
A - -
NH HN
{(143)
(142)

\ Q DEAD

N/—\N
—<K (56 )>;

Scheme 5.16

reaction.
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5.5 Attempted synthesis of the chiral (25,35)-bis-aziridine ligand (57)

Following the same procedure used to prepare the pyrrolidine ligand (44), the cyclic
sulfate (24) was reacted with o-nitroaniline (53) in the presence of sodium hydride to
afford the nitro aziridine (60) as a yellow solid (Scheme 5.17). An accurate mass

spectrum was obtained which showed a peak corresponding to the [M+Na]® peak at

NH, /_’ E

215.0794.

\ ""f’a?f
>_< NO:
6___._;5 0 NaH
0/ \O NO;
(24) 60}
Scheme 5.17

Attempted reduction of the nitro group was carried out using a number of methods.
The first method was to use Pd/C with H; at 60 psi (Scheme 5.18), a method
successfully used to reduce the related pyrrolidine (54) (see Section 2.6). However,
the results obtained were very similar to that resulting from the attempted

hydrogenolysis of benzyl aziridine (133). Neither starting material (60) nor product

A

N— "
PIE. )2 ““

NO, NH;
{60) 61)

(61) was 1solated at the end of the reaction.

Scireme 5.18
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The second reduction method involved the use of stannous chloride with concentrated
hydrochloric acid as described by Beckwith et al..'® Again, the hydrochloric acid
caused the strained aziridine ring to open giving the chloro amine (144) as the major
product (58%) (Scheme 5.19). The desired anilino aziridine (61) was however
isolated, albeit in low yield (27%). The presence of the aziridine amine (61) was
confirmed by accurate mass spectroscopy which showed a [M+H]" signal at
163.1235. Also, the infrared spectrum showed strong stretching at 3444 cm’

characteristic of primary amines.

cl
H
N N o, N
g SnCl, HC! "y
e e e -
NO, NH3 NO,
{60 {61) (144}
{27%) (58%)
Scheme 5.19

Finally, an electron transfer catalyst, benzyl viologen (1,1-dibenzyl-4,4-pyridinium)
dibromide, and sodium dithionate were used to affect reduction of the nitro group to

give the amino aziridine (61) (Scheme 5.20).

N ."""0, 2ippy N o,
4 Bnv2'2By i
Na;5,0,
NO; K2C0a NH,
{60} &)
Scheme 5.20
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Reduction of the aromatic nitro group takes place in the following cycle where the
benzyl viologen dibromide acts as the reductant, as shown in Figure 5.3 (a).m‘m The
reduction of the nitro group requires a total of six electrons. Four electrons are
required to get to the hydroxylamine intermediate (AFfNHOH) (Figure 5.3 (b)). This

intermediate is then reduced to the antline with two more electrons.

(@)
Na:HSO; NaZSQOQ
Bav* 8nv?*
HCgHMNO, : 4 XCgH4NH,
CH,Cly-HyO

(b)

4g, 4H* 2@, 4H'

XCgHNQ; —————— XC H,NHOH ——————P XCgH,NH,
0 CeHdl 0

Figure 5.3: (a) Cyclic pathway for the viologen-mediated reduction of nitroarenes with

sodium dithionate; {(b) Electron transfer during the nitroarene reduction

The final step to prepare (57) required the coupling of the {ree amino group (61) with
the cyclic suifate (24). It had been previously shown that deprotonation of the aniline
(61) by sodium hydride was required for successful preparation of pyrrolidine
analogues (44) (Section 2.6). Reaction of (61) with sodium hydride and cyclic sulfate
(24) (Scheme 5.21), gave a mixture of products none of “¥hich corresponded to either

starting material (61) nor the desired product (57).
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'“"‘”’f[ \‘9
a N N
[T
NH,

{57)

{61)

i,

Scheme 5.21

5.6 Conclusion

(2R,3R)-Butanediol (23}, produced via yeast reductions, was the key building block
for the attempted synthesis of the bis-aziridine ligands (56) and (57). (2R,3R)-
Butanediol (23) was converted to the cyclic sulfate (24) in a good yield (64%).
Aziridine (25) was synthesised by the ringclosure of hydroxy azide (22) which was
prepared by the cyclic sulfate (24). The aziridine (25) was successfully reacted with
oxalyl chloride to form the desired diamide (59). Unfortunately, reduction of the

amide failed to give the ethane bridged bis-aziridine ligand (56).

Synthesis of the ligand (57) was atternpted by the reaction of the cyclic sulfate (24)
with o-nitroaniline (53). The nitro group was then reduced to yield the aniline (61).
Reduction using benzyl viologen dibromide and sodium dithionate gave a 36% yield
of the desired aniline (61), whereas reduction using SnCl,/HCI gave a 27% yield. The
second coupling of the amine (61) with the cyclic sulfate (24), however, failed to give

the desired ligand (57).
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Chapter 6

Synthesis of Nitrogen Heterocycles by Rhodium Catalysed
Hydroformylation of Polymer-Attached Amino Alkenes with

Syn Gas

6.1 Introduction

Tandem reaction sequences are becoming increasingly important in organic synthesis
and are often readily achieved through the use of metal catalysed reactions of
difunctional molecules. A highly enantioselective route to five- and six-membered
cyclic o-amino acids via a one pot, single catalyst, tandem hydrogenation-
hydroformylation-cyclisation sequence was reported by Teoh et al.'** Bergmann et
al. reported the synthesis of medium and large cyclic amines by rhodium-catalysed
hydroformylation-reductive amination of amino alkenes.'®® The formation of larger
sized heterocycles by this approach can, however, be challenged by competing
dimerisation/polymerisation processes. Recently, Doyle and co-workers employed

rhodium-carbenoid cyclisation to give high yields of medium and large rings in

addition to five- and six-membered compounds.'®®

6.2 The hydroformylation reaction

Discovered in 1938 by Roelen, hydroformylation is one of the most important
homogenous catalysed reactions in industry. >3 Also known as the "oxo
process”, hydroformylation is a metal catalysed addition of CO and H, to an alkene.

Insertion of the CO takes place either at the terminal or the internal carbon of the
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alkene giving rise to either a linear or branched aldehyde (Scheme 6.1)." Aldehydes
are versatile chemical intermediates which can be readily converted into alcohols,
amines, carboxylic acid derivatives via reduction, oxidation or other further
reactions.'™ In industry terminal aldehydes are most sought after since they can be

converted to primary alcohols which find application in the manufacture of solvents,

plasticisers, detergents and coatings.'®"*!
CHO
—_—
H/\\\ n/\/ . o
(Mles
linaar bl‘anched
Scheme 6.1

6.2.1 Hydroformylation catalysts

Hydroformylation catalysts which are used typically have the formula HiM(CO) L.
M is a transition metal atom with L being ligand/ligands capable of promoting the
formation of metal carbonyl hydride species. The x, y, m and n factors of the formula
can be modified according to the syn gas composition, pressure, temperature and

ligand concentration.

Cobalt containing catalysts were the first catalysts used in hydroformylation
reactions.'® Several problems exist in the use of Cobalt carbonyl catalysts. The
HCo(CO)4 and Coy(CO)s complexes are unstable or volatile making it difficult for
product purification and catalyst recycling.*' Also, limited selectivity towards the
desired linear aldehyde and the severe reaction conditions'** required for the reaction
to take place makes these catalysts less attractive.’! These short comings make
rhodium phosphine catalysts much more attractive as they give high yields of the

linear aldehydes under milder conditions. Hence, the rhodium based catalysts are
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replacing the Co catalysts in most commercial plants such as for the hydroformylation

of propylene.'*'%

F The mechanism of rhodium catalysed hydroformylation reactions using phosphine
ligands was first proposed by Wilkinson and his co-workers.'”!'% They described
l:i both an associative and a dissociative mechanism as shown in Scheme 6.2.'%’ {Note:

For simplicity, Scheme 6.2 depicts the preparation v the linear isomer only).

ﬁ HRHh{CO)(PPhs)
-PPhy
; o H co
| P“3P\| ) PhyP M
lf Phapf;," .‘\\\H ' Bh co - 3 f;;,,".n o
: “Rh il n
oc?”  ppy, PP | oc”  pen,
co
' {148)
) / ;
] RCH,CH,CHO
(146) (146)
I
5
R A
H H /
PhaPy,, ‘ NCOICHCHR Ph;P\I e ==
“Rh L PhaPy, ¥ aH
Ph:ip/| \H Phap\\\\ \CO /'Hh‘\
co co ocC PPhy
(147) {149)
Ha
CH,CH,R Phaf%,, NCHICHR
Pha':'f;;,m. WNC(OJCHLCHR PhaPay_ /"‘Rri‘\
» Rh\ — \\\,.Hh-—-—CO oC PPhy
PhyP co PP |
(150} co co
(148)
Scheme 6.2

e ————

The HRh(CO)»(PPhs)> (145) complex is the key intermediate of both pathways.'%

The "associative pathway" (Blue) deals with the addition of the substrate (146) to

complex {145) to form a six coordinate species (147) which is rapidly converted to the
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alkyl complex (148). This pathway is preferred under high phosphine concentrations
and low CO partial pressures. The "dissociative pathway" reaches the same complex
(148) via the loss of a CO ligand followed by the addition of the subsirate (146) to
form a 5-membered complex (149). Both pathways undergo CO insertion to form the
acyl complex (150), followed by the oxidative addition of Ha which is believed to be
the rate determining step.'” Finally, the aldehyde is released via a reductive
elimination and coordination of an addittonal CO ligand regenerating the Rh-complex

(145).

6.2.2 Hydroformylation ligands
The phosphine ligands used in hydroformylation reactions play an important role as
they dictate the regioselective outcome and the rate of the reaction. The ligands

influence both the electronic and steric environment around the metal center.

The use of diphosphine and phosphite ligands which have bite angles near 120°
preferentially produced the terminal aldehyde rather than the branched aldehyde. 22
Examples of such ligands include NAPHOS (151) and BISBI (152) (Figure 6.1). Rh-

complexes of these ligands are also known to increase the reactivity of the otherwise

203,204

‘O PPh, PPh,
Z PPhy

PPh,
\\ _

NAPHOS BISBI
{151) (152}

unreactive olefins.

\ /

Figure 6.1
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Rhodium complexes of the BIPHEPHOS (153} (Figure 6.2) hydroformylate a variety
of functionalised terminal alkenes with excellent regioselectivity (ratios of >40:1 for
linear: branched aldehyde).”” The rigid and sterically demanding bridge between the

phosphorous atoms in the BIPHEPOS (153) ligand is believed to be reason for the

206

high regioselectivity.

OMe " OMe

t-Bu

P

BIPHEPHOS
(153)

Figure 6.2

The basicity of the ligand also plays a role in the product formation. Rhodium
compiexes of the weakly basic triarylphosphines are more active hydroformylation
catalysts than complexes of the strongly basic trialkylphosphincs.m'zm The electron-
withdrawing properties of the aromatic phosphines shorten the metal-alkene bond,

which results in a greater steric control to provide the linear aldehydes.”®

The ligand concentration also plays a role in hydroformylation reactions. Utilising a

higher ligand concentration increases the regioselectivity and decreases side reactions

such as isomerisation and hydrogenation.m"g?
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Other factors such as temperature, carbon monoxide and hydrogen partial pressure

and the steric and electronic properties of the substrate also effect the outcome of the

hydroformylation reactions.

6.3 Tandem hydroformylation in the presence of N-nucleophiles

In this tandem reaction sequence, the initially formed aldehyde (154) reacts with an
amine to form an intermediate imine (155) which is then hydrogenated in the presence |
of a rhodium catalyst to give a saturated amine (156) (Schene 6.3). This process,

termed hydroaminomethylation, has recently been extensively reviewed.'™

T Xy

{ M]
COM,

oo
a7 eHo . /L/cuo

rrisomer (154) iso-isomer (154)

HaNR;

o Y
/\/‘\ e
H| NHHQ R‘

nl/\/\unz

. NR,
Ry
(155) iso-{155)
M)
H;
H,//\/\NHH;, NHR;
Ry
n-{156) iso~{156)
Scheme 6.3
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If the reacting alkene molecule contains a primary or a secondary amine an

intramolecular reaction can occur leading to cyclic amines (Scheme 6.4).

NHR
[M)
cc;m2 B0

fl) Hz

Scheme 6.4

Excellent yields of 13-membered ring (157) compounds were obtained by rhodium(l)-
BIPHEPHOS catalysed reactions of N-benzyl-10-undecenamine (158) (Scheme
6.5).'"** However, hydroaminomethylation of other amino alkenes with varying chain
length gave only modest yields of cyclised product due to competing reactions,
notably polymerisation, dimerisation, and initial hydrogenation, rather than

hvdroformylation of the alkene.'®3

[Rh{OAC)g),, r

BIPHEPHOS (1 ‘3)
\/ \fa/\ )g

(158)

{157}

Scheme 6.5

In order to overcome the formation of dimers and polymers a domino reaction
sequence involving resin-supported amino alkenes has been investigated. Solid-phase
synthesis, first developed by R. Bruce Metrifield,”” avoids the formation of unwanted
by-products by using a solid support (resin). Solid-phase hydroformylation of a
tethered alkene was first reported by Takahashi et al. in a partial synthesis of muscone

(159) (Scienie 6.6).21°
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o
k CHO
*h Rh(OACHCO),
Hp: CO; 111
Ph G
| "
0 ﬁ-——o

i Ph 0
I
® Cleavage . = polystyrene
-grated crown
4
o
; ” OHC
HO S—0
b " (
o
' {159) " Me
&
-?f'-, Scheme 6.6
More recently, intermolecular hydroaminomethylation reactions of resin-tethered

alkenes with in situ amines have been carried out leading to good to excellent yields

of saturated amines.”"' One intramolecular hydroaminomethylation was also reported;

rhodium-catalysed reaction of the unsaturated amine tethered by a Wang linker to PS-

DVB (polystyrene divinyl benzene) resin with H»/CO gave a 13-membered cyclic
amine (160) in excellent yield (Scheme 6.7).2'" The authors reported that high yields

were only obtained when the reactions were stirred and this necessitated the use of a

specially modified glass vial to prevent destruction of the polymer beads.
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NHMt
0 = 0 =
H H
H :
Q N Y
o NHFmoe

HRA{CO){PP;)y/Xantphos
COM,; 1:1

N
H
H
H :
0 N -
H H
o] ?ﬁklf:lll(>c

{i) AczO, DIPEA, DMF
{il) 50% TFA,

%0

N

il

O
H H
N :
HO N
H
o)

b= | LI{ITEE

HFmoc
{160)

Scheme 6.7

This present study investigates the preparation of nitrogen heterocycles with ring sizes
ranging from small to large via a similar intramolecular hydroaminomethylation
sequence. The use of a Wang (4-(hydroxymethyl)phenoxymethyl) polystyrene resin
has allowed us to carry out the reaction sequence without stirring, giving good to

excellent yields of cyclic amines (161a-d) (Scheme 6.8). Also, 2 comparative study of
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the formation of heterocycles from the respective amines (162a-d) without the use of

the polystyrene resin was undertaken.

O 0K

(163)

{ii} NaGNI3H,

0] HN )a-d a=CH,

\ b = {CHa)y
C = {CH3),0(CHz)2

{1 65) d= (CHz)a

= Polystyreng

{Rh{l}{acetate);], . divinylbenzene

BIPHEPHOS (153}
O:Ha,

400 psi

{166}

oo

e

(i} 95% TFA
{ii) CHoN,

PRy Tt A R TR i

MeQ (

(161)

Scheme 6.8

IR

119

- AT




et En e s & iom b sl el S b b B B e T e St

FERETNE A L

A S T LA b oL £ - B

- Yo

el 02

—_—— Chapter 6

6.4 Preparation of amino alkenes
2-Propenamine (162a) was commerciatly available but ail other amino alkenes needed
to be prepared before the solid support reactions could be carried out. 5-Hexenamine

(162b) was synthesised from the alcohol (167) using a Mitsunobu reaciton'® (Scheme

6.9). Spectral data obtained were consistent with literature®'” values for the six carbon
amine (162b).
(i} "Ph,, Phihatimide
OH DIAD H\/
AN T — HNY o =
{ii) Hydrazine hydrate
(167) (i) HCI (182)
(iv) NaOH b= (CHa,
Scheme 6.9

Undec-10-amine (162d) was synthesised from the undecanoic acid (168) by the
preparation of the acid chloride (169), reaction with ammonia to produce the amide

(170) and reduction with LiAlH4 (Scheme 6.10).

0 0
$0C)
HO" A N ——= c:JLHs/\

(168) (169)
NH;
0
—~—
HaN d HoN f \
(162 (170}
d = (CHp)g
Scheme 6.10

3-(But-3-enyloxy)propanamine (162c) was prepared from the nitrile (171). The nitrile

(171), was synthesised by Michael addition of 3-buteno! (172) to acrylonitrile (173) in
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the presence of a phase transfer catalyst Triton B described by Simonot.”"* The nitrile

(171) was reduced using LiAlH, to give the desired amine (162c) (Scheme 6.11).

CH,=CHCN 0
HG\/\/ (173) \//\/ LiAiH, y NW
———l —_— H
(172) (162)
N € = {CH3),0(CHz),
{171)
Scheme 6.11

6.5 Preparation of nitrogen heterocyles

The hydroxymethy! Wang resin was reacted with p-carboxybenzaldehyde (163) to
give the aldehyde functionalised resin (164) (Scheme 6.12). The resin was reacted
with the unsaturated amines ((162a-d) and the resulting imines reduced with sodium
cyanoborohydride {0 give the solid-phase amino alkenes (i65a-d). Rhoadium(l)-
BIPHEPHOS catalysed hydroformylation of these alkenes with H,/CO gave the
polymer attached heterocycles (166a-d). The heterocycles were cleaved from the resin
by treatment with 95% TFA and isolated as their methyl ester derivatives (161a-d) by

reaction with diazomethane (Scheme 6.12).
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. — 0, /-:=\ H
HO \ )
(163}
0 Y H
& 0
\ / (184)
as C|'|2
(I) - | b = (CHz}Q
S )
HoN 3 C = (CH;)30(CHa);
(162} d = (CHy)g
(i) NaCNBH, QAN
= Polystyrene
o HN )a_d . uivinylbenzens

(165)

|Rh({l}{acelate) b

BIPHEPHOS (153)
CO:HQ'
400 psi

0 — N )a-d

@ N \_/
(166)
(i) 95% TFA
{i)) CHoN,
N
M
a0 ( ~
(161}
O

Scheme 6.12
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The yields of the cyclic amines (161a-d) are given in Table 6.1. Modest yields of the
amines (161b-d) and an excellent yield of 161a were obtained. No products arising
from branched-chain aldehydes were detected. This high regioselectivity is in keeping

with the catalyst’s preference for terminal hydroformylation due to the bulky

phosphite ligand (153).%5

Products arising from competing hydrogenation rather than hydroformylation of the
C=C double bond were not isolated with the exception of one reaction involving
restn-tethered (165¢) and a 100:1:2 ratio of alkene:rhodium(l):ligand which gave the
saturated compound (174) (Figure 6.3). A higher catalyst loading was found to
completely eliminate this side reaction. In all other cases, only a single product was

obtained suggesting that the modest yields may be due to inefficient cleavage from

the resin or incomplete product isolation.

Table 6.1: Yields of cyclic amines

Isolated Yields (%)

Amine Ring size Resin attached (165) | Solution of (175)
161a 5 91 25 + polymer
161b 8 56 44
161c 10 61 49 + polymer
161d 13 50 14 + polymer

SN NN N NN
H

MaO.

\

(174)
o}

Figure €.3: The saturated compound (174}
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For the purpose of comparing solid and solution phase intramolecular
hydroaminomethylation reactions, the amines (162a-d) were converted into their N-
(4-methoxycarbonyl)benzyl derivatives (175a-d). The esters ((175a) and (175d)) from
allyamine (162a) and the undec-10-enylamine (162d) were synthesised by reacting the
respective amines with p-carboxybenzaldehyde (163) (Scheme 6.13). The imines
which were not isolated were immediately reduced with NaCNBH; and the resulting

carpoxylic acids were esterified with sulphuric acid and methanol to give (175a) and

(175d).

HzN ad /

ﬁ#

0

(162) (

. NH o}
(if) NaCNBH; .0

(163) OMe

a=CH, {(175)
d ={CHp)

Scheme 6.13

The esters (175b-¢) from S-hexenamine (162b) and 3-(but-3-en-i-yloxy)propanamine
(162¢) were synthesised by firstly esterifying the
p-carboxybenzaldehyde (163) wiih thionyl choride in the presence of methanol
(Scheme 6.14). The resulting ester (176) was reacted with 5-hexenamine (162b) and
3-{but-3-en-1-yloxy)propanamine (162c) and the resulting imines immediately
reduced using NaCNBH; to afford the desired alkene esters (175b) and (175¢)

(Scheme 6.14).
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0
H

b
0 HoN b.c ( NH o
g (162) ¢

{ii) NaCNBHg
oMo (i) H2SO0 MeOH OMe

(175)

b= (CH.),
€ = {CH;):O(CH;),

Schkeme 6.14

These amino alkenes (175a-¢) were then hydroformylated under the same reaction
conditions used in the resin-supported examples (Scheme 6.15). In every case, more
complex product mixtures were isolated and in reactions involving 175a, 175¢ and

175d, polvmeric material was also isolated (Table 6.1).

AN
[Rh{l}{acetate).],
o » )N BIPHEPHOS (153) o Y )M

CO:HQ.
400 psi

MeO \ /

MeO
(175)

a=CHy {161}
b ={CHz),

C = (CH2)0(CHy),
d = (CHale

Scheme 6.15

Surprisingly, hydroaminomethylation of the 4-methoxycarbonyl derivative of N-
benzylundecenylamine (175d) gave only a low yield of cyclic product (161d) (14%).

Previous investigations of solution phase hydroaminomethylation of the related N-
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benzylundecenyiantune gave the 13-membered N-benzylazacyclotridecane (157) in
| excellent yield (85%) (Scheme 6.5).'*

6.6 Conclusion

Moderate to excellent yields of cyclic amines (161a-d) of varying ring size can be

SNETIIRECIEN S ER AT L

b e

prepared by rhodium-catalysed hydroaminomethylation of unsaturated amines

Lt

(162a-d) tethered to a Wang resin (165a-d). It is proposed that modest isolated yields

from reaclions performed on the solid-phase may be due to difficulties experienced

during cleavage from the resin and/or product isolation. Analogous reactions of

I DR T

untethered amines (175a-d) in solution gave more complex product mixtures with

formation of polymers in three cases.
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Experimental

7.1 General

Distillations were carried out using a Buchi Kugelrohr apparatus and oven
temperatures reported serve only as a guide to boiling points. Melting peints were
determined on a Gallenkamp MFB-595 melting point apparatus and are uncorrected.
Optical rotations were measured with a Perkin-Elmer 141 polarimeter (in a cell length
of 1 dm) at a wavelength of 589 nm (sodium D line) at a temperature of 25°C.

Concentrations are expressed as ¢ (g/100 ml).

Microanalyses were performed by Campbell Microanalytical Laboratory, Dunedin,
New Zealand. Molecular modelling was carried out using Insight 11 4.0 P+ (Accelrys,
San Diego, CA, USA) with Discover Minimisation Module (97.0) using CVFF
forcefields. The structures were minimised using the conjugate gradients algorithm

with a convergence criterion of the average derivative being less than 0.001 kcal mol’
(1 cal =4.184 ]).

Infrared (IR) spectra were recorded on a Perkin Elmer 1600 FTIR spectrometer (cm"
scale) and refer to potassium bromide (KBr) disks of solids or thin films of liguids
(neat) between sodium chloride discs. The intensity of the absorption bands (Vimsy) for

all samples is specified as either s (sirong), m (medium) or w (weak) and prefixed b

(broad) where appropriate.

Proton nuclear magnetic resonance (‘H n.m.r.} spectra were recorded at 300 MHz
Varian Mercury 300 spectrometer, 300 :1Hz with Bruker DPX-300 spectrometer or
400 MHz with a Brucker-DRX 400 spectrometer. 'H nmur. spectra refer to
devterochloroform (CDCls), solutions with etramethyisilane (TMS) as the internal
stanr'ie2 (& 0.00 ppm) unless otherwise specified. Each resonance was assigned
accoiding to the following convention: chemical shift measured in parts per million
(ppm) downfield frora TMS, multiplicity, number of protons, observed coupling (J

Hz) and assignment. Multiplicities were denoted as s (singlet), d (doublet), t (triplet),
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q (quartet), p (pentet) or m (multiplet) and prefixed b (broad) where appropritate.
Where ratio of compounds was determined from 'H n.m.r. spectra, use was made of

the relative integrations of signals due to comparable hydrogens, for example CHj or
CH.

Carbon nuclear magnetic resonance (*C n.ﬁ.r.) spectra were recorded at 100 MHz on
Varian Mercury 300 spectrometer, on 100 MHz Brucker 300-DPX or on the Bruker
DRX-400 spectrometer and were measured in deuterochloroform solutions as the
solvent and internal standard (& 77.04 ppm) unless otherwise specified. Each
resonance was assigned according to the following convention: chemical shift (ppm)
and assignment. Assignments were determined from J-modulated Spin Echo
experiments for X-nuclei coupled to 'H in order to determine the number of attached

protons.

Fluorine nuclear magnetic resonance (‘°F n.m.r.) spectra were recorded at 282.4 MHz
with a Bruker DPX-300 spectrometer and refer to deuterochlroform (CDCl3) solutions

with fluorctrichloromethane as the internal standard (8 0.00) unless otherwise stated.

Low resolution Electrospray Mass Spectroscopy (ESI) was carried out on a
Micromass Platform II API QMS Electrospray Mass Spectroscopy with cone voliage
at 25 V, using methanol as the mobile phase unless otherwise specified. Analyses
were conducted in positive (EST') mode. Electrospray Mass Spectroscopy (ESI)
accurate mass measurements were obtained at high resolution with Bruker BioApex

4.7T ultrahigh resolution FT-ICR mass spectrometer and reported within £5 pppm.

Gas Chromatography-Mass Spectroscopy (GCMS) was carried out using a Hewleit
Packard 5390 gas chromatograph (column: 25 m x 0.32 mm ID, fused silica BP-5,
film thickness 0.5 mm) with temperature programming (50°C for 2 min, to 280°C @

10°C min'™h, coupled to a VG-TRIO mass spectrometer.

Gas Chromatography was carried out using a Hewlett Packard 5890 gas
chromatograph. Instrument settings were kept at the following parameters during the

analysis of the compounds: Detector temperature 260°; Injection temperature 200°;
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Air 40 psi, 438 ml/min; Hydrogen 20 psi, 42 ml/min; Helium, 20 psi, 43.4 ml/min;
Split flow 27.22 ml/min; Split ratio 42:1; Linear velocity, 25.78 cm/sec; Volumetric
flow, 1.227 ml/min. GC analysis was performed on the Chrompak-WCOT fused
silica, 25 m x 0.25 mm, coating CP Chirasil-DEX CB DF=0.25 column. Temperature
programs used for GC analysis are listed in the foliowing convention: Range from
initial to final temperature, ramp rate (°/min). Product distributions were obtained

from GLC peak areas using a Hewlett Packard 3396 Series 1 reporting integrator.

High Performance Liquid Chromatography (HPLC) was performed on Waters Model
5000 with a Varian UV-50 detector. Product distributions were obtained from peak
areas in a peak printout using Class LC software. The columns used were Chiracel OJ
(Column No. OJOOCE-)J028), Chiracel OB (Column OBOOCE-1HO13) and Chiracel
OD (Column No. ODOOCE-HLO11). Both the Chiracel OB and OJ columns have a
cellulose ester derivative coated on silica gel absorbent while th: Chiracel OD has a
cellulose carbamate derivative on silica gel adsorbent. All columns are 0.6 cm 1D x
25 cm with a particle size of 10 um. Retention times (R,) are reported as an average of

two runs.

Flash column chromatography we= .arried using 40-63 pum (230-400 mesh) silica gel
60 (Si0,) (Merck No-9385).°' Analytical thin layer chromatography (tl.c.) was
performed on Polygram Sil G/UVas4 coated with 0.25 mm of silica with flourescent
idicator UVjsy nm ultraviolet radiation or by staining with vanillin, ninhydrin and

iodine when necessary.

Radial chromatography was performed using a chromatotron model 7924T on a glass

plate coated with 2 mm of absorbent silica 60 PF3sy.

7.1.1 Solvents and reagents

Diethyl ether (ether) (analytical grade} was dried over potassium hydroxide and either
distilled from lithium aluminium hydride and stored over sodium wire (for anhydrous
reactions) or distilled from fresh potassium hydroxide. Tetrahydrofuran (THF) was
distilled from calcium hydride, stored over sodium wire and distilled under nitrogen

from sodium and benzophenone prior 1o use. Dry dichloromethane (CH.Cly) was
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obtained by drying over calcium hydride and distilled before use. Benzene was dried
over phosphorous pentoxide, decanted, distilled from fresh phosphorous pentoxide
and stored over sodium wire. Dimethyiformaide (DMF) (Analytical grade) was dried
over calcium chloride and distilled. Hexane (boiling range 60-80°C) was dried over
calcium chloride and siored over 4 A molecular sieves. Distilled water was used for

aqueous manipulations.

All commercially available chemicals were purchased from Sigma-Aldrich Pty Litd..

Wang resin was supplied by Auspep. Bakers' yeast was purchased from the local

supermarket.

Sodium cyanoborohydride (NaCNBH3), NaH (60%) and LiAlHs was handled and
stored with exclusion of moisture, Triton B (N-benzyltrimethylaminonium hydroxide)

and benzyl viologen (1,1-benzyl-4-4"-pyridinium) bromide were used as a phase

transfer catalysts.

NHy/MeOH refers to saturated ammonia in methanol solution and was prepared by
passing anhydrous ammonia gas through methanol (analytical grade) at 5°C (ice bath)
for at feast 0.5 h. Hydrogen chloride (HCl,) was prepared®"” by the dropwise addition

of conc. H.S04 to NH4ClI and dried bubbling through conc. H,80,.

Deuterated solvents used in NMR were supplied by Cambridge isotopes laborataries.

Anhydrous magnesium sulfate (MgS0O,) was used as the dryt - ~gent in the work up

of all extraction.

Palladium on charcoal (10%) and osmium tetroxide were purchased from Sigma-
Aldrich. Allylpalladium chloride dimer ([(nJ-C3H5)PdCl]2) was purchased from
Lancaster Scientific Pty L.td.. Rhodium trichloride trihydrate (RhCl;.nH»O, n=approx.
3) was supplied by Johnson Mattey Pty Ltd. The Rhodium acetate dimer [Rh(OAC);)»
was prepared by T. Ventrice following a procedure by Brown and Wilkinson.'"”
BIPHEPHOS (153) [6,6'-[{3,3"-bis(1,1-dimethyl)-5,5'-dimethoxy-1,1"-biphenyl]-2,2"-
diyl]bis(oxy)]bisdibenzo[d,f][1,2,3]dioxaphosphepin] was prepared by E. Campi

according to a literature procf:nriurc.205
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7.1.2 Conditions for hydrogenation reactions using 10% Pd/C

A Fisher-Porter tube was charged with palladium on charcoal, substrate (0.05g ~ 5.00
g) and solvent (methanol, benzene). After degassing the suspension with argon and
three flushings with hydrogen, the reaction vessel was pressurised with hydrogzn to
the reported pressure and left stirring at ambient temperature for the reported period
of time. Pressure was released and the catalyst removed by filtrations tirough a Celite

pad. Removal of the solvents were carried out under reduced pressure.

7.1.3 Conditions for rhodium catalysed reactions with Hy/CO

Reactions with hydrogen (H;) and carbor monoxide (CO) were carried out in & 100
ml starinless steel Parr autoclave with a pressure regulator, lined with a glass sleave
and equipped with a magnetic Teflon coated stirrer bead. After the reagents had been
added unaer nitrogen and the autoclave assembied, the vessel was flushed three times
with 200 psi (1380 kPa) of H»/CO (1:1 molar mixture) and then pressurised to the
initial pressure of 400 psi (2750 kPa) or 800 psi (5500 kpa) of the same gases.

The temperature was controlled through a thermocouple inserted between the
autoclave and the heating block and the reaction mixture stirred with a magnetic
stirrer placed under the heating unit. The rea:tions were not stirred when the substrate
was on a soiid-phase. To prevent the temperature from overshooting, the temperature
was set to 5°C iess than the required reaction: temperature. Once this temperature had
been reached, the temperature was set to the reperted reaction temperature. The time
reported for the reaction refers to the duration of the heating at the reaction
temperature. Aiter the reaction time had elapsed, the autoclave was cooled to ambient
temperature, the gases were slowly released and the contents, after removal of the

solvent under reduced pressure, were analysed and treated as reported.

The standard conditions used for the rhodivm-catalysed reactions with Ha/CO are as

follows:

Substrate: 100 -500 mg

Catalyst Precursor: Rhodium(}l) acetate dir~er [Rh(OAc),]»
Ligand: Posphite (BIPHEPHOS (153)), amine (44)

Ratio of substrate, ligand, catalyst precusor: 100:2:1 or otherwise specified

131

‘nT-l-,..,__ P




Chapter 7

AR ralas iy o

Synthesis gas: H,/CO

Reaction Temperature: 80°C

? Reaction time: 20 h

Solvent: Benzene

7.1.4 Solid-phase synthesis procedure

All solid-phase synthesis procecded using plastic syringes (10 ml) fitted with {rits
which allowed for the filtration of solutions without loss of resin. The syringes were
fitted on a vacuum tank and all the washings were removed in vacuwo. Details of
washing procedures are described in the experimental scction. This generaily involves
soaking the resin in a specific amount (e.g 7 mi) of the desired solution for 1 min.

These washings are necessary to remove excess reagents before the coupling reaction.
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7.2 Synthesis of (2R,S5K)-2.5-dimethy] pyrrolidine based ligands

7.2.1 Synthesis of (25,55)-2.5-hexanediol (49)
HO

NN

{49}

fw] H LTI

H

Method A

Using a moditicd yeast reduction method of Leiser” and Short. '™

Buker's yeast (105 g) (Kitchen collection™) was added 1o a stirred solution of white
sugar (CSR™) (175 £) in water (960 ml) and after 1 h, 2,5-hexanedione (50) (5.13 mi,
43.8 mmol) was added. Stirring was continued for 24 h before a second sugar solution
(1316 g in 580 ml of water) was added, followed by additional 2,5-hexanedione (50)
(5.13 ml, 43.8 mmol) 1 h later. After stirring for 72 h, additional yecast (35 g) and
sugar solution (70 g in 260 ml of water) were added. The reaction mixture was stirred
for a further 72 b after which time t.1.c indicated that no more starting material (50)
was present. The mixture was filtered through a Celite plug and the filtrate was
continvously extracted for two days with dichloromethane, The extract was dried with
MeSO;, filtered and evaporated under reduced pressure to yield a light brown oil
(8.93 ). The 'H n.mur. spectrum of this crude oil showed 2,5-hexanediol (49) together
with 2,3-butancdiol {23) (<10 %). Purification by columm chromatography (SiOa,

cthyl acetate: hexane, 12 1) initially afforded the 2,3-butancdiol (23} (100 mg).
OH

(233 OM
"Hnumur, (300 MHz, CDCHY: 8 1,17, d, 1 6.1 Hz, 6H, H1, H4: 2.73, bs, 2H, 2 x OH;
3.46-3.58, m, 2H, H2, H3. "C n.mr. (100 MHz, CDCL): 8 19.5, C1, C4; 72.7, C2,
C3Y Mass Spectrum (ESE, McOH): m/z 1128 ({M+Na]"). Analysis by GC indicated
valy two components: (Chrompack -~ WCOT Fused silica coating, CP chirasii-Dex
CB; 100°, 12 min, 100-150°, 3°/min): B, 12.4 min (89%) (2R,58) and R, 13.2 min

(11%) (25.55). The spectral data were consistent with the literature. ™'
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Next to elute was (25,55)-2,5-hexancdiol (49), which solidified upon standing (4.77 g,
46%). [ee ]y +33.4° (c 8 6, CHCLy) (it* [} +35° (¢ 9, CHCl). m.p. 52-54°C (1it.*
50-53°C). Ve (KBr): 3322bs, 2935, 2022¢, 1705w, 1667w, 1461m, 13725, 1333m,
1200w, 1150s, 1127s, 1061s, 1017s, 938s cm’™'. "H n.m.r. (300 MHz, CDCl,): 6 1.20,
d, J 6.3 Hz, 6H, H1, H6; 1.42-1.60, m, 4H, H3, H4; 3.74-3.86, m, 2H, H2, H5. °C
n.ar. (100 MHz, CDCly): § 24.1, Ci, C6: 36.4, C3, C4; 68.6, C2, CS. Mass Spectrum
(ESI', McOH): m/z 140.9 (IM+Nal"). The spectral data were consistent with the

. 95
literature.

Method B

The reaction was catried out using a method described by Smallridge.?"
2,5-Hexanedione (50) (0.51 ml, 4.23 mmol) was added to a paste of yeast (8.76 g} and
water (7.0 ml). This paste was turther ground using a mortar and pestle and was
aliowed to stand for 27 h in the mortar. The yeast was then transferred to a sinter and
wished with ethyl acetate (250 ml). The organic layer was concentrated to afford the
diol (49) as o light yellow oil 281 mg, 55%). The spectral data were consistent with

that observed for (25.55)-2,5-hexanediol (49) in Method A.

7.2.2 Synthesis of (29,55)-2.5-hexanediiyl diacetate (68)
0

PN

NN

- \H/

0
A mixture of (28,55)-2.5-hexanediol (49) (500 mg, 4.24 mmol) (obtained using

ucﬂl!lo

Ot

Method A in the previous Section 7.2.1) and acetyl chloride (0.6 ml, 8.47 mmol} in
dichloromethane (25 mi) was sticred at ambient temperature for 18 h. The reaction
was quenched with sodium bicarbonate (sat.) (50 mi) and the mixture stirred for 10
minutes before the phases were separated. The organic layer was washed with water,
dried with MgSO,, filtered and evaporated under reduced pressure to give the
diacetate (68) as a yellow oil (810 mg, 95%). Vi (neat): 2968s, 2933s, 1733s, 1450s,
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1372s, 1244s, 1133m, 1050s, 10225, 950s, 844w cm’', 'H n.m.r. (300 MHz, CDCl;): 8
[.22, d, J 6.3 Hz, 6H, H1, H6; 1.42-1.70, m, 4H, H3, H4; 2.04, s, 6H, 2 x CH;COO;
4.82-4.96, m, 2H, H2, H5. °C n.m.r. (100 MHz, CDCly): 8 20.2, CI, C6; 21.6,
CH1COO:; 31.9, C3, C4; 70.7, C2, CS; 170.7, CO. Mass Spectrum (EST', MeOH): m/z
225.0 (IM+Na]"). Analysis by GC indicated mainly one component: (Chrompack-
WCOT Fused silica «. ang, CP Chirasil-Dex CB DF=0.25; 50-200°, 5°/min): R,
{7.04 min (>99.9%) (25,35) and 19.12 {trace) (2R,5R').

(25,55)-2,5-hexanediyl diacetate (68) was prepared as above using the (25,55)-
hexanedio! (49) (173 mg, 1.44 mmol) prepared using the Mcthod B in Section 7.2.1.
After the work up the diacetate (68) was obtained as a yellow oil (210 mg, 72%). The
spectral data were consistent with that observed for (68) from above. Analysis by GC
indicated two components: (Chrompak-WCOT fused silica, 25 m x 0.25 mim, coating
CP Chirasil-DEX CB DF=0.25, 50-200°, 5°/min): R, 7.04 nmin (>99.9%) (25.55) and
19.12 (trace) (2R,5RY

7.2.3 Synthesis of (25,55), (2R.5R) and (mneso)-2,5-hexanediiyl diacetate (68

O 0

)L 0
O\}( O Y
{25.55)-(68) 0O (2A.5RS5)-(68) \’.r {rneso)-(68) o

0

Ot

2.5-henanedione (50) (0.51 ml, 4.23 mmol) was added to a stirred solution of LiAlH,
(802 mg, 21.15 mmol) in THF (20 ml). After 10 min the reaction was cooled using an
ice bath and sodium sulfate decahydrate (Na,SO,.10H;0) was added until no further
gas evolution was observed. The resulting precipitate was filtered and washed with
THF (30 mi). The filtratc was evaporated to afford a muxture of (28,58), (2R,5R) and
{(meso)-2,5-hexancediol (49) as clear oil (503 mg, 99%). '"H n.m.1. spectroscopy of the

reaction mixture was identical to what was observed for the (25,55)-2,5-hexanediol
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(49) discussed in Section 7.2.1 Method A. Both meso-diol (49) and the chiral diol (49)

had identical 'H n.m.c. spectra.

The clear oil was dissolved in dry dichloromethane (25 ml), acetyl chloride (0.60 ml,
8.38 mmol) was added and the mixture stirred for 18 h. The reaction was worked up
as described in Scection 7.2.2 to afford the diacetate (68) as a yellow oil (§56 mg,
65%). The spectroscopic data was identical to that given for (25,55)-(68) in
Section.7.2.2. Analysis by GC indicated three components: (Chrompak-WCOT fused
stlica, 25 m x 0.25 mm, coating CP Chirasil-DEX CB DF=0.235, 50-200°. 5°/min): R,
17. 68 min (21.4%) (25,55), 18.57 min (537.3%) (meso), 19.12 (21.3%) (2R,5R).

7.2.4 Synthesis of (25,55)-2,5-hexanediol cyclic sulfite (69)

N
o

O

(69)

Sythests of the cyclic sulfite (69) was achteved using the method described by Caron
and Kazlauskas.”

Thionyl chloride (1.41 ml, 19.37 mmol) was added dropwise to a cooled solution
(0°C; of (25,55)-2,5-hexanediol (49) (1.53 g, 12.95 mmol) in tetrachloromethane (25
ml). The reaction mixture was brought to ambient temperature and stirred at reflux tor
a further hour. The mixture was allowed to cool to 25°C before being evaporated
under reduced pressure to afford the cyclic sulfite (69) as a brown oil (1.85 g,
87%).Vmax (neat): 2997s, 2922m, 1450m, 1378s, 1350w, 1200s, 1122m, 1089m, 905s,
8565, 816m, 739s cm™'. "H n.m.r. (300 MHz, CDCl3): § 1.32, d, J 6.4 Hz, 6H, H1, H6;
1.50-1.90, m, 4H, H3, H4; 4.33, m, IH and 5.16, m, 1H, H2, H5. **C n.m.r. (100
MHz. CDClLy): 8 22.3, 22.6, Cl, C6; 34.1, 36.0, C3, C4; 70.0, 73.1, C2, CS. Mass
Spectrum (EST', MeOH): m/z 186.8 ([M+Na]").
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7.2.5 Synthesis of (25,55)-2,5-hexanediol cyelic sulfate (52)

O

O
N
O/S\\\O

(52)

Synthesis of the cyclic sulfate (52) was achieved according to the method described
by Burk er al. >

Tetrachloromethane (20 mt), acetonitrile (20 ml!) and water (25 ml) were added to the
cyclic sulfite (69) (1.85 g, 11.25 mmol) and the mixture was ceoled to 0°C.
Ruthenium(11l) chloride (30 mg, 0.14 mmol) and sodivm periodate (4.81 g, 22.5
mmol) were added and the mixture was stirred at 25°C for | h. After quenching the
reaction with water (100 ml), the mixture was extracted with diethyt ether (4 x 50 mb).
The combined ether extracts were washed with brine (2 x 25 ml), dried (MgSOy),
filtered and evaporated. The resulting solid was dissolved in ether (20 ml) and filtered
through a silica plug to remove any ruthenium salts. The resulting solution was

evaporated under reduced pressure 1o afford the title compound (52) as colourless
crystals (1.32 g, 65%). o[} +33.0° (¢ 1.15, CHCLy) (1it.® [af} +32.4° (¢ 1, CHCy).
m.p. 108-112°C (lit. 109.5-110.5°C). vpa (KBr): 2989m, 2933m, 2355m, 1459w,
13765, 1347s, 1190s, 1128m, 1100m, 1021s, 943m, 903s, 814m cm’". 'H n.m.r. (300
MHz, CDCls): 6 1.44, d, J 6.4 Hz, 6H, HI, H6; 1.82-2.08, m, 4H, H3, H4; 4.82, m,
2H, H2, H5. "C n.m.r. (100 MHz, CDChL): 8 22.4, Cl1, C6; 35.3, C3, C4: 82.1, C2,
CS5. Mass Spectrum (ESIT, MeOH): m/z 202.9 {{M+Na]"). The speciral data were

consistent with the literature.®

7.2.6 Synthesis of (2R .SR)-N-benzvi-2.5-dimethylpyrrolidine (70)

a2 H
' ::2
4 1 N’y 3
5
5 & A
(70}
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Method A

Synthesis of the benzyl pyrrolidine (70) was carried using a modified method of Short
etal. '™

A mixture of cyclic sulfate (52) (7.78 g, 43.2 mmol) and benzylamine (23.16 ml,
216.13 mmol) was stirred at ambient temperature for 96 h. The reaction was quenched
with sodiun hydroxide (2 M, 300 ml). The resulting solution was extracted with
dichloromethane (3 x 250 ml) to remove the cxcess benzylamine. The aqueous layer
was continuously extracted with dichloromethane overnight to afford the required
product (70) as a yellow oil (7.05 g, 86%). [afi—112.0° (¢ 2.1, MeOH) (lit. "]y -
109.7° (¢ 1.97, McOH). V. (neat): 3077w, 3022w, 2955s, 2867m, 2800m, 1600w,
1489m, 1450s, 1367s, 1327m, 1294w, 1150m, 1027w, 766w, 727s cw’. 'H n.m.r.
(300 MHz, CDCl3): 8 0.97, d, J 6.4 Hz, 6H, 2 x CH;; 1.29-1.44, m, 2H and 1.91-2.01,
m, 2H. H3, H4: 2.98-3.10, m, 2H, H2, HS; 3.51, d, J 13.7 Hz, 1H and 3.84, d, J 13.7
Hz, 1H, CH,Ph; 7.17-7.40, m, 5H, ArH. "C num.r. (100 MHz, CDCla): § 174, 2 x
CH;; 31.3, C3, C4; 52.0, CH,Ph; 55.3, C2, C5; '26.6, C4; 128.2, 128.7, C2', C¥, C5',
C6" 140.9, CI'. Mass Spectrum (ESI", MeOH): m/z 190.1 (IM+H]"). The spectral

data were consistent with the literature.'™

7.2.7 Synthesis of (2R,5R)-2,5-dimethylpyrrolidine hydrochloride (33)

C

H H
\N/

ﬁ : “““

33

The pyrrolidine hydrochloride (33) was synthesised using the modified method of
Short et al..'™

The N-benzyl pyrrolidine (70) (2.31 g, 12.22 mmol) was dissolved in methanol (20
m}) and the solution transferred to a Fisher Porter tube to which 0% Pd/C (30 mg)
was added following the general hydrogenation procedure described in Section 7.1.2.
The mixture was stirred under hydrogen (100 psi) for 18 h. The catalyst was removed
by filtration through a Celite pad with cooling (0°C). Dry HCI gas (described in

Scction 7.1.1) was bubbled into the filtrate for 1 h and the solution was evaporated to

dryness to give the desired product (33) as a colourless solid (1.50 g, 90%). [af;

138




P eyt e e L et T Rl Het L e e e

Chapter 7

+5.01° (¢ 3.0, CHxCo) (1it.'® faf} +5.57° (¢ 1.18, CH:CL). mup. 196-202°C (lit.'™
197-200°C). Vi (KBr): 3389bs, 2977s, 2889s, 2789, 2689s, 22489s, 2055s, 1594s,
1455s, 1411s, 1389s, 1338s, 1277w, {216w, 1161m, 1122s, 1677s, 1050s, 988s, 950s,
8dds, 74ds cm™.'"H n.m.r. (300 MHz, CDCl): 8 1.53. d, J 6.7 Hz, 6H, 2 x CH;; 1.60-
1.78, m, 2H and 2.14-2.30, m, 2H, H3, H4; 3.72-3.94, m, 2H, H2, HS; 9.52, bs, 2H, 2
x NH. C n.mur. (100 MHz,CDCl,): 6 18.7, 2 x CH,; 32.7, C3, C4; 55.3, C2, C5.
Mass Spectrum (GCMS, MeOH): m/; 99 (IM-HCI1%). The 'spcctral data were

. . . )
consistent with the lllcrmul‘c.lm

7.2.8 Synthesis of 1,2-bis-((2R,5R)-2.5-dimethylpyrrolidin-1-yl}-1,2-dioxo-ethane
(E19)

51

Pyridine (15.7 mi, 195.8 mmol) was added to a solution of the dimethylpyrrolidine
hydrochlonde (33) (2.67 g, 19.58 mumol) in dichloromethanc (150 ml) at -78°C under
& N» atmosphere and the mixture was stirred for 15 minutes. Oxalyl chloride (0.85 ml,
9.79 mmol) was added dropwise to the reaction mixture and the mixture was stirred
for 2 days. The reaction was quenched with water (100 mi) and diluted with
dichloromethane (150 mb), The organic layer was separated and washed successively
with 1 M HCH (150 mi x 3), water (150 ml) and brine (150 ml), dried over MgSQO,,
filtered and evaporated to afford the desired product (51) as a colourless solid (1.81 g,
74%). [af; -220.5° (¢ 1.03, CHChL). m.p. 184-186 °C. (Found: m/: 275.1727.
[CiaH200:N2Na)" (IM+Nal') requires 275.1735). vou (KBr): 29635, 2874m, 1654m,
16295, 1602m, 1560m, (4815, [444s, 1378s, 1308s, 1209m, 11635, 1087s, 1033s,
967w, 916w, 800w, 7725, 694s cm”. 'H n.mur. (300 MHz, CDCL): 8 1.14, d, J 6.6
Hz. 6H and 1.24, d, J 6.4 Hz: 6H, 4 x CHa; 1.52-1.66, m, 4H and 2.00-2.34, m, 4H,
H3. H4' 4.24-4.34, m, 2H and 4.38-4.48, m, 2H, H2, H5. "*C a.m.r. (100 MHz.
CDCL): 6 18.9, 22.8, 4 x CHx 29.2, 314, C¥, C4'; 53.8, 54.1, C2', C5% 163.0, C1,
C2. Mass Spectrum (ESI, McOH): m/z 253.2 (IM+H)").
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A rcaction using pyridine (0,11 mi, 1.33 mumol), (2R,5K)-2,5-dimethylpyrrolidine
hydrochloride (33) (0.90 g, 0.66 mmol) and oxaly! chloride (0.03 wl, 0.33 mmol) in
dichloromethane: dicthyl cther (2:1) (15 mb) was stitred for [8 h. Work up gave
(2R,5R)-2-N-(2,5-dimethylpyrrolidin-t-yl)-2-oxocthanoic acid (71) as a colourless

solid (91 mg, 80%). For spectral data, refer 1o Section 7.2, 14.
0 0

ta
e

(43}

A solution of the diamide (51) (1.21 g, 4.77 mmol) dissolved in THE (10 ml), was
added to a refluxing solution of LiAll, (900 mg, 23.85 mumol) in THF 200 m)). The
reaction mixture was vigorously stirred at this temperature for a further 2 h. The
mixture was cooled to (°C and sodium sulfate decahydrate (NaSO,.10H,0) was
added until no further gas cvolution was observed. The resulting precipitate was

filtered and washed with THF (100 ml). The filtrate was evaporated to afford the title

compound (43) as a yellow oil (1.07 g. 99%). [of’ -181.1° (¢ 3.0, CHCHY (i

[at: 183° (¢ 3.05, CHCh). (Found: m/z 2252321 [CsHoN:" (IM+H]®) requires
225.2331). Vo (neat): 2955s, 2877s, 28115, 2688w, 1667w, 1638w, 1455m, 1300,
1350m, 1322m, 1294m, 1194w, 1166w, |116m, 1005w, 966w, 866m cm™'. 'H n.m.r,
(300 MHz, CDCL): 8 1.0, . J 64 Hz, 12 H, 4 x CH ¢ 1.33-1.45, m. 4H and 1.92-
2.08, m, 4H, H3, H4% 254279, m, 9H, HI, H2: 3.02-3.24, m, 4H, HY, HS. ''C
n.m.r. (100 MHz, CDClay: 8 17.2, 4 x CHy, 31.0, €3, €41 47.1, C1, C2; 55.2, C2,
C5'. Mass Spectrum (EST', McOH): m/z 225.2 (IM+Na]*). The spectral data were

consistent with the literature. ™
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7.2.10 Synthesis of 1-nitro-2-{(2R . SR)-(2.5-dimethylpyrrolidin.1-yhbenzene (54)

gy

O,N

(54)
Method A
The nitrophenty pyrrolidine (54) was syathesised usiag the modified method of Cahill
et al., tol

o-Nitroaniline (53) (77 mg, 0.56 mmol) was added to a solution of the eychie sulfate
(32) (100 mg. 0.56 mmol) in THE (20 mD). The resulting yellow solution was refluxed
for 2 days after which R0% sodium hydride (101 mg, 3.30 mmeb) was added. After
refluxing for a further 24 h, the reaction was quenchied with 109% NHLCE 20 mb). The
THE we removed under reduced  pressure and the resulting aqueous solution
extracteu with dichloromethane (3 x 100 ml). The combined organic exiracts were
suceessively washed with water (100 ml) and brine (100 mb), dricd with MgSO,.
filtered and evaporated to afford an orange senn-solid (9§ mg). Purification by
column chromatography (Si0:, cthyl acetate: hexane. 1 1) afforded the required
product (54) as a yellow il (78 mg, 63%). l(z f: ~1R03.7¢ (¢ 0.41, CHCL). (Found:
miz 2431101, [Cl0:N:Nal' (IM4Nal'y requires 243.1109), vy (neat): 2956,
2R3, 2350, 1600s, 1861m, 15055, 1477m, 1450m, 1350m, 12728, 1172m, 1150m,
1044m, 922w, 838m em™’. 'H e (300 MHz, CDCLY: § 0.80-1.22, b, 61, 2 x
CHa 1.46- 168 m, 2H and 2.10-2.28, m, 2H, HY, U477 182-4.10, by, 2H, HY', HSY
6.80,1, J 7.0 Hz, TH, H4: 7.06, dd, J 8.5, 1.2 Uz, TH, H6; 7.39, ¢, J 7.0 He, 1L HS;
782 dd, J 8.2, 1.7 Hz. HE, H3. VCoaumur, (100 MHz, CDCLY: 8 2001, 2 x CHy 30,1,
C¥O 00 558, C2, C8) 1176, 1217, 1267, 1329, ArCH: 1409, ArC. Mass
Spectrum (ESE, MeO): e/ 2210 ((IM+HI]).

Method B
A sofution of the cyclic sulfate (52) (100 my, 0.55 mmol) and o-nitroaniline (53) (309

mg. 224 mmob) in toluene (20 mb was refluxed for 3 days. The solvent was
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evaporated and a 'H n.mr. spectrum of the resuiting black solid (366 mg), showed

only the presence of 2-nitroaniline (53).

7.2.11 Synthesis of 1-amino-2-((2R,SR)-2 S-dimethylpyrrolidin-1-yhbenzene (S5)

.au,,""

HaN N

(55)
The nitrophenyl pyrrolidine (54) (441 mg, 2.00 mmol) was dissolved in benzene (10
mb) and placed n a Fisher Porter tube to which 10% Pd/C (10 mg) was added
following the gencral procedure for hydrogenations described in Section 7.1.2. The
reaction mixture was pressurised with hydrogen gas to 60 psi and stirred overnight.
The PA/C was removed using a Celite piug and the filtrate concentrated to afford an
orange otl. The o1l was purified using column chromatography (S10;, cthyl acetate:
hexane, 1 19) to give the desired product (55) as a red/orange oil (380 mg, 100%).
le [ +79.5° (¢ 0.86, CHCly). (Found: m/z 191.1535. {Cy2HoN2}* (IM+H]*) requires
19115483, Ve (Reat): 3433s, 3333s, 3055w, 3022w, 2955s, 2855s, 2822m, 2600w,
1605s, 1500s, 1438, 1366s, 1322m, 1277s, 1250, 1150s, 1133m, 1050m, 1016w,
922w, 844w, 744s em’’. "H n.mur. (300 MHz, CDCli): 8 0.60-0.80, m, 3H and 0.90-
LO2, m, 31, 2 x CH;; 1.38-1.58, m, 2H, and 2.00-2.24, m, 2H, H3', H4'; 3.60-3.98,
m, 4H, H2', HS'. NH): 6.65-6.75. m, 2H, H3, H6: 6.82-6.95, m, 2H, H4, H5. "°C
n.m.r. (100 MHz, CDChY: 8 18.6, 2 x CHj; 32.1, 32.8, C3', C4'; 52.8, 54.3, C2', C5"

115.2, 181, C4, C5; 123.2, 123.5, C3, C6; 133.5, 143.2, Cl, C2. Mass Spectrum
(ESY, MecOH): m/z 1910 ((M+H]").
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‘Dbenzene

dimethylpyrrolidin-

7.2.12  Synthesis _of _{-amino-2-{(28,5R)-2.5

hydrochloride salt (72)

uil‘lf"”

Haly N
or
(72)

[ HCI gas (prepared as described in Section 7.1.1) was passed through a stirred
s sution of 1-amino-2-((2R, 5R)-2,5-dimethylpyrrolidin-1-yl)benzene (55) (200 mg,
1.05 mmol) in methanol (20 ml). The mixture was concentrated to give the desired
hydrochloride salt (72) as a colourless soild (269 mg, 93%). m.p. 182-184°C. (Found:
miz 191.1541. [CiaHioNoTY (IM+H-HCI}Y) requires 191.1548). Vi (KBr): 3322s,
3200s, 2977m, 2822w, 2733w, 2556bm, 1661s, 1605s, 1500s, 1466m, 144ds, 1383w,
1311w, 1277w, 1022m, 783s, 755s em™'. 'H n.m.r. (300 MHz, CD,0OD): § 0.86, d, J
6.7 Hz, 3H and 1.32,d, J 6.1 Hz, 3H, 2 x CHj; 1.72-1.88, m, 1H, 1.88-2.08, m, IH,
2.25-2.40, m, 1H and 2.40-2.55, m, |H, H3", H4" 4.13-4.20, m, IH and 4.20-4.35, m,
IH, H2’, H5” 7.03, d, J 7.3, 1.5 Hz, 1H, H5; 7.11, ddd, J 84, 6.9. 1.3 Hz, IH, H3;
7.26,d,J 7.3, 1.5 Hz, 1H, H4; 7.32, ddd, J 8.4, 6.9, 1.3 Hz, 1H, H6. "'C n.m.r. (100
MHz, CD;0D): & 18.7, 19.9, 2 x CHa; 33.7, C3', C4' 61.9, 63.6, C2°, C5% 123.5,
1249, 127.0, 131.8, ArCH; 130.0, 141.2, C1, C2. Mass Spectrum (ESI', McOH): m/z
190.8 ([M+H-HCIJ"). Crystals of the hydrochloride salt suitable for X-ray diffraction

were obtained from a dicthyl ether: hexane mixture. The X-ray structure was

determined and details are attached in the Appcndix.‘m

-2,.5-dimethylpyrrolidin-1-yl}benzene (44)

7.2.13 Synthesis of 1,2-bis-

N

N
N N
EO
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The aminophenyl pyrrolidite (35) (400 mg, 2.11 mmol) was added to i solution of the
eyclic sulfaie (52) (379 mg, 2.11 mmob) in THE (100 mi). The resulting orange
sotution was reftuxed for 2 days after the addition of 80% sodium hydride (633 mg,
21.10 mmol). As LLe. indicated the presence of unreacted aminophenyl pyrrotidine
(55), mote cyclic sulfate (52) (379 mg, 2,11 mmob) dissolved in THE (30 ml) was
added. The mixture was stirred at reflux for o turther 2 days and quenched with 10%
NELCL (30 mD). The THEF was removed under reduced pressure and the agueous
mixture extracted with dichlorometbane (3 x 100 ml). The combined organic layers
were washed with water (100 mb) and brine (100 ml), dried with MgSQs, filtered and
evaporated to aftord a brown semi-solid. Purification using column chromatography
(Si0s, cthyl acetate: hexane, 1:10) afforded the title compound (44) as a colourless
solid (408 mg, 71%). [a't: +18° (¢ 0.51, CHClY. m.p. 108-112°C. (Found: m/;
2732320, [CilinuNst (IM+H])) requires 273.2331). vy (KBr): 2985, 2922s,
2867s, 2811s, 1583, 1494y, 14508, 1367s, 1322m, 1294, 1256m, 119w, 11580s,
L100w, 1044w, 994m, 956w, 916w, Tdds, em’'. 'H numr. (300 MUz, CDClL): 8 0.58,
d, J 6.4 Hz, 6H, 110, d, J 5.8 Hz, 611, 2 x CH4y: 1.32-1.58, m, 4H and 2.02-2.20, m,
JH, H3', H4";, 3.68-3.80, m, 2H and 4.06—4.18, m, 2H, H2', H5" 6.84, s, 4H, H3, H4,
H5, He. 'C nar. (100 MHz, CDCLy): & 19.6, 19.9, 2 x CHy; 32.3, 33.2, C3' C4",
S1.9, 52.1, €2\, C5" 120.0, C3, C6: 120.6, C4, C5; 1404, CI, C2. Mass Spectrum
(ESI", McOH): m/z 273.2 ({M+H]"). Crystals of the diamine (44) suitable for X-ray
diffraction were obtained by the slow evaporation of a diethyl ether solution of (44).

The X-ray structure was determined the details are attuched in the Appendix.ms

7.2.14_Synthesis_of (2R .5KR)-2-(2.5-dimethylpyrrolidin-1-yl)-2-oxeethanoic_acid
(71

Q O

H

N OH

o,
L/} i, /]

7

The reaction was carried out as described in Section 7.2.8 to give the desired product

(71) as colourless solid (91 mg, 80%). m.p. 126-132°C. v, (KBr): 3415s, 17365,
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1618s, 1239 em™. "H nunr, (300 MHz, CDCLY: 8 1.23, d, J 6.41 Hz, 61, 2 x CHy;
1.56-1.66, m, 2H, 113, Ha, 1.66=1.81, m, 111, OH; 2.07-2.32, m, 2H, 4,29-4.44, m,
and U1, 4.91-5.02, m, 1H, H2' HS. YC naur, (100 Mz, CDCL): § 18.4, 22,4, 2 x
CHy, 28.5, C¥, €4 554, C2, 5, 1587.6, 1599, CL, C2. Mass Spectrum (EST,
MeOtD: iz 1720 ((M+H1Y)

7.2.15 Synthesis of ethyl (2R .S5R)-2-(2,5-dimethylpyrrolidin-1-yl)-2-oxocthanoate
(73)

N Et

“u,
(73)
Pyridine (7.0 mi, 87.0 mmol) was added dropwise to a stirred solution of (2R,5R)-2,5-
dimethylpyriolidine hydrochloride (33) (2.38 g, 17.47 mmol) in dichloromethane:
dicthyl ether (2:1; 100 ml) at 0°C. After stivving for 15 min, ethyl oxalyl chloride
(1.94 ml, 17.4 mmol) was added dropwise and an immediate formation of white
precipitate was observed. The reaction was atlowed to stir at room temperature for 18
h. It was acidified with 1| M HC! (75 ml) and extracted with dichloromethane (3 x 75
ml). The combined organic layers were dried with MgSQO,, filtered and evaporated to
obtain the desired product (73) as a yellow oil (2.87 g, 83%). [af -88.4° (¢ 2.0,
CHCH). (Found: m/z 222.1093. [CoH;sNO:Na)™ ({M+Nal") requires 222.1106). Vo
(neat): 2967s, 2878s, 1738s, 1650s, 1433s, 1383m, 1300m, 1277s, 1183s, 1161s,
1088s, 10175, 983m, 911m, 861s cm™. 'H n.m.r. (300 MHz, CDCly): § 1.15, d, J 6.3
Hz. 3H and 1.22, d, J 6.4 Hz, 3H, 2 x CHy; 1.37, t. J 7.2 Hz, 3H, OCH»CHa; 1.55-
1.68, m, 2H and 2.04-2.34, m, 2H, H3', H4'; 4.24-4.42, m, 4H, H2', H5', OCH,CH;.
C n.m.r. (100 MHz, CDCly): § 14.0, OCH,CHy: 18.6, 22.3, 2 x CHy; 28.8, 30.8, C3',

C4’; 539, 539, C2', C5; 61.9, OCH,CH;j: 159.2. 162.5, Cl, C2. Mass Spectrum
(ESI*, MeOH): miz 222.1 ([M+Nalh).
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7.2.16 Synthesis of 2«((2R,SR)-2.5-dimethylpyrrolidin- L -yljethanot (67

{ N

..m;, ", N

{67)

The LiAlH, reduction was carried out as described in Section 7.2.9 using cthyl
(2R.5R)-(2.5-dimcthylpyrrolidin-l-yl)-ﬁ-oxo-ctluumalc (73) (1.78g, 8.92 mmol). The
orange oil obtained after the work up was purified using column chromatography
(8i0,. cthyl acetate followed by NH; in methanol) to give the desired product (67)
(660 mg. 52%). e’ -55.1° (¢ 2.3, CHCLy). (Found: m/z 144.1382. {CgHgNO]*
(IM+H1") requires 144.1388). vy (ncat): 3383bs, 2963s, 2360s, 2341m, 1654s,
1560w, 1456s, 13795, 1050s em™. '"H n.m.r. (300 MHz, CDCl): § 0.97, d. J 6.3 Hz,
6H, 2 x CHz; 1.30-1.46, m, 2H and 1.89-2.07, m, 2H, H3', H4'"; 2.64-2.80, m, 2H,
H2, HS'; 3.05-3.23, m, 1H, H2: 3.23, bs, 1H, OH, 3.48-3.63, m, 1H, H1. "C n.m.r.
(100 MHz, CDCl3): § 17.7, 2 x CHas; 31.2, C3', C4', 48.4, C2; 55.2, C2',C5. 59.2, C1.
Mass Spectrum (ESI, MeOH): m/z 144.0 ((M+H]).

The reaction was carried out as described in Section 7.2.9, using (2R,5R)-2-(2,5-
dimethylpyrrolidin-1-yl)-2-oxoethanoic acid (71) (91 mg, 0.35 mmol) to give the
desired product (67) as a yellow oil (30 mg, 38%). The spectroscopic data were

consistent with that obtained for (67) from above.

7.2.17 Synthesis of 2-((2R,5R)-2.5-dimethylpyrrolidin-1-yl)ethylamine

hydrochloride

N -I-N H3
cr

ey Yy, fff,

The reaction was carried out using a modified method of Mitsunobu et al..'®
2-((2R,5R)-2,5-dimethylpyrrolidin-1-yhethanol (67) (746 mg, 5.21 mmol) dissolved
in distilled THF (5 ml) and diisopropyl azodicarboxylate (DIAD) (1.03 ml, 5.21

mmol) dissolved in distilled THF (5 ml) were added dropwise simultaneously under a
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nitrogen atmosphere to o stirred solution of phthalimide (767 mg, 5.21 mmot) and
triphenylphosphine (1.37 g, 5.2t mmol) in freshly distilled THF (20 ml) at 0°C.
Stirring was continued at ambient temperaturcs for 3 days and the solvent was
removed under reduced pressure to give a yellow oil. The oil was redissolved in
methanol (50 ml) before adding hydrazine hydrate (0.3 ml, 6.25 mmol) and refluxing
for a further 8 h. Concentrated HCI (5 ml) was added to the reaction mixture, which
was then refluxed for 2 h. After cooling the mixture, the methanol was removed under
reduced pressure. The resulting semi-solid was dissolved in water and extracted with
dichioromethane (3 x 100 ml). The aqueous layer was concentrated to afford the titled
amine salt as a yellow semi-solid (887 mg, 96 %). [a'E —41.3° (¢ 0.62, H,0). (Found:
miz 143.1545. [CgHoN21" (IM+H-HCIY) requires 143.1548). v (KBr): 3411bs,
2989s, 1728s, 1650m, 1455s, 1394s, 1278s, 1150w, {100m, 1055m, 800w cm’. 'H
n.nr. (300 MHz, D,0): 8 1.27, 4, J 6.8 Hz, 3H and 1.40, d, J 6.6 Hz, 3H, 2 x CHj,
.71, m, IH, 1.85, m, |H, 2.18, m, 1H and 2.39, m, IH, H3', H4"; 3.24-3.54, m, 4H,
HI, H2; 3.68, m, 1H and 4.01, m, 1H, H2', HS". *C n.m.r. (100 MHz, DMSO}): § 13.4,

15.9,2 x CH;; 28.5, C¥, C4' 34.4, C1; 43.3, C2; 57.9, 60.1, C2', C5'. Mass Spectrum
(EST", MeOH): m/z 142.7 (IM+H-HCI]").

7.2.18 Synthesis of 2-((2R.5R)-2.5-dimethylpyrrolidin-1-vl)ethvlamine (62

7/ \

N NH,

.n&q Iy, f’,

(62)
Sodium bicarbonate (sat.) solution was added to the amine hydrochloride salt (from
Section 7.2.17) (600 mg, 3.37 mmol) and the mixture extracted with dichloromethane
(3 x 20 ml). The combined organic layers were washed with water, dried with

MgSOq, filtered and evaporated to afford the desired product (62) as an orange oil
(513 mg, 99%). [al} -112° (¢ 0.5, CHCl). (Found: m/z 143.1546. [CgH oNyJ*

([M+H]") requires 143.1548). vaax (neat): 3288bs, 3189 bs, 2953s, 2866s, 2822s,
1718s, 1664s, 1534m, 1450s, 1375s, 1238s, 1112s, 1036s, 927s cm’’. 'H n.m.r. (300
MHz, CDCly): § 0.96, d, J 6.4 Hz, 6H, 2 x CH;3; 1.20-1.42, m, 4H, H3', H4'; 1.92-
2.08, m, 2H and 2.48-2.68, m, 2H, H1, H2; 2.77, bs, 2H, NH»; 2.98-3.10, m, 2H, H2,
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15" UC namur. (100 MHz, CDClL): § 17.2, 2 x CHy, 31.04, CH, C2, C3', C4*, 55.2,
C2', C5". Mass Spectrum (ESI, MeOH): m/fz 142.8 ({M+H]).

1.2.19 Synthesis_of _L-acetylamino-2-((2R,5R)-dimethvlpyrrolidine-1-yl)benzene
(74)

0

N HN4<

Tty llf”fl

(74)

Acetyl chioride (0.07 ml, 1.05 mmol) was added dropwise to a cooled (0°C) and
stirred solution of 1-amino-2-((2R,5R)-2,5-dimethylpyrrolidin- 1-yl)benzene (55) (200
mg, 1.05 mmol) and pyridine (0.09 mi, 1.16 mmol) in dichloromethane: diethyl ether
(2:1; 20 mi). The mixture was brought to room temperature and stirred for 1.5 h. The
reaction was quenched with 1 M HC! (20 ml) and extracted with dichloromethane (6 x

20 ml). The combined organic layers were dried with MgSQ,, filtered and evaporated
to afford the desired product (74) as an orange solid (158 mg, 63%). [af -62.3° (c

0.94, CHCl3). m.p. 158-168°C. (Found: m/z 233.1641. [C4H2oN20J" ([M+H]")
requires 233.1654). vya (KBr): 3411sb, 3309s, 3166s, 3111s, 2989s, 2956s, 2544s,
2447s, 2355s, 1700s, 1600s, 1533s, 1489s, 1439s, 1367m, 1289s, 1239s, 1117m,
1072m, 1033m cm’’. 'H n.m.r., (300 MHz, CDCl3): 6 0.86, d, J 7.0 Hz, 3H and 1.66,
d, J 6.3 Hz, 3H, 2 x CHj; 1.68-1.82, m, 2H, H3' or H4'"; 2.34, s, 3H, CH3CO; 2.42-
2,78, m, 2H, H3' or H4'; 4.02-4.16, m, iH and 4.48-4.62, m, 1H, H2', H5": 7.20, & J
7.6 Hz, |H, H3; 7.30,1, J 7.2 Hz, 1H, H5; 7.50,1, J 7.5 Hz, 1H, H4; 7.94, d, J 8.1 Hz, .
tH, H6; 10.97, bs, {H, NH. "C n.m.r. (100 MHz, CDCly): 8 14.9, 17.6, 2 x CHy;
24.0, CH1CO; 30.0, 30.5, C3', C4'; 60.1, 62.1, C2', C5'; 122.4, CS5; 125.9, C4; 126.2,
C2; 128.3, C3; 130.2, C6; 133.6, C1; 170.5, CO. Mass Spectrum (EST, MeOH): m/z
233.2 (IM+H]Y).
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laminge-2-benzene (64)

....

(64)
The reduction of l-acetylamino-2-((2R,SR)-dimcthylpyrrolidin-1-yl)benzene  (74)
(137 mg, 1.04 mmol) using LiAlHs (392 mg, 10.37 mmol) was carried out as
described in Section 7.2.9. The reaction was refiuxed for 24 h after the addition of
LiAlHs. After working up with Na;SO4.10H0 as described previously (Section
7.2.9), a yellow oil was isolated and purified using column chromatography (SiO;,
ethyl acetate: hexane, 1:10) to afford the desired product (64) as a yellow oil (120 mg,
98%). fal; +14.6° (¢ 0.56, CHCLy). (Found: m/z 219.1861. [C\sH2N2]" (IM+H]")
requires 219.1861). vyax (neat): 3355bs, 3044m, 2967s, 1650w, 1595s, 1505s, 1455m,
1433s, 13725, 13225, 1261s, 11565, 1044m cm™. 'H n.m.r. (300 MHz, CDCl3): § 0.70,
d, J 6.4 Hz, 3H and 0.99, d, J 5.3 Hz, 3H, 2 x CHj; 1.27, ¢, J 7.2 Hz, 3H, CH.CHy;
1.40-1.58, m, 2H and 2.04-2.28, m, 2H, H3", H4" 3.02-3.30, m, 2H, CH,CH,; 3.62-
3.74, m, 1H and 3.86-3.94, m, |H, H2', HS" 4.38, bs, 1H, NH, 6.60-6.68, m, 2H, H3,
HS; 6.92, dd, J 7.6, 1.4 Hz, tH, H6; 6.99, t, J 7.5 Hz, 1H, H4. "'C n.m.r. (100 MHz,
CDCli): o 15.5, 18.7, 2 x CH;, CH.CH3; 32.2, 32.8, C3, C4% 38.9, CH,CH3; 53.1,
54.3, C5°, €2% 110.2, 116.7, 123.1, 124.1, C3, C4, C5, C6; 132.9, C2; 145.5, Cl.

Mass spectrurn (ESTY, MeOH): m/z 219.2 ((M+H]").
1.2.21 Svnthesis of 1.acetylamino-2-((2R,5R)-dimethylpyrrolidine-1-yl)ethane

(75)
— )
N HN—A<

ey OJ”’ ! ! f
{7%)

Acetyl chloride (0.15 ml, 2.05 mmo!) was added dropwise to a cooled (0°C) and
stirred solution of 1-amino-2-((2R,5R)-2,5-dimethylpyrrolidin- 1-yl)ethane (62) (292
mg, 2.05 mmol) and pyridine (0.18 ml, 2.26 mmol) in dichloromethane: diethyl ether
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(2:1; 20 ml). The mixture was brought to room temperature and stirred for 4 h. The
reaction was quenched with water (20 l) and extracted with dichtoromethane (3 x 20
ml). The combined organic layers were dried with MgS0O,, filtered and evaporated to
give i black oil (100 myg). '"H n.r spectroscopy of this oil showed mainly unreacted
pyridine together with other impurities. The aqueeus layer was basified using NaOH
(¢ M) and extracted with dichloromethane (3 x 20 ml). The combined organic layers
were dried with MgSO,, filtered and evaporated to afford the desired amide (75) as a
orange oi! (192 mg, 51%). [a_[ff ~127.6° (¢ 0.21, CHCL). (Found: m/z 85,1653,
[CioHn N0 (IM+H]") requires 185.1653). vy (neat). 3289bs, 3089w, 2967,
29225, 2867s, 2822s, 1722s, 1650s, 1550s, 1450s, 13725, 12775, 1167m, 111Im,
1033w cm’’. 'H nanr. (300 MHz, CDCly): § 0.97. d. J 6.3 Hz, 6H, 2 x CHy: 1.32-
.44, m, 2H and 1.92-2.08, m, SH, H3', H4', OCH;; 2.61-2.69, 2H, HI; 298-3.18, m,
AH, H2 and H2' or HS'; 3.44, 3.56, m, 1H, H2' or H5'. *C n.m.r. (100MHz, CDCl3): &
17.3, 2 x CHj; 23,6, CHACO; 31.0, C3, C4'; 37.9, C1; 45.8, C2; 55.1, C2, C5'5 170.5,
CO. Mass spectrum (ESI”, MeOH): mi/z 184.9 ((M+HT").

7.2.22 Synthesis of ((2R.5R)-dimethylpyrrolidin-1i-yD-1.ethylamino-2-cthane (63)

N/—_—\HN
1\

gy

(63)

The reduction of |-acetylamino-2-((2R,5R)-dimethylpyrrolidin- i-yl)ethane (75) (192
mg, .05 mmol) using LiAlH, (199 mg, 5.27 mmol) was carried out as described in
Section 7.2.9. The desired product (63) was isolated as a yeilow oil (133 mg, 75%).
o} —94.7° (c 0.95, CHCL). (Found: m/z 171.1855. [C1oH3Na)* (IM+H]") requires
171.1861). Vmax (neat): 3300bs, 1455s, 1372s, 1327m, 1133m, 11225, 733w cm™. 'H
n.m.r. (300 MHz, CDCl3): 6 0.96, d, J 6.2 Hz, 6H, 2 x CH3; 1.12,t, J 7.2 Hz, 3H,
CH,CHj; 1.28-1.42, m, 2H and 1.90-2.08, m, 2H, H3', H4'; 2.48-2.82, m, 6H and
2.98-3.08, m, 2H, CH,CHs, HI, H2, H2', H5". °C n.m.r. (100 MHz, CDCl3): § 15.4,
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Q {77}

Ethyl oxalyl chloride ¢7.85 mi, 0.07 mol) was added to a solution of triethylamine

(9.35 mi, 0.14 mob) and pyrrolidine (28) (5.86 mi, 0.07 mol) in dichloromethine at
0°C. The mixture was brought to room temperature and allowed to stir for 18 h. The
reaction was quenched with HCI (1 M) and extracted with dichloromethane (3 x 75
ml). The combined organic layers were washed with water (75 ml) and brine (75 ml),
dricd with MgSOy, filtered and evaporated to afford the amido ester (77) as an orange
0il*® (11.0 g, 92%). Vaux (neat): 2978s, 2889s, 1739s, 1655s, 1450s, 1389w, 1366s,
1339, 1250s, 1189s, 1167s, 1106m, 1017s, 861m cm™". 'H nm.r. (300 MHz, CDCly):
8 1.37.t,J 7.2 Hz, 3H, CH,CH3; 1.84-2.02, m, 4H, H3', H4", 3.54,1, J 6.6 Hz, 2H and
3.63, 1, J 6.5 Hz, 2H, H2', H5"; 4.33, q, J 7.2 Hz, 2H, CH,CH; "'C n.m.r. (100 MHz,
CDCh): & 14.1, CH.CHzy; 24.0, 26.0, C3', C4'; 46.1, 47.4, C2', C§'; 62.0, CH.CH;;
158.6, 162.1, C1, C2. Mass Spectrum (EST*, MeOH): m/z 172.0 (IM+H]").

7.2.24 Synthesis of 2-(pyrrolidin-1-yl)-ethanel (76}

/ O\

N OH
Q (76)

The reduction of the pyrrolidine ethyl ester (77) (6.00g, 0.04 mol) was carried out
using LiAlH, (6.8 g, 0.18 mol) as described in Section 7.2.9. The desired alcohol (76)
was isolated as a yellow oil (1.55 g, 34%). (Found: m/z 116.1069. [CeHsNOJ'
(IM+H]") requires 116.1075). vpax (neat): 3378bs, 2956s. 2800s, 1461m, (344w,
[289m, 1244w, 1194w, 1139m,1056s, 873m cm”. 'H n.m.r. (300 MHz, CDCly): §
1.74-1.82, m, H3', H4'; 2.50-2.60, m, H2', H5"; 2.65,t, J 5.5 Hz, 2H, H2; 3.64,t,J 5.5
Hz, 2H, H1. PC n.m.r. (100MHz, CDCls): § 23.8, C3', C4"; 54.1, C2', C5%; 57.9, C2;
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60.2, Cl. Mass Spectrum (ESI', MeOH): m/z TESK (IM+HT). The spectal data were

' . . ¥
consistent with the literature,"™

7.2.25 _ Synthesis of __ 1-((2R,SR)-2.5-dimethyipyrrolidin. 1-yh-2-(pyrrolidin-1.

vDethane (66)
=N N

iy Q

{686)

Method A: From 2-bromo-1-((2R,5R)-2,5-dimethylpyrrolidin- 1-yDethane (78)

/N

N 314

lﬂ'f /] ’,’

(78)

A solution of triphenylphosphine (915 mg, 3.49 mmol) in anhydrous dicthy! ether (15
ml) was added to a cooled (0°C) and stirred solution of 2-((2R.5R)-2.5-
dimethylpyrrolidin-{-yhethanol (67) (500 mg, 3.49 mmol) and carbon tetrabromide
(1.16g, 3.49 mmol) in anhydrous dicthyl ether (20 ml). External cooling was
discontinued and the reaction mixture was heated at reflux for 1 h. The mixture was
then cooled in ice before a small sample was removed and concentrated under
vacuum to give a pale brown solid. The 'H n.m.r spectrm of this solid showed the
formation of 2-bromo-1-((2R,5R)-2,5-dimethylpyrrolidin-1-yDethane (78) and
triphenylphosphine oxide. 'H n.m.r. (300 MHz, CDCL): 8 1.01, d, J 6.3 Hz, 6H, 2 x
CHj; 1.35-1.45, m, 2H and 1.98-2.08, m, 2H, H3", H4", 2.93, dt, J 7.9, 2.1 Hz, 2H, H2;
3.06-3.16, m, 2H, H2", H5", 3.41, 1, J 7.9 Hz, 2H, H1. Mass Spectrum (ESI*, MeOH):
miz 208.0 ({IM(*'Br)+H]"), 206.0 (IM("Br)+H).

The bromo compound (78) was extremely unstable and the crude solution was used

immediately in the next step.

Pyrrolidine (28) {0.32 ml, 3.84 mmol) was added to this cold reaction mixture and the
mixture was brought to room temperature. The mixture was stirred for 18 h before the
solvent was evaporated. The resulting brown oil was dissolved in methanol (50 ml)
and dry HC] gas (see Section 7.1.1) was bubbled through it (20 mins). The methanol

was e¢vaporated and the resulting black oil was dissolved in water (30 ml) and

152




Chapter 7

dichloromethane (30 ml), and  the  layers  separated  and  extracied  with
dichloromethane (3 x 30 ml). The aqueous kayer was reduced in vacuo, the pH was
adjusted 1o 11 nsing NaOH pellets and the mixture extracted with dichloromethane (3
x SO ml). The combined organic layers were washed with water, brine, dried with
MgSO,, filtered and evaporated lo aftord a dark brown oil. This oil was run through a
silica plug (¢thyl acetate followed by NHj in methanod) to afford the amine (66) as a
brown oil (214 mg, 31%). | -80.5° (¢ 0.2, CHCL). (Found: m/z 197.2010.
1CoatlosNal' (IM+H]™) requires 197.2018). Vi (ncat); 2955s, 2800s, 2689m, 14565,
13725, 1344m, 1327my, 1294, 1238w, 1194, 11225, 1000m, 967s, 922m, 887m,
7225, 694s e’ 'H e, (300 MHz, CDCh): 8 0.99, d. J 6.2 Hz, 6H, 2 x CHa; 1.32-
L46, my, 2 Hoand 1.92-2.08, m, 2H, H3', H4'; 1.72-1.88, m, 4H, H3", H4"; 2.52-2.86,
m. ]H, H2“, HS", Hi, H2; 3.00-3.12, m, 2H, H2', H5" '*C n.m.r. (100 MHz, CDCly):
8 16,7, 2 x CHy; 234, 30.6, C3, C4', C3", C4"; 46.4, 55.1, Ct, C2; 54.6, C2", CS*,
55.7,C2, C5'. Mass Spectrum (EST', McOH): m/z 196.9 ((M+H]").

Method B: From Mitsunobu reaction with alcohol (76)‘06

(2R.SR)-2.5-dimethylpyrrolidine  hydrochloride (33) (1.17 g, 870 mmol) was
dissolved in diethyl ether, and basified with NaHCOz (sat.). The organic layer was
dried using NaOH pellets. The resulting solution was stirred for 30 min. under a N,
atmosphere before decanting in 10 a three necked R.B.F. to which THF (20 ml) and
triphenyiphosphine (1.14 g, 435 mmol) were added. The solution was cooled to 0°C
and the pyrrolidinyl  alcohol (76) (500 mg, 4.35 mmol} and diisopropyl
azodicarboxylate (0.86 ml, 4.35 mmol) were added dropwise simultaneously. Stirring
was continued at ambieit temperature for 3 days and the solvent was removed under
reduced pressure. *H n.m.r. spectroscopy of the crude oil showed only the starting

alcohol (76) together with triphenylphosphine oxide and the reduced DIAD.

1.2.26 Synthesis of 1,2-dioxo-1,2-di(pyrrolidine-1-yhethane (79)
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Oxalyl chloride (6.10 my, 70.1 mmol) was added dropwise to a stirred solution of
pyrrolidine (28) (11.4 mi, 142 mmol) and triethylamine (25 ml, (85 mmol) in
dichloromethane (70 mi) at 0°C. The solution was stirred for 12 h and then diluted
with dichloromethane (50 mi). The reaction mixture was acidified with 1 M HCI and
extracted with dichloromethane (3 x SO ml). The combined organic layers were
washed with water (50 ml), brine (50 mi) dried with MgSQ,, filtered and cvaporated
to afford the desired product (79) as a cream solid (11.70 g, 85%). m.p. 73-75°C
0it.2'" m.p. 77-78°C ). Vpax (KBr): 2967s, 2878s, 1633s, 1461w, 1400s, 1333w,
1222w, 1172w, 772m cm’. 'H nmr. (400 MHz, CDCly): 8 1.88-2.05, m, 8H, H2,
H3'; 3.47-3.58, m, 8H, HI', H4". °C n.m.r. (100 MHz, CDCl): § 24.1, 26.1, C2', C3,
423, 47.1, C1', C4'; 163.3, Cl, C2. Mass Spectrum (ESI", MeOH): m/z 218.8

((M+NaJ"). The spectrat data were consisteni with the literature.”"”

7.2.27 Synthesis of 1,.2-di(pyrrolidin-1-yDethane (65)

ON NQ
{65)
1,2-Dioxo-1,2-di{pyriolidine-1-yl)ethane (79) (5.00 g, 25.5 mmol) in THF (50 ml)
was added to a suspension of LiAlHy (4.81 g, 127.4 mmol) in THF (70 ml) at 0°C

under an atmosphere of nitrogen. The mixture was stirred for 2 h at reflux, cooled to
0°C and NaSO,.10H20 was added until no further gas evolution was observed. The
resulting suspension was filtered and the solid washed with THF (50 ml). The filtrate
was evaporated to afford the title compound (65) as a pale yellow oil (2.00 g, 47 %).
Vaax (Neat): 2967s, 2748s, 1450w, 344w, 1294w, 1281w, [144s, 1111s, 978m em,
'H n.m.r. (400 MHz, CDCl3): 8 1.74-1.82, m, 8H, H2', H3"; 1.82-2.48, m, 8H, H1!,
H4', 2.65, s, 4H, H1, H2. PC n.m.r. (100 MHz, CDClLy): § 23.7, C2', C3'; 54.8, Cl,
C4'; 55.9, C1, C2. Mass Spectrum (EST*, MeOH): m/z 190.8 ((M+Na]"). The spectral

data were consistent with the literature.'%®
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7.3 Asymmetric dihydroxylation using pyrrolidine ligands

7.3.1 Synthesis of (1)-1.2-diphenylethane-1.2-diol ((+)hydrobenzoin) (14

(S.5)- (14) (R.A-{14)

Stilbene (12) (32 mg, 0.178 mmwl) was added to a stirred sotution of OsO4 (51 mg,
0.201 mmol) in THF (15 ml) to give a black mixture. The reaction was stirred at
ambient temperature for 4 h. Lithivm aluminium hydride (49 mg, 1.22 mmol) was
added ana the mixture was stirred for a further [ 8 h. Na;S0,.10H,0 was added until
no further gas evolution was observed. The resulting precipitate was filtered and the
filtrate evaporated to afford the desired product (14) as a colourless solid (37 mg,
97%). m.p. 145-149°C (1it.*® 149-151°C). vy (KBr): 3488s, 3389bs, 3022m, 2889s,
1672m, 1655s, 1594m, 1577m, 1489s, 1450s, 1383s, 1357s, 1250s, 1194s, 1039s,
778s em™. 'H n.m.t. (300 MHz, CDCLs): § 2.93, bs, 2H, 2 x OH; 4.68, s, 2H, H1, H2;
7.07-7.14, m, 4H, H3' HS", 7.20-7.25, m, 6H, H2', H6', H4'. ’C n.m.r. (100 MHz,
CDCly): § 79.4,C1, C2; 127.2,C3', C5", 128.1,C4"; 128.3, C2', C6"; 140.0, C1'. Mass
Spectrum (ESI, MeOH): m/z 237.1 ([M+Nal").

The crude diol (14) was purified for HPLC analysis via t.l.c. (Silica gel 60Fass, 2.5 x
7.5 cm, 250 um,; ethyl acetate: hexane, 1:1). Fraction of silica containing the required
product was scraped off the plate as a powder. Isopropano! (HPLC grade) (1 ml) was
added ‘> the silica powder and the resulting suspension was filtered through a syringe
filter (25 mm, 0.46 cm x 25 cm, 0.2 U) to give a solution of the purified hydrobenzoin
(14). The solution of diol (14) in isopropanol (20 1) was injected in to the HPLC
apparatus containing the chiral OJ column (1.0 ml/min, detection at 250 am, 10%

isopropanol: 90v hexane) to give two peaks: Ry= 12.0 mins, R, = 13.3 mins.
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The rcaction was carried out using stilbene (12) (32 mg, 0.18 mmol) and OsO4 (51
.~ 0.20 mmol) following tne procedure described above but at -78°C for 7 h. The
tvu.10n was worked up to obtain a colourless solid (30 mg). '"H n.m.r. spectroscopy

of this solid showed only starting material (12).

7.3.2 Asymmetric dihydroxylations of stilbene (12)

H% Ph HO Ph
pH :OH Phj H
(5.5)- (14) {R.R)-(14)

(i) Using 1,2-bis-({2R,5R)-2,5-dimethylpyrrolidin-1-ylethane (43)

Reactions were carried out using the general method described by Tomioka et al. BA

typical procedure is outlined below,

Os04 (51 mg, 0.201 mmol) was added to a stirred solution of chiral diamine (43) (50
mg, 0.22 mmol) in THF (10 ml) at the desired temperature (e.g. ambient temperature
(23°C), -78 °C, 0 °C) and the mixture stirred for 15 minutes before stilbene {12) (32
mg, 0.178 mmol) was added. The mixture was stirred at the same tenperature for a
further 6 h before LiAlHy (59 mg, 1.56 mmol) was added and stirred for 18 h at

ambient temperature. Two differcnt work up procedures were followed:

Work up A
NaSO4.10H-O was added until no further gas evolution was observed. The resulting

precipitate was removed by filtration and the filtrate was evaporated.

Work up B

The LiAlH; was hydrolysed by quenching with water (~2 ml). The resulting
precipitate was removed by filtration. Most of the solvent was removed under reduced
pressure and the pH adjusted to 2 using a 10% HCI solution and the resulting mixture
was extracted with diethyl ether (3 x 20 ml). The combined organic layers were

washed with brine (10 ml), dried with MgSQ,, filtered and evaporated.

'H nmr spectroscopy of the crude sampie was used in identifying the products

formed using both work up methods.
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The reactions were carried out using varying temperature, reaction times and solvents

and the results are summarised in Table 7.3.1.

Table 7.3.1:
Entry“" Solvent Temp (°C) Time (h) Conversion to
(14) (%)
1“4 THF -78 8 0°
2" THF -15 8 0°¢
3¢ THF 23 6 0°
4" Toluene 78 6 <t
57 Toluenc 0 48 <3¢
6" Toluene 23 6 <1°
7° DCM 0 8 0°¢

a, Refers to Work up A from above; b, Refers to Work up B from above; ¢, The % conversion
was determined by 'H n.m.r. spectroscopy of the crude sample. The % conversion was
determined relative 1o the amount of starting material (12) and product (14) present in the 'H
n.m.r. spectrum; d, In Entry 1 a stitred solution of chiral diamine {43) (50 mg, 0.22 mmol) in
THF (10 ml) was cooled to <-100°C. As the THF froze at this temperature, the reaction was
warmed to -78°C before a solution of OsQy (51 mg, 0.201 mmol) dissolved in THF (3 mi)
was added.

(i) Using 1,2-bis-((2R,5R)-2.5-dimethylpyrrolidin-1-yhbenzene (44)

Reactions were carried out as described in Section 7.3.2 (i). and results presented in

Table 7.3.2. All four reactions were carried out using the same ratio of reactants.
Entries | and 4 used chiral diamine (44) (50 mg, 0.18 mmol), OsO, (42 mg, 0.17
mmol), stilbene (12) (27 mg, 0.15 mmol) and LiAlH4 (49 mg, 1.29 mmol). Entry 2
was done using chiral diamine (44) (43 mg, 0.16 mmol), OsO; (36 mg, 0.14 mmol),
stilbene (12) (23 mg, 0.13 mmol) and LiAlH4 (42 mg, 1.11 mmol). Entry 3 was done
using chiral diamine (44) (60 mg, 0.22 mmol), OsO; (50 mg, 0.20 mmol), stilbene
(12) (32 mg, 0.17 mmol) and LiAlH, (58 mg, 1.53 mmol). The reactions were carried
ount using different temperatures, solvents and reaction times (Table7.3.2). Both work
up methods (Work up A and Work up B) described in Section 7.3.2 (i) were used in
isolating the product and 'H n.m.r spectroscopy of the crude samples was used to

identify the products formed.
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Table 7.3.2:
Entry®” Solvent Temp (°C) Time (h) Conversion to
(14) (%)
14 THF -78 6 0°
2¢ THF 23 6 0°
3¢ THF reflux 72 ¢
4° Toluene 0 8 0°¢
5 Toluene 23 8 0°¢

a, b, ¢; As for Table 7.3.1; d, The reacticu was worked up using water (I ml) instead of
Na,SO,.10H;0. The resulting precipitate was filtered and the filtrate evaporated to afford a
yellow oil. .

(iii) Using 1.2-di(pyrrolidin-1-ylethane (65)

Reactions were carried out as described in Section 7.3.2 (i). The reactions were
carried out using the diamine (65) (37 mg, 0.22 mmotl), OsO; (51 mg, 0.20 mmol),
stilbene (12) (32 mg, 0.18 mmol) and LiAlH, (141 mg, 3.75 mmol). The reactions
were worked up (Work up A) as described in Section 7.3.2 (i). 'H n.m.r. spectroscopy
of the crude samples were used to identify the products formed in all entries and the

results are summarised in Table 7.3.3.

Table 7.3.3:
Entry Solvent Temp (°C) Time (h) Conversion to
(14) (%)
1 THF -78 8 100
2 THF 23 8 37°

a, The % conversion was determined by 'H n.m.r. spectroscopy of the crude sample. The %
conversion was determined relative to the amount of starting material (12) and product (14)
present in the 'H n.m.r. spectrum.

(iv) Using 1-({(2R 5R)-2.5-dimethylpyrrolidin-1-yl)-2-(pyrrolidin-1-yljethane (66)

The reactions were carried out as described in Section 7.3.2 (i), using 1-((2R,5R)-2,5-
dimethylpyrrolidin-1-y1)-2-(pyrrolidin-1-yl) ethane (66) (44 mg, 0.22 mmol), OsO.
(51 mg, 0.20 mmol) and stilbene (12) (32 mg, 0.18 mmol) in THF. Quenching, work
up (Work up A) and the product identification of the reactions were carried out as

described in Section 7.3.2 (i) and the results are summarised in Table 7.3.4.
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Table 7.3.4:
Entry Temp (°C) Time (h) | Conversion to (14) % ee
(%)
! -78 7.5 0 -
2 -15 7.5 50° 9 (R,R)’
3 23 7.5 0 -

a, The % conversion was determined by 'H n.m.r. spectroscopy of the crude sample. The %
conversion was determined by 'H n.m.t. spectroscopy of the crude sample. The % conversion
was determined relative to the amount of starting material (12) and product (14) present in the
'H n.m.r. spectrum; b, % ee was measured using chiral HPLC using chiral O column
described in Section 7.3.1.

(v) Using (-) hydroguinidine-9-phenanthryl ether (97)

Reactions were carried out as described in Section 7.3.2 (i). Entry | was carried out
using the chiral amine (97) (112 mg, 0.22 mmol), OsO4 (51 mg, 0.20 mmol) and
stilbene (12) (32 mg, 0.18 mmol). Entry 2 was done using the chiral amine (97) (22
mg, 0.45 mmol), OsO; (51 mg, 0.20 mmol) and stilbene (12) (32 mg, 0.18 mmol).

Both reactions were carried out in THF at room temperature for 7.5 h. Quenching,

work up (Work up A) and the product identification of the reactions were carried out

as described in Section 7.3.2 (i) and the results are summarised in Table 7.3.5.

Table:7.3.5:
Entry Amine:Os Conversion to % ee Optical rotation
(14) (%) (E)
1 1:1 100 69 (R,R)" Not measured
2 2:1 100 89 (R,R)" +87 (c 1.5, EIOH)"

a, % ee was measured using chiral HPLC using chiral O] column as described in Section
7.3.1; b, 1it* for (5,5)-(14) is [ | ~88.8 (EtOH) (97% ce).

Reactions were carried out as described Section 7.3.2 (i) using the chiral diamine (62)

(28 mg, 0.197 mmol), OsO4 (50 mg, 0.197 mmol) and stilbene (12) (32 mg, 0.18

mmo}) in THF. Quenching and the work up (Work up A) of the reactions were carried
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out as described in Section 7.3.2 (i). 'H n.m.r spectroscopy of the crude samples was

used to identify the products isolated. The reactions are summarised in Table 7.3.6.

Table 7.3.6:
Entry Temp (°C) Time | Conversion to (14) % ee
(h) (%)
1 -78 6.5 0" -
2 23 6.5 28 <6 (R.R)’

a and b, as for Table 7.3.4

(vii) Using 1-amino-2-((2R.5R)-2.5-dimethyipyrrolidin-1-yhbenzene (55)

Reactions were carried out as described Section 7.3.2 (i) using chiral diamine (55) (42
mg, 0.22 mmol), OsO; (51 mg, 0.20 mmol) and stilbene (12) (32 mg, 0.18 mmol) in
THF. Quenching, work up (Work up A) and the product identification of the reactions
were carried out as described in Section 7.3.2 (i) and the results are summarised in
Table 7.3.7.

Table 7.3.7:
Entry Temp (°C) Time | Conversion to (14) % ee
(h) (%)
] -60 7.5 6 -
2 23 7.5 66" <l (R.R)

a angd b as described in Table 7.3.4.

(viti) Using butylamine (103)

Reactions was carried out as described in Section 7.3.2 (i), using butylamine (103) (29
mg, 0.39 mmol), OsO,4 (50 mg, 0.20 mmol) and stilbene (12) (32 mg, 0.18 mmol} in
THF. Quenching, work up (Work up A) and the product identification of the reactions
were carried out as described in Section 7.3.2 (i) and the results are summarised in
Table 7.3.8.
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Table 7.3.8:

Entry Solvent | Temp (°C) Time (h) Conversion to (14)

(%)
] THF -78 1.5 0*
2 THF 23 1.3 100

a, as described in Table 7.3.3

(ix) Using aniline (104)

Reactions were carried out as described in Section 7.3.2. (i), using aniline (104) (37
mg, 0.393 mmol), OsO4 (50 mg, 0.197 mmol) and stilbene (12) (32 mg, 0.18 mmol)
in THF. Quenching, work up (Work up A) and the product identification of the
reactions were carried out as described in Section 7.3.2 (i) and the results are

summarised in Table 7.3.9.

Table 7.3.9:

Entry Solvent | Temp (°C) Time (h) | Conversion to (14)

(%)
| THF -78 7.5 0°
2 THF 23 7.5 100

a, as with Table 7.3.3

(x) Using 1-ethviamino-2-({2R,SR)-2,5-dimethylpyrrolidin-1-yl)benzene (64)

A reaction was carried out as described in Section 7.3.2 (i), using the chiral diamine
(64) (49 mg, 0.22 mmol), OsOs (51 mg, 0.20 mmo}) and stilbene (12) (32 mg, 0.18
mmol). The reaction was carried out for 8 h in THF at ambient temperature before the
addition of LiAIH, (49 mg, 1.28 mmol). The reaction was worked up (Work up A) as
described in Section 7.3.2 (i). A black solid (50 mg) was isolated. The 'H n.m.r.

spectrum of the crude showed no conversion to product (14).
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(xi) Using ((2R.SR)-dimethylpyrrolin-1-yl)-1-ethylamino-2-ethane (63)

Reactions were carried out as described in Section 7.3.2 (i), using chiral diamine (63)
(38 mg, 0.22 mmol), OsO, (51 mg, 0.20 mmol) and stilbene (12) (32 mg, 0.18 mmol)

in THF. Quenching, work uwp (Work up A) and the product identification of the
reactions were carried out as described in Section 7.3.2 (i) and the results are

summarised in Table 7.3.10.

Table 7.3.10:
Entry Solvent | Temp (°C) Time (h) Conversion to (14)
(%)
1 THF -78 8 6"
THF 23 8 o
a, as with Table 7.3.3

(xii) Using pyrrolidine (28)

Reactions were carried out as described in Section 7.3.2 (i), using amine (28) (28 mg,
0.393 mmol), OsO; (50 mg, 0.197 mmol) and stilbene (12) (32 mg, 0.18 mmol) in
THF. Quenching, work up (Work up A) and the product identification of the reactions
were carried out as described in Section 7.3.2 (2) and the results are summarised in
Table 7.3.11

Table 7.3.11:
Entry Solvent | Temp (°C) Time (h) | Conversion to (14)
(%)
l THF -78 6 0°
2 THF 23 7.5 0¢

a, as with Table 7.3.3

(xiii) Using N-methylaniline (105)

The reaction was carried out as described in Section 7.3.2 (i) using N-methylaniline
(105) (42 mg, 0.39 mmol), OsO, (50 mg, 0.20 mmol) and stilbene (12) (32 mg, 0.18
mmol) in THF. Quenching, work up (Work up A) and the product identification of the
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H reactions were carried out as described in Section 7.3.2 (1) and the results arc
£
ff summarised in Table 7.3,12.
'.‘-.{

% Table 7.3.12:

X

Entry Solvent | Temp (°C) Time (h) | Conversion to (14)

(%)

i | THF -78 7.5 0!

£ 2 THF 23 7.5 70"

3

a, is as with Table.7.3.3

: 7.3.3 'H n.m.r displacement studies using pyrrolidine based ligands

r 7.3.3.1 Synthesis of the bis-(pyridine)osmium(VI1)-1,.2-diphenyiethyleneglycolate
(100)

- 2"

£ 5" 9

: 6" \”/

/Os

\ 0

(100)

__j Synthesis of the glycolate (100) was achieved using a modified method described by
Sharpless ef al..''°

% A solution of pyridine (168 mg, 2.0 mmol) in toluene (4 ml) and a solution of OsO;
‘ (200 mg, 0.8 mmol) in toluene (1 ml) were added via syringe o a round bottom flask
containing a magnetic stirrer bar. Stilbene (12) (144 mg, 0.8 mmol) was dissolved in
toluene (2 ml) and the solution added via syringe to the reaction mixture. An
i immediate formation of a orange/brown precipitate was observed. The mixture was
; stimed for 2 h and filtercd. The resulting brown solid was dissolved in

L

dichloromethane (20 mi) and precipitated using pentane (100ml). The precipitate was
collected by filtration and dried to give the glycolate (100)* as a pink brown solid
(416 mg, 87%). 'H n.m.r. (300 MHz, CDCL): § 5.36, s, 2H, HI, H2; 7.10-7.40, m,
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10H, H2', H3', H4", H5", H6" 7.48 - 7.53, m, 4H, H3", H5" 7.87, 1, J 7.7, 1.5 Hz, 2H,
H4" 9.00, dd, J 5.2, 1.5 Hz, 4H, H2", H6". '*C n.m.r. (100 MHz, CDCly): 8 99.4, CI,
C2: 125.6, C3, C5' 127.7, C4% 128.0, C2', C6'; 1282, 140.7, C3", C4”, C5"; 141.0,
Cl'; 149.8, C2", C6".

7.3,3.2 'H_n.m.r_studies_of the_reaction_between _bis-pyridine osmium(VI)

glycolate (100) and 1,2-bis~({2R,SR)-2,5-dimethylpyrrolidin-1-yDethane (43)

N
\ \ © \Ph N Ph .ﬁ ----- uili
T +
{43) e
o
N
{2 eq)

A solution of the bis-pyridine osmium(VI) glycolate (100) (16 mg, 2.81 x 10" mmol)
in base washed CDCl; was syringed into an n.m.r tube. After running the 'H n.m.r
spectrum of the compiex (spectroscopic values as in Section 7.3.3.1), the contents
were transferred into a sample vial containing  1,2-bis-((2R,5R)-2,5-
dimethylpyrrolidin-1-yl)ethane (43) (7.0 mg, 3.09 x 107 mmol). The resulting
solution was syringed into the n.m.r tube and the 'H n.m.r spectrum was recorded.
The spectrum showed no shift changes in the peaks of either the ligand (13) (See
Section 7.2.9) or the osmium complex (100) (Section 7.3.3.1).
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7333 'H_n.m.r_studies of the reaction between bis-pyridine osmium(VI)
glycolate (100) and 1,2-di(pyrrolidin-1-yl)ethane ¢(65)

e
Ph._ oy

AN é i " Q T A/
Al B
==n" Il —\ Ph/ 0
\ J P'_‘ O t;j@
‘\N l

(2 eq)

A solution of the bis-pyridine osmium(VI) glycolate (100) (16 mg, 2.81 x 107 mmol)

(100

(65)

was dissolved in base washed CDClz and syringed into a n.m.r tube. The 'H n.m.r
spectrum (spectroscopic values as in Section 7.3.3.1), was recorded and the contents
were then transferred into a sample vial containing 1,2-bis-((2R,5R)-2,5-
dimethylpyrrolidin- I-yl)ethane (65) (5.2 mg, 3.09 x 107 mmol). The contents of the
sample vial were syringed into the n.m.r tube and the 'H n.m.r spectrum was
recorded. 'H n.m.r (300 MHz, CDCls): & 1.78-2.00, m, 2H and 2.12-2.34, m, 2H,
H3™, H4™; 2.76-2.94, m, 2H and 3.24-3.40, m, 2H, H2", H5"; 3.80-4.00, m, 4H, /11",
H2"; 5.03, s, 2H, H1, H2; 7.08-7.32, m, 14H, H2', H3', H4', H5’, H6', pyridine H3, H5;
(Pyridine protons: 8 7.63, m, 2H, H4; 8.58-8.62, m, 4H, H2, H6).

The displaced pyridine was removed in vacuo and the resulting pink solid was
dissolved in fresh base washed CDCls and the 'H n.m.r spectrum recorded. 'H n.m.r

spectrum was identical to that above minus the peaks due to pyridine.
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7.3.3.4 _ Svynthesis__ of  1.2.di(pyrrolidin-1-yl)ethane __osmium{VI] 1.2-
diphenylglycolate.CH,Cl, (101)

The bis-pyrrolidine (65) (27 mg, 0.16 mmol) was added to a stirring solution of the
pyridine osmium complex (100) (87 mg, 0.15 mmol) in dry toluepe (5 ml). The brown
suspension was stirred for 10 min before the solvent was removed. The resulting solid
was washed with pentane (3 x 3 ml), dissolved in dichloromethane and the solvent
evaporated to afford a light brown solid. The solvent was removed and the resulting
solid washed with pentane (3 x 3 ml), and dichloromethane (3 x 3 ml) to afford the
1.2-di{pyrrolidin- 1 -yl)ethane osmium(VI) 1,2-diphenylglycolate (101) as a pink solid
(75 mg, 90 %). (Found: C, 44.3, H, 4.9, N, 4.1. C»sH14CI2N>0,0s requires C, 43.7, H,
4.9, N, 4.1). Viax (KBr): 3044w, 3022m, 2966w, 2900w, 2856s, 1650s, 1638s, 1600w,
1444s, 1333w, 1277m, 1105m, 1055s, t000s, 955s, 827s, 730m, 686s, 672sm 605s,
583 cm’. 'H n.m.r (300 MHz, CDChy): 8 1.78-2.00, m, 2H and 2.12-2.34, m, 2H,
H3", H4™; 2.76-2.94, m, 2H and 3.24-3.40, m, 2H, H2", H5"; 3.80-4.00, m, 4H, H1",
H2" 5.03, s, 2H, HI1, H2; 7.08-7.32, m, 10H, ArH."*C n.m.r. (100 MHz, CDCl): §
220, 22.1, C2™, C3"™; 61.1, 61.1, CI™, C4™; 63.12, CI", C2"; 99.0, C1, C2; 127.2,
C5'; 127.6, C2', C6'; 127.9, C¥', C5'; 142.0, C1'. Mass Spectrum (EST', MeOH): m/z
627.2 (IM+Na]") C24H3,04N,0sNa.
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7.3.3.5 'H n.m.r studies_of the reaction between_bis-pyridine osmium(VI]
glycolate  (100) and 1-((2R.SR)-2 5-(dimethylpyrrolidin-1-yl)-2-(pyrrolidin-1-
D)ethane (66

e .
Ph e
/ Ph \\\\\“"" \\
Ph

o 2N
N

Qs

. Nj _—_:h/m N,
O

(102) ; ;

(100) +

(66) F |
Y
(2 eq)

A solution of the bis-pyridine osmium(VI) glycolate (100) (10 mg, 1.7 x 10 mmol)
in base washed CDCl; was syringed into an n.m.r tube. The 'H n.m.r spectrum
recorded (spectroscopic values as in Section /.3.3.1), and the contents were then
emptied in to a sample vial containing 1-((2R,5K)-2,5-dimethylpyrrolidin-1-yl)-2-
(pyrrolidin-1-yl)ethane (66) (5.0 mg, 2.60 x 10> mmo!). The solution was syringed
into the n.m.r tube and the 'H n.m.r spectrum was recorded. The 'H n.m.r. spectrum
showed that the reaction had gone to 50% completion. The displaced pyridine was
removed in vacuo and the resulting solid was washed with dichloromethane (3 x 20
ml) to facilitate the complex formation. The resulting brown solid was dried and
redissolved in fresh, base washed CDCl; and the ' H n.m.r spectrum recorded. The
'H n.mr spectrum showed that the reaction had gone to completion. Two
diasterionieric osmium cemplexes ((R,R.R,R)-(102) and (R,R.S.5)-(102) were
observed. Separation of the diastereoisomers was not attempted.'H n.m.r (300 MHz,
CDCly): 8 1.20,d,J7.0 Hz, 3H, 1.24,d,J 6.7 Hz, 3H, 1.32,d, J 6.3 Hz, 3H and 1.56,
d, J 6.5Hz, 3H, 2 x (2 x CH3); 1.67-2.30, m, 16H, 2 x (H3™, H4™, H3™ H4™™); 2.50-
3.68, m, 14H and 3.81-3.88, m, 4H, 2 x (H1", H2”, H2™, H5™); 4.32-4.48, m, 2H, 2 x
(H2™);, 4.92. dd, /9.2, 5.3 Hz, 2H and 5.03,d, J 9.2 Hz, 2H, 2 x (H1, H2); 7.02-7.12,
m, 8H, 2 x (H3’, H5%; 7.16-7.24, m, 12H, 2 x (H2’, H6", H4").

167




o ek bt e o o

b A

e r A e

A T ke nme e

T e =
g i o b T T i T

T,

L1 L T

Chapter 7

7.3.3.6_Svynthesis of the 1-((2R.5R)-2.5-dimethvlpyrrelidin-1-yl)-2-(pyrrolidin-1-
yllethane osmium glycolate (102)

Ph \\\\\‘-""O\
~N

5 25N
N4

Os
|
/ © N

Ph
(102)

The bis-pyrrolidine (66} (20 mg, 0.102 mmol) was added to a stirring solution of the

bis-pyridine osmium complex (100) .(43 mg, 7.30 x 107 mmol) in dry
dichloromethane (5 ml). The brown suspension was stirred for 3 hours before the
solvent was evaporated. The resulting brown solid was redissolved in
dichloromethane (3 x 3 ml) and the solvent evaporated. The brown solid was
dissolved in a minimum amount of dichloromethane, and pentane was added. The
black precipitate formed was removed by filtration and the filtrate concentrated to
afford the desived complex (102) as a light brown solid (35 mg, 76%). 'H n.m.r, (300
MHz, CDCl;): As given in Section 7.3.3.5. '*C n.m.r. (100 MHz, CDCly): 8 150,
159, 17.9, 19.0,2 x 2 x CH;); 21.6, 21.7,21.8, 21.9, 28.9, 28.9,29.2,29.4, 2 x (C3",
C4™, C3™, C4™); 55.1, 55.5, 60.0, 60.4, 61.4, 62.2, 624, 62.7, 2 x (C1", C2”, C2™,
C5™); 60.8, 61.3, 65.6, 66.2, 2 x (C2™, C5™); 98.8, 98.9, 99.4,99.5, 2 x (Cl, C2);
127.2, 127.3, 127.8, 128.1, 128.2, 2 x (C2’, C3", C4’, C5°,C6"); 141.9, 142.1,2 x (C1).
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7.4 Other asymmetric reactions using (2R.5R)-2.5-dimnethyl pyrrolidine ligands

(i) Asymmetric biaryl coupling reactions using copper catalysts

7.4.1 Synthesis of methyl 3-hydroxy-2-naphthoate (109)
0

OCH,

OH
(108)

Concentrated suiphuric acid (0.8 ml) was added to a stirring solution of 3-hydroxy-2-
napthoic acid (114) (4.00g, 21.3 mmol) in methanol (28 ml) and the resulting yellow
solution was refluxed for 18 h. After cooling the reaction mixture, the methanol was
removed under reduced pressure. The resuiting yellow solid was dissolved in diethyl
ether (200 ml) and the pH adjusted to 8 using a NaHCO; (sat.) solution. The aqueous
layer was extracted with diethyl ether (3 x 100 ml). The combined organic layers were
washed with water and brine, dried with MgSO;, filtered and evaporated to afford the
desired product (109) as a yellow solid (1.84 g, 43%). m.p. 75-77°C (lit.**' 73-74 °C).
Vmax (KBr): 3178bs. 1683s, 1627m, 1577w, 15035s, 1439s, 1416m, 1316s, 1277s,
1211s, 1144m, 1072s, 950m, 866m, 789s, 589s cm’. 'H n.m.r. (300 MHz, CDCly): §
4.02,s, 3H, OCHj; 7.29-7.35, 2H, m, H4, H7; 7.49, dt, J 6.7, 1.2 Hz, 1H, H6; 7.68, d,
J 8.4 He, IH, HS; 7.79, d, J 8.4 Hz, |H, H8; 8.49, s, HI; 10.43, 5, 1H, OH. "*C n.m.r.
(100MHz, CDCl;): & 52.4, OCHj; 111.37, C4; 113.85, C2; 123.62, C7: 126.0, C5;
126.7, C8a; 128.9, C6, C8; 132.1, Cl; 137.5, Cda; 1559, C3; 169.9, CO. Mass
Spectrum (ESI", MeOH): m/z 224.9 ((M+Na]™).

7.4.2 Synthesis of Cu(OH)CI.1.2-di(pyrrolidine-1-y]) ethane (Cu(OH)CIL.(65

e

Reactions were carried out using the general procedure described by Nakajima et
al 136
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A mixture of Cu(I)Cl (59 mg, 0.595 mmol) and 1,2-di(pyrrolidine-1-yl)ethane (65)
(200 mg, 1.19mmol) in methanol (20 ml) was stirred under an oxygen atmosphere at
room temperature for 2 days. After reducing the methanol (to 5 mi) the reaction
mixture was centrifuged. The filtrate was decanted and the resulting solid was washed
with a small amount of cold methanol. A green solid was isolated of the tiited
compound (99 mg, 59%). m.p. 110-115°C.

7.4.3 Synthesis of Cu(OH)CI.1,2-bis-((2R,SR}-2,5-dimethylpyrrolidin-1-yl)ethane
(Cu(OH)CL.(43))

%

£/

'y, o,
s,

N N
\Cu /
HO™ g

" Tt tas.,

A mixture of Cu()Cl (70 mg, 0.711 mmol) and 1,2-bis-((2R,5R)-2,5-
dimethyipyrrolidin-i-yl)ethane (43) (319 mg, 1.42mmol) as described above (Section
7.4.2) gave the titled copper complex as a chocolate brown solid (166 mg, 69%). m.p.
100-105°C.

71.4.4 Synthesis of Cu(OH)CL.2-((2R.SR)-2.5-dimethvlpyrrolidin-1-yhethylamine
(Cu(OH)C1.(62))

N NH
\Cu e 2
HO™ i

mﬁm.._

A mixture of Cu(T)Cl (179 mg, 1.81 mmol) and 2-((2R,5R)-2,5-dimethylpyrrolidin- I-
yhethylamine (62) (514 mg, 3.61 mmol) in dichloromethane (10 ml) as described in
Section 7.4.2 gave the titled compound as a khaki green solid (260 mg, 71%). m.p.
107-110°C.
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7.4.5 _Synthesis _of Cu(OH)Cl.1-amino-2-((2R 5SR)-2.5-dimethylpyrrolidin-1-
yhbenzene (Cu(OH)CL.(55))

N NH,
Lo
.; HO Ci

A mixture of Cu(+t' (39 mg, 0.395 mmo!l) and 1-amino-2-((2R,5K)-2,5-
dimcthylpyrrolidin-l—yl)be'nzcnc (55) (150 mg, 0.789 mmol) in dichloromethane (10
ml) as described in Section 7.4.2 afforded a the titled complex as a khaki green solid
(113 mg, 53%).

7.4.6 Oxidative coupliiig of 2-naphthol (107)
X

~

OH

OH
(106)
7.4.6.1 Using Cu(OH)CL.1.2-di(pyrrolidine-1-yl) ethane (Cu(QOH)CL(65))

A mixture of the titled copper catalyst (Cu(OH)CL(65)) (10 mg, 3.47 x 102 mmol)
and 2-naphthol (107) (500 mg, 3.47 mmol) in dichloromethane (10 ml) were stirred at

room temperature for 18 h in open air. The reaction mixture had gone dry over the
course of the reaction to afford a brown solid. 'H n.m.r. spectrum of the crude solid
showed 100% conversion to product (106). Puritication of the crude solid using
column chromatography (SiO,, ethyl acetate} afforded 1,1-binaphthalene-2,2" diol
(106) (450 mg, 90%) as a colourless soiid. m.p. 206-210 °C (lit. ™2 208-210°C). Vinax
(KBr): 3500s, 3422bs, 1615s, 1594s, 1511s, 1461s, 1383s, 1344m, 1311m, 1255w,
1216s, 183s, 1144s, 811s, 750s, 667s cm’™'. 'H n.m.r. (300 MHz, CDCls): 8 5.01, bs,
2H, 2 x OH; 7.15, d, J 8.2 Hz, 2H, H3, H3’ 7.28 -7.44, m, 6H H4, H4', H6, H6', H7,
H7';7.89, d, J 8.5 Hz, 2H and 7.98, d, J 8.8 Hz, 2H, HS, HS', H8, H8". "“C n.m.r. (100
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MHz, CDCL): & 111.06, C1, C1% 118.0, C3, C3" 124.3, 124 .4, 127.7, 128.6, C5, C5’,
C6, C6", C7, C7’;, C8, C8% 129.7, Cda, C4a”, 131.6, C4, C4% 133.6, C8a, C8a’ 1529,
C2, C2". Mass Spectrum (ESI", MeOH): m/z 271.1 ([M-OH+2H]"). The spectral data

were consistent with those of an authentic sample.

7.4.6.2 Using Cu(QH)Cl.1.2-bis-((2R,5R)-2.5-dimethylpyrrolidin-1-yl)ethane
(Cu(OH)YCL.(43))

The reactions were carried out as described in Section 7.4.6.1 using 2-naphthol (107)
(100 mg, 0.69 mmol) and the titled copper complex (Cu(OH)C1{43)) (3 mg, 6.94 x

102 mmol) under varying conditions and the resuits are summarised in Table 7.4.1

Table 7.4.1:
Entry | Oxidant | Time | Temp | Mass Products isolated (%)°
(h) (°C) | isolated
(mg) "106) | (i11) | (112) | S/m
(107)
1 air 48 23 103 5 3 trace 92
2 air 7 (days) | reflux 128 0 0 0 100
3 0, 48 23 105 0 59 41 0
4 073 18 23 112 0 0 30 70

a: The ratios of products isolated (%) were determined by 'H n.m.r. spectroscopy of the crude
sample.

Reaction mixture from Entry 3 was purified using column chromatography (SiOa,
ethyl acetate: hexane, 1:5). First to elute was 1,2-napthaquinone (111) as a yellow
solid (47 mg, 24%). m.p. 135-138°C (1it.**® m.p. 143°C). Vinax (KBr): 1654s, 1611s,
1560m, 1459s, 1400s, 1287s, 1247s, 1197m, 1131w, 957m, 849s, 764s, 681m cm’’.
'H n.m.r. (300 MHz, CDCl): & 644, d, J 10.2 Hz, 1H, H3; 7.34-7.38, m, 1H, 8.08-
8.14, m, 1H, HS, HS8; 7.44, d, J 10.2 Hz, 1H, H4; 7.51,1d, J 7.6, 1.4 Hz, IH and 7.65,
d, J 7.6, 1.4 Hz, 1H, H6, H7. °C nm.r. (100 MHz, CDCl3): & 128.1, C3; 130.0,
1304, 131.0, 136.0, C5, C6, C7, C8; 131.7, 134.9, C4a, C8a; 145.5, C4; 178.9, 180.9,
Cl, C2. Mass Spectrum (GCMS/EI", MeOH): m/z 159.2 ([M+H]"). The spectral data

) ) . 223
were consistent with the literature.
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{111}
Next to elute was 2-hydroxy-(1,1%)-binapthyl-3,4-dione (112) as a red/orange solid
@7 mg, 24%). m.p. 138-148°C (lit."*® m.p. 143°C). vy, (KBr): 3388b, 1688m,
1644m, 1622m, 1578s, 1511s, 1428s, 1333m, 1288s, 1244m, 1136w, 1067w, 972m,
906m, 877m, 805s, 777s, 733s cm™. 'H n.m.r. (300 MHz, CDCly): 8 5.91, s, IH, OH;
6.56, s, 1H, H2: 6.89, dd, J 7.4, 1.4 Hz, 1H, 7.34-7.58, m, 5H, 7.82-7.88, m, 1H, 8.20,
dd, J 7.4, 1.4 Hz, 1H, ArH"; 7.29, d, J 8.8 Hz, 1H, 791, d, J 88 Hz, IH, ArH. 'H
n.m.r. (300 MHz, DMSO): § 6.36, s, H2; 6.71, dd, J 7.0, 1.9 Hz, 1H, AtH; 7.28-7.41,
m, 3H, 7.48-7.60, m, 2H, 7.73, m, IH, 7.88, m, 1H, 7.93, d, J 8.8 Hz, 1H, 8.07, dd,
6.9, 1.5 Hz, 1H, ArH; 9.8, s, 1H, OH. PC n.m.r. (100 MHz, CDCl3): § [15.8, 118.1,
120.1, 131.9, 132.3, 135.2, 150.1, 152,6, ArC; 124.3, 124.4, 127.7, 128.6, 129.3,
130.6, 131.0, 131.3, 131.4, 136.0, ArCH; 179.5, 1804, CO. Mass Spectrum (ESI',

MeOH): m/z 323.1 ((M+Na]"). The spectral data were consistent with the literature.'*
0

OH

{112)

74.6.3 Using Cu(OH)CL2-({2R,5R)-2.5-dimethylpyrrolidin-1-yllethylamine
(Cu(OH)CL.(62))

The reactions were carried out as described in Section 7.4.6.1 using 2-naptho! (107)
(100 mg, 0.69 mmol) and the titled copper complex (Cu(OH)CL.(62)) (2 mg, 6.94 x

10" mmol) under varying conditions and the results are summarised in Table 7.4.2.
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Table 7.4.2
Entry | Oxidant | Time Temp | Mass Products isolated (%)°
(h) (°C) | isolated
(mg) (106) (111) | (112) (107)

1 03 72 23 133 0 76 24 0

2 air 7 (days) 23 118 9 8 0 83

3 air 7 (days) | reflux 102 0 0 0 100

a: The ratios of products isolated (%) were determined by 'H n.m.r. spectroscopy of the crude
sample.

7.4.6.4 Using Cu(OH [Cl.l«a‘mino-g-(LZR,SR!-Z,S-dimethxlgxrrolidin—l-xl Jbenzene
(Cu(OH)CI.(55))

The reaction was carried out as described in Section 7.4.6.1 using 2-napthol (107)
(100 mg, 0.69 mmol) and the catalyst (Cu(OH)CL(55)) (2 mg, 6.94 x 102 mmo}) in

dichloromethane (10 ml) under an atmosphere of O, at 23°C for 18 h. The reaction

was worked up as described in Section 7.4.6.1 to afford a brown solid (128 mg).
'H n.m.r. spectroscopy of this solid showed that there was 16% starting material

(107), 73% of the quinone (111) and 11% product (106).

7.4.7 Oxidative coupling of methyl 3-hydroxy-2-naphthoate (109

0
X oCH,8
/ OH
OH
OCH,
(110} 0

7.4.7.1 Using Cu(OH)CL.1,2-di(pyrrolidine-1-yI) ethane (Cu(OH)CL(65)

The reaction was carried out as described in Section 7.4.7.1 using methyl 3-hydroxy-

2-naphthoate (109) (100 mg, 0.49 mmol) as the substrate and the titled copper catalyst
(Cu(OH)CL(65)) (2 mg, 0.49 x 10" mmol). The reaction was refluxed for 2 days. The
resulting brown solid was purifi 3 =:siig column chromatography to afford dimethyl

2,2'-dihydroxy-1,1"-binapthalene-3,3"-dicarboxylate (110)"*® as a colourless solid (100
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mg, 100%). m.p. 280-283°C. Vyux (KBr): 3478bs, 3179bs, 2953m, 1689s, 1624m,
1600m, 1500s, 1438s, 1322s, 1283s, 1222s, 1150s, 10783, 800s em™’. 'H n.m.r. (300
MHz, CDCL): § 4.05, s, 6H, 2 x OCHy; 7.05-7.19, m, 2H, 7.30-7.38, m, 4H and 7.88-
7.96, m, 2H, HS, H5', H6, H6', H7, H7", H8, H8", 8.68, s, 2H, H4, H4’; 10.72, 5, 2H, 2
x OH. '*C n.m.r. (100 MHz, CDCl): 8 53.1, 2 x OCH3; 114.4, C2, C2% 117.2, 127.4,
137.3, C1,C1’, C4a, C4a’, C8a, C8% 124.2, 124.9, 129.6, 130.0, ArCH; 133.1, C4, C4,
154.1,C3,C3" 170.7, 2 x CO. Mass Spectrum (ST, MeOH): m/z 425.2 ((M+NaJ").

Similar reactions were carried out at room temperature under air and in an aimosphere

of oxygen and the results are summarised in Table 7.4.3.

Table 7.4.3:
Entry | Oxidant | Time Temp Mass Products isolated”
(h) °C) isolated (%)
(mg) | S/m(109) | P (110)
! air 48 reflux 100 0 100
2 O, 72 23 102 79 21
3 air 72 23 101 83 17

a: The ratios of products isolated (%) were determined by 'H n.m.r. spectroscopy of the crude
sample.

74.7.2  Using Cu(OH)YCL.1,2-bis((2R.SR)-2.5-dimethylpyrrolidin-i-yl)ethane
(Cu{OHYCL.(43))

The reactions were carried out as described in Section 7.4.7.1 using the titled catalyst
(Cu(OH)YC1.(43)) (2 mg, 4.95 x 107 mmol) and the hydroxy naphthoate (109) (100

mg, 0.49 mmol) and the results are summarised in Table 7.4.4.

Table 7.4.4:
Entry | Oxidant Time Temp Mass Products isolated (%)”
(h) (°C) isolated
(mg) S/m (109) P(110)
| air 120 23 110 100 0
2 10 72 23 110 100 0
3 air 120 reflux 100 100 O

a: The ratios of products isolated (%) were determined by 'H n.m.r. spectroscopy of the crude

sample,
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7.4.7.3 _Using Cu(OH)Cl. _ 2-((2R.5R)-2.S-dimethvlpvrrolidin-1-yllethylamine
(Cu(OH)CL.(62))

The reactions were carried out as described in Section 7.4.7.1 uvsing the titled catalyst

(Cu(OH)CL(62)) (2 mg, 4.95 x 10"* mmol) and the hydroxy naphthoate (109) (100

mg, 0.49 mmol) and the results are summarised in Table 7.4.6.

Table 7.4.5
Entry | Oxidant Time Temp Mass Products isolated (%)’ ;
M) (°C) isolated | S/m P | ee(%) | Optical rotation 3
(mg) | (109) | (110) 35 1
1 0, 72 23 110 83 | 17 | 23°(S) | -38° (c0.44, THF)
2 Air 7 (days) | reflux 121 0 100 6 not measured i
3 0 10 (days) 23 111 87 13 - - :
a: The ratios of products isolated (%) were determined by 'H n.m.r. spectroscopy of the crude
sample. b, % ee was measured by comparing the measured optical rotation value with the

literature optical rotation lit for (R)-(110)is [ E’ + 172° (¢ 0.82, THF).

71.4.7.4 Using Cu(OH)CL 1-amino-2-((2R.5SR)-2.5-dimethylpyrrolidin-1-vl)benzene
(Cu(OH)CL.(55))

The reactions were carried out as described in Section 7.4.7.) using the titled catalyst
(Cu{CLTL(55)) (2 mg, 495 x 10 mmol) and the hydroxy naphthoate (109) (100
mg, 0.495 mmol) with dichloromethane (10 ml) and the results are summarised in
Table 7.4.7.

Table 7.4.6
"Entry | Oxidant Time Temp Mass | Products isolated (%)°
(h) (°C) isolated S/m P
{mg) (109) (110)
1 0, 18 23 128 100 0
2 air 18 reflux 121 100 0

a: The ratios of products isolated (%) were determined by 'H n.m.r. spectroscopy of the crude

sample.
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(ii) Asymmetric palladium-catalysed allylic alkylation reactions

7.4.8 Synthesis of (+)-1.3-diphenylprop-2-en-1-vl acetate (117)
o)

M

o} CH,

AN

(117)
The acetate (117) was synthesised using the method described by Wang ez al..'®’
1,3-15 oaylprop-2-en-1-one (118) (5.00 g, 22.7 mmol) in diethyl ether (40 ml) was
added dropwise to a suspension of LiAlH, (431 mg, 11.4 mmol) in diethy! ether (20
ml). After addition was completed, water (40 ml) was added dropwise (CAUTION?!).
The mixture was extracted with diethy] ether (7 x 40 ml) and the organic phase was
washed with NaHCO; (sat.), water, brine, dried over MgSO, and concentrated under
reduced pressure to afford (¥)-1,3-diphenylprop-2-en-1-o0l (119) as a yellow oil (4.54
g, 90%). vmax (neat): 3356bs, 3056s, 3022s, 1600s, 1489s, 1444s, 1394m, 1094s,
1067s, 1011s, 961s, 744s, 694s cm™'. 'H n.m.r. (300 MHz, CDCls): § 5.39, m, 1H, H1;
6.38,dd, J 15.9, 6.5 Hz, 1H, H2; 6.69, d, J 15.9 Hz, 1H, H3; 7.16-7.46, m, 10H, ArH.
BC n.m.r. (100 MHz, CDChL): § 75.4, Cl; 126.6, 126.9, C2’, C6’, C2", C6™ 128.1,
C4’, C47 128.8, 128.9, C2’, C6’, C27, C6™ 130.8, C2; 131.7, C3; 136.7, C1% 143.0,
Cl1”.

OH

AN

(119)
Acetic anhydride (1.13 ml, 12 mmol) and triethylamine (20 ml) were added to ()-
1,3-diphenylprop-2-en-1-ol (119) (4.54 g, 20.4 mmol) and stirred at ambient
temperature for 18 h. The reaction mixture was then poured into water and extracted
with diethyl ether (3 x 50 ml), dried over MgS0, and concentrated in vacuo. The
residue was purified using flash chromatography (SiO,, ethyl acetate: hexane, 1:4) to
give the desired acetate (117) as a yellow oil (4.98 g, 97%). Vi (neat): 3055s, 3022s,
2922m, 1733s, 1683m, 1594w, 1489s, 1444m, 1367s, 1233s, 1056m, 1017m, 961s,
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] 911m, 739, 694s cm™'. 'H n.m.r. (300 MHz, CDCis): 8 2.14, s, 3H, OCH;3; 6.35, dd, J ]
’ 15.7, 6.8 Hz, 1H, H2; 6.44, d, J 7.3 Hz, H, H1; 6.64, d, J 15.7 Hz, 1H, H3; 7.20-
: 7.42, m, 10H, ArH. °C n.m.r. (100 MHz, CDCly): & 21.6, OCHy; 76.4, CI; 1269,
§ 127.2,C3, C5°, C3",C5™ 127.7, 128.3, 128.4, 132.8, C2, C3, C4°, C4™, 128.8, 128.9, ;
§i
C2’, C6’, C27, C6™ 136.4, 139.5, C1", C17 170.3, CO. Mass Spectrum (EST*, MeOH):
; miz 237.1 ((M+Na}*). The spectral data were consistent with the literature.'*’
7.4.9 Preparation of (-)-dimethy! 2-(13-diphenylprop-2-en.1-yl;malonate (120
w 7.4.9.1 Using 1.2-bis-((2R.5R)-2.5-dimethylpyrrolidin-1-yl)ethane (43 :"___
Reactions were carried out using a modified procedure described by Leutenegger et
_'}, al."* and a typical procedure is cutlined below.

The diamine Jigand (43) (7.6 mg, 0.04 mmol) in degassed dichloromethane (5 1ni; was
added to a three necked flask under N containing allylpalladium chloride dimer ([m*-
C3Hs)PACl)) (5.8 mg, 16 x 10~ mmol). The solution was subjected to three freeze- '

pump-thaw cycles and refluxed for 2 h and cooled to ambient temperature. In a
separate flask under N>, anhydrous potassium acetate (spatula tip) was added to a

solution of the acetate (117) (100 mg, 0.40 mmol}, dimethyl malonpate (118 mg, 0.89

mimol) and N,O-bis(trimethylsilyl)acetamide (0.29 ml, 1.19 mmol) in
1 dichloromethane (10 ml). The suspension was subjected to three freeze-pump-thaw
cycles, after which the first palladium solution was transferred by canula into the
; suspension, and the resulting mixture stirred for 18 h. The reaction was quenched with
_3_ HCI (1 M) (5 ml) and extracted with dichloromethane (3 x 20 ml). The combined
organic layers were dried and concentrated to afford (-)-dimethyl 2-(1,3-
diphenylprop-2-en-1-yl)malonate (120) as an opaque 0il (128 mg, 100%). Vnax (neat):
3033s, 2955s, 1750s, 1733s, 1594m, 1494s, 1450s, 1433s, 1316s, 1255s, 1194s,
‘ 1155s, 1022s, 967s, 744s, 694s cm™. 'H n.m.r. (300 MHz, CDCl3): § 3.51, s, 3H, and
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3.70, s, 3H, 2 x OCHj; 3.96, d, J 10.8 Hz, 1H, H1; 4.26, dd, J 11.0, 8.4 Hz, 1H, H1",
6.33, dd, J 15.8, 8.5 Hz, 1H, H2", 6.48, d, J 15.8, 1H, H3", 7.18-7.34, m, 10H, ArH.
B¢ n.m.r. (100 MHz, CDClL): & 49.5, C2; 52.7, 52.9, 2 x OCHj;; 58.0, CI’; 126.7,
128.2, C3”, C5”, C3™, C5™ 127.5, 1279, C4”, C4™ 128.8, 129.0, C27, C6™, C27,
Cé6™ 129.4, 132.1, C2’, C3% 137.1, C1" 1405, C1™ 168.1, 168.5, 2 x CO. Mass
Spectrum (EST", MeOH): m/z 347.1 ([M+Na]"). The acetate was further purified as
described in Section 7.3.1 and injected in to the HPLC instrument containing the
chiral OD column (0.2 mi/min, detection at 250 nm, 2% isopropanol: 98% hexane) to
give two peaks: The (R) acetate (120) R, = 52.7 min (6%) and the (S) acetate (120) R,

= 13.3 min (94%). The spectral data were consistent with the literature.'*°

A similar reaction was carried out as above, but after the canula transfer the reaction
mixture was heated at reflux for 1 h. The reaction was worked up as above to afford a
brown oil (120 mg). 'H n.m.r. spectroscopy showed 100% conversion to the desired

malonate (120) witk an enantioselectivity of 75% ((3)).

7.4.9.2 Using 1.2-bis-((2R.SR)-2,S-dimethyipyrrolidin-1-yl)benzene (44)
Reactions were carried out as described in Section 7.4.9.1 using 1,2-bis-((2R,5R)-2,5-

dimethylpyrrolidin-1-yl)benzene (44) (10.8 mg, 0.04 mmol). The reactions were
cartied out al ambient temperature and at reflux. After working up the reactions
brown oils were isolated. 'H n.m.r. spectroscopy of this crude oil showed that only the

presence of starting material (117) and dimethyl malonate.

7.49.3 Using 1-((2R.5R)-2.5-(dimethylpyrrolidin-1-yl)-2-(pyrrolidin-1-vl)ethane
(66)

Reactions were carried out as described in Section 7.4.9.1 using ligand (66) (6.6.mg,

0.04 mmol) at ambient temperature. After working up the reaction a brown solid (122
mg) was isolated. 'H n.m.r spectroscopy of the crude solid showed 100% conversion

to the malonate (120) with an enantioselectivity of 31% for the (S)-malonate (120).
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Chapter 7
. 7.4.10 '"H n.m.r studies with allvlpalladium chloride dimer
7.4.10.1 Using 1.2-bis-((2R,5R)-2.5-dimethyipyrrolidin-1-yiethane (43) | ‘
i - . |
| [ S \"-—5
N “\\\\ ‘\\'I“\
L Ja
(43}
Diamine ligand (43) (12 mg, 6.32 x 10 mmol) was dissolved in CDCl (2 ml) and ;_
the solvent transferred to an n.m.r. tube. 'H n.m.r. (300 MHz, CD,Cl»): $0.96, d, J 6.2
s Hz, 12H, 4 x CH3; 1.28-1.42, m, 4H and 1.86-2.08, m, 4H, H3, H4 and 2.48-2.70, m,
4H,2.94-3.04, m, 4H, H2, HS, HY’, H2"
After the "H n.m.r. spectrum was recorded the contents were transferred to a three
necked flask, under nitrogen containing allylpalladium chloride dimer ('
C3;Hs)PdCI], (11.5 mg, 3.16 x 10" mmol). The solution was subjected to three freeze-
pump-thaw cycles and refluxed for 2 h. The reaction mixture was cooled to ambient
temperature and the contents were transferred by canula to a n.m.r. tube and the 'H
n.m.r. spectrum recorded. 'H n.m.r. (300 MMz, CD:Cla): § 1.27,d, J 6.6 Hz. 12H, 4 x
CHs; 1.70-1.82, m, 4H and 2.01-2.43, m, 4H, H3, H4; 2.82-2.96, m, 2H, 2.96-3.00, m, :
4H and 3.22-3.42, m, 2H, H2, H5, H1', H2"
7.4.10.2 Using 1.2-bis-((2R.5K)-2.5-dinzethylpyrrolidin-1-yDbenzene (44)
- - :
‘ 0‘7 ’Q‘*mm g
\ / \ n 3
«-Pd-—-- l / /Pd-——> \r
, N \ N 4
e, ey, fr
o -
- Ja
(44)
The reaction was carried out as described in Section 7.4.10.1 using 1,2-bis-((2R,5R)- i
2,5-dimethylpyrrolidin-1-yl}benzene (44) (1.7 mg, 6.32 x 107 mmol). Diamine ligand
(44) was dissolved in CD>Cly (2 ml) and the solvent transferred to an n.m.r. tube and ?
:E
{
| b
g 180 ‘ i
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the 'H n.m.r. spectrum recorded. 'H n.m.r. (300 »iriz, CD;Ch): § 0.57, d, J 6.3 Hz,
6H, 1.10, d, J 5.8 Hz, 6H, 6 x CHj; 1.38-1.58, m, 4H, 2.04-2.20, m, 4H, H3, H4; 3.70-
g 1.80, m, 2H, 4.10-4.20, m, 2H, H2, HS; 6.82, 5, 4H, ArH.

After the 'H n.m.r. spectrum was recorded the contents were transferred to a three

necked flask, under nitrogen containing allylpalladium chloride dimer (-

CiHs)PdCl)> (11.5 mg, 3.16 x 10° mmol) and the identical procedure as described in

3 section 7.4.10.1.was followed. 'H n.m.r. spectrum carried out after refluxing the
reaction mixture for 2 h. The 'H n.m.r. spectrum was identical to that recorded before
the addition of the allylpalladium choloride.
(iii) Asymmetric grignard reactions
7.4.11 Synthesis of (£)-2-phenvlethan-2-o! (126)
OH oM
~
R-(126} 5(126)

Benzaldehyde (123) (0.01 mi, 0.134 mmol) was added to a stirring solution
methylmagnesivm bromide (125) (0.04 ml, 0.36 mmol) in toluene (10 ml) vnder
nitrogen at -73°C. The mixture was stirred at this temperature for a further 4 h. The

reaction mixture was quenched with 10% HCI (10ml) and extracted with diethyl ether

(3 x 20 ml). The combined organic layers were evaporated to afford a colourless oil.

The 'H n.m.r. spectrum showed a mixture of product (126) (37% conversion) and E

starting material (126) "H n.m.r. (300 MHz, CDCly): 8 1.49, d, J 6.4 Hz, 3H, HI; 4.89,
q,/ 6.4 Hz, IH, H2; 7.20-7.42, m, 5H. H2’, H3’, H4", H5’, H6". :
: The crude alcohol was purified for HPLC analysis using t.l.c. as described in Section ?
t 7.3.1. The solution of diol in isopropanol (20 pl) was injected into the HPLC ;
instrument containing the chiral OB column (1.0 ml/min, detection at 250 nm, 10%

T T et

isopropanol: 90% hexane) to give two peaks. R, = 12.09 min, R, = 15.33 min in a ratio

of 1:1. The spectral data were consistent with those of an authentic sample.
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7.4.12 Asymmetric synthesis of 2-phenyl-ethan-2-ol {(126)
OH

][]
I

A-(126) S(126)

Reaction was carried out as described by Tomioka er al..***

Methylmagnesium bromide (125) (0.04 ml, 0.36 mmol) was added to a stirring
solution of chiral diamine (43) (100 mg, 0.45 mmol) in toluene under nitrogen at -
78°C. The mixture was stirred for 45 min before benzaldehyde (123) (0.01 mil, 0.134
mmol) was added. The reaction mixture was stirred at -78°C for a further 2 h. The
reaction was worked up as described in Section 7.4.11 to afford a colourless oil (86
mg). The '"H n.m.r. spectrum of this crude oil showed 35% conversion to product
(126} together with starting material (123) and the ligand (43). Purification for HPLC
was carried out as described in Section 7.4.1!, gave two peaks at R, = 12.02 min

(50%) and R, = 15.31 min (50%).

7.4.13 Synthesis of a-naphthylphenylcarbinol (124)

R-{124)

The reaction was carried out as described in Section 7.4.11 using phenviriagnesium
bromide (128) (0.62 ml, 1.66 mmol) and o-naphthaldehyde (127) (100 mg, 0.64
mmol). The reaction mixture was stirred at ambient temperature 1.5 days. The yellow

oil (244 mg) isolated, after work up, wi- purified using radial chromatography.

The first to elute was biphenyl (51 mg, 52%) as a colourless solid. m.p. 68-70°C
(it 69-72). Vaax (KBr): 3055s, 3832s, 2996m, 1944w, 1597m, 1569m, 1479s,
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1429s, 1343m, 116%9m, 729s, 696s em™. 'H n.mur. (300 MHz, CDCl3): 87.33,tt,J 7.4,
2.2 Hz, 2H, H4; 7.43, 1, 7.4, 4H, H3, H5; 7.58, d, J 7.4 Hz, H2, H6. '*C n.m.r. (100
MHz, CDCl3): & 123.6, C3, C4, C5; 124.5, C2, C6; 140.8, C1. Mass Spectrum (ESI',

MeOH): m/z 140.9 ((M+Na]"). The spectral data were consistent with the literature.”
\__7/
Next to elute was the titled alcohol (124) as a orange oil (80 g, 53%). v (neat):
3354bs, 3060s, 2380s, 1950s, 1706m, 1674m, 1596s, 1513s, 1452s, 1395m, 1373m,
1231m, 1165s, 1051s, 989s, 909 cm™. 'H n.m.r. (300 MHz, CDCly): & 2.48, bs, IH,
OH; 6.46, s, 1H, H1; 7.18-7.48, m, 8H, H3’, HS’, 116°, H7", H8’, H3”, H4", H5™; 7.57,
d,J7.1 Hz, 1H, H4", 7.77,4d,J 8.1Hz, 1H, 7.82,d, 759 Hz, 1H,7.98,d, / 8.9 Hz, 1H,
H2', H2", H6”. *C n.m.r. (100 MHz, CDCls): § 73.8, C1; 115.5, 124.2, 1248, 125.5,

125.7, 126.3, 127.3, 127.8, 128.6, 128.7, 128.9, 129.7, ArCH; 130.9, 134.1, 138.9,
143.2, ArC. Mass Spectrum (ESI*, MeOH): ri/z 235.0 ((M+H]").

7.4.14 Synthesis of the Moshers ester of a-naphthylphenylcarbinol (130)

$.R-{130) 5,5-(130)

A solution of 1,3-dicyclohexylcarbodiimide (94 mg. 0455 mmol) in dry
dichloromethane (10 ml) and 4-dimethylaminopyridine (<10 mg) was added to a
stirred solution of a-naphthylphenyicarbinol (124) (71 mg, 0.303 mmol) and (S)-(-)-
o-methoxy-o-(trifluoromethyl)phenylacetic acid ((-)-MTPA) (129) (167 mg, 0.455
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mmol) in dry dichloromethane (10 ml). The reaction was stirred under nitrogen ai
room temperature for 2.5 h. The reaction mixture was quenched with water and
extracted with dichloromethane (3 x 10 ml). The combined organic layers were
washed with water, dried (MgSO,), filtered and evaporated to afford a cream solid.
Column chromatography afforded the two diastereoisomers as a colourless solid {130)
(100 mg, 73%). 'H n.m.r. (300 MHz, CDCl3) (two diastereocisomers): 8 3.38-3.43, m,
3H and 3.48-3.52, m, 3H, 2 x OCHs; 7.18-8.00, m, 36H, H1, 34ArH. "°F n.mur
(300Mz, CDCl3) (two diastereoisomers): 6 71.7, and 71.8, 2 x CF;. Mass Spectrum
(EST", MeOH): m/z 473.3 ([M+Na]").

7.4.15 Asymmetric synthesis of a-naphthylphenylcarbinol (124)

HO

R-(124) S-(124)
The reaction was carried out as described in Section 7.4.12 using chiral diamine (43)
(115 mg, 0.513 mmol), a-napthaldehyde (127) (0.02 ml, 0.155 mmol) and
phenylmagnesium bromide (128) (0.15 mi, 0.404 mmel) in toluene (10 mi) for 13 h at
~78°C. The reaction was worked up as described in Section 7.4.11 to afford a yellow

oil (220 mg). 'H n.m.r. specroscopy showed that the reaction showed only starting

material (127), ligand (43) and residual solvent.

(iii) Asymmetric hydroformylation of styrene (8)

5{134) A-{131)

184

=
&
b
L
b
&
i

3
3
T
Ji
i
7
[

TR BRI

Lt

g

e

by et "R A

Ei



Chapter 7

Hydroformylation was carried out using the general procedure described in Section
7.1.3. Styrene (8) (100 mg, 0.96 mmol), chiral diamine (44) (5 mg, 1.9 x 10”° mmol)
and rhodium(iI) acetate dimer (4 mg, 9.8 x 10° mmol) were dissolved in
deoxygenated benzene (10 ml) in a 100 mi Parr antoclave which then was pressurised
with CO/H; (e.g, 1000 psi, 400 psi). The reaction mixture was heated (e.g 50°C,
80°C) for the desired time (18 h, 48 h). At the end of each reaction period, the
autoclave was cooled 10 ambient temperature' before the pressure was released. The
mixture was concentrated and the 'H n.m.r. spectrum of the crude ma‘erial showed a
mixture of terminal (132) and branched (131) sldehydes (see Table 7.4.7 for ratios).
Terminal aldehyde (132) (3-phenylpropanaldehyde (132)). 'H n.m.r. (300 MHz,
CDCl): 6 2.78,t,J 7.3 Hz, 2H, H2; 297, t,J 7.5 Hz, 2H, H3; 7.17-7.45, m, 5H, ArH;
9.83,t,J 1.4 Hz, I1H, CHO.

The branched aldehyde (131) ((R)-2-methyl-2-phenyl-ethylaldehyde (R-(131))) and
(S)-2-methyl-2-phenyl-ethylaldehyde (§-(131))). 'H n.m.r. (300 Mz, CDCl3): § 1.44,
d, J 7.0 Hz, 3H, CHs; 3.63, qd, J 7.0, 1.4 Hz; IH, CH; 7.17-7.45, m, 3H, ArH; 6.88, d,
J 1.4 Hz; iH, CHO.

The enantiomeric excess of the branched aldehyde was determined from the '"H n.n.r

spectrum using shift reagent [Ell(th)_q].nG

The reactions carried out at varying temperatures, pressures and times and the results

are summarised in Table 7.4.7.

Table 7.4.7:
Entry | CO/H; | Temp Time Mass Products isolated (%)
(psi) (°C) (h) isolated | 3/m (131) (132)
(mg) (8) (% ee)
i 1000 80 20 135 0 83 17
2 400 50 20 130 50 44 6
3 400 50 48 104 ¢ 88 (15% ee) 12

a: The ratios of products isolated (%) were determined by

sample.

H n.m.r. spectroscopy of the crude
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7.5 Attempted synthesis of (25.55)-2.5-dimethyvl aziridine based ligands
(56) and (57

7.5.1 Synthesis of (2R.3R)-2 3-butanediol (23)
OH

OH
(R.A)-(23)

Method A

Baker’s yeast (150 g) was added to a solution of white sugar (CSR™) (350 g) in
i.5 L. After stirring this mixture for 24 h, 250 g of sugar was added to the reaction
mixture. Stirririg was continued for 24 h before a further 70 g of sugar was added
followed »v 35 g of yeast. The reaction mixture was stirred for 72 h before being
filterec throughh a Celite plug. The filtrate was reduced in volume (300 mi) and
continuously extracted with dichloromethane (500 ml) for 48 h, to afford an orange
oil (3.00 g}. Ths 'H a.m.r. spectrum of the crude oil showed (2R,3R}-butanediol (23)
(80%) together with meso-butanediol (23} (20%). Purification by column
chromatography (SiO,, ethyl acetate: hexane, 1:4) afforded the titled product (23) as a
vellow oil (600 mg). [e¢f -13.3° (neay) (it?'"® lo] -13.3° (neat)). Viax (neat):
3400bs, 2977s, 2900s, 1722s, 1605w, 1650m, 1377s, 1272s, 1161s, 1083s, 101ts,
994s, 968s, 933s, 889s, 811s cm™’. 'H n.m.r. {300 MHz, CDCly): § 1.17,d, J 6.1 §iz,
6H, H1, H4; 3.46-3.58, m, 2H, H2, H3; 2.73, bs, 2H, 2 x O} °C n.m.r. (100 MHz,
CDCl3): 8 19.5, C1, C4; 72.7, C2, C3. Mass Spectrum (EST', MeOH): m/z 112.8
([(M+Nal"). Analysis by GC indicated only one component: (Chrompack-WCOT
Fused silica coating, CP Chirasil-Dex CB DF=0.25; 50-200°, 5°/min): R, 14.] min
6

(100%) (2R,3R). The spectral data were consistent with the literature. *!
Note: Spectroscopy detaiss of the meso-diol (23) are given in Method B.

Method B

Synthesis of the dio! (23) was achieved using the modified method of Leiser ef al.”?
Reaction was carried out as described in Section 7.2.1 Method A using butanedione
(134) 2 x 5 g, 116 mmol). An orange oi! (5.00 g) was isolated after continuously

extracting the filtrate. "H n.m.r. spectrosc - - »f the crude oil showed a mixture of the
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chiral diol (23) (50%) and the meso-2,3-butanediol (23) (50%). Column
chromatography was attempted to separate the products but was unsuceesstul. The "N
n.m.r and "*C nawr. spectra were consistent with the speetea quoted in Method A for
the (2R,3R) dio) (23). Spectral details for the meso-diol (23) are as below:

'H n.m.r. (300 MHz, CDCly): & 1.12, d, J 6.3 Hz, 6H, 2 x Clly; 3.32, bs, 2L, 2 x O
3.73-3.83,m, 2H, H2, H3. "*C nun.r. (100 MHz, CDCl3): 8 17.1, C1,C4 710, C2. C3.
The spectral data were consistent with the literature.”™® Analysis by GC indicated
three components: (Chrompack-WCOT Fused silica coating, CP Chirasil-Dex CB
DF=0.25; 50-200°, 5°/min); R, 12.1 min (4%) (25.35), R, 12.2 min (46%) (2R.IR) and
12.7 min (50%) (meso).

Method C

Synthesis of the diol (23) was achieved using the modified method of Smallridge.™"’
2,3-Butanedione (134) (0.37 ml, 4.23 mmol) was added to a paste of yeast (8.76 g)
and water (7.0 ml). This paste was further ground using a mortar and pestle and was
allowed to stand tor 27 h. The yeast washed with ethyl acetate (250 mD and the
organic layer concentrated to afford 2,3-butanediol (23) as a light yellow oil (300 mg,
79%). 'H n.m.r. spectroscopy showed a 2:1 mixture of the meso-diol (23): chiral
((R,R) and (S,5)) diol (23). Analysts by GC indicated three componentis: (Chrompack-
WCOT Fused silica coating, CP Chirasil-Dex CB DF=0.25; 50-200°, §°/min): R 12.1
min (13%) (25,35), R, 12.2 min (20%) (2R,3R) and 12.7 min (67%) (mese).

7.5.2 Synthesis of (1)-2.3-butanediol (23) and meso-butanediol (23)
OH

OH OH
‘ N ' A/
OM 3n OH

Butanedione {134) was added to a stirring suspension of LiAlH; (1.09 g, 29.1 mmol)
in freshly distilled THF (20 ml) under an atmosphere of N». The resulting suspension
was further stirred for 15 mins. The reaction mixture was cooled to 0°C and
NaSOy. 10H,0 was added until no further gas evolution was observed. The resulting
precipitate was filtered and washed with THF (100 ml). The filtrate was evaporated t
afford a 2,3-butanediol (23) us a yellow oil (450 mg, 86%). The '"Homr. spectrum of

187




Cleyrter 7

this ol showed a 1:2 mixture of the racemic dinl (23 the meso-diol (23 Analysis by
GO andicated theee components: (Chrompack-WOCOT  Fosed  silica coating, CP
Chirasil-Dex CB DESO28; 50-2007, 5%/min): Ry VAR o, (119, €25,38), 101 min,
(125 (ARARY, (4.2 min, (675 (meso).

7.8, Syathesis of (2RM1-2.3:1 Leyelle sulfite (13

9
OF
(1)
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21 mg, 530 mmol), sadiim peniodate (227 g0 106 rumol) and ruthemiumd 1)
cBlonde (20 mg) pave the desired product (24) as e orange ol (518 mp, 64%).
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(100 Mz, CDCLY: § 16.7, C1, C4; 85.5, C2, C3. Mass Spectrum (GCMS, MeOH):

g [ ] ] Sl
mif: 152 (IMP). The spectral dita were consistent with the literature,

7.5,8 Synthesis of N-benzyl-(25,35)-2.3-dimethylnzividine (133

(133)

The reaction was carried out as described in Section 7.2.6. The cyclic sultate (24) (1.2
g 7.89 mmolb) and benzylamine (131 ml. 39.5 mmol) gave the desired product (133)
as o yellow oil (960 mg, 76%). (Found: /s 1841098, {C HisNNa)" ({M+Na]™)
requires 1R TTO2) vy (neat): JO22s, 2978, 2922, 2878, 1600m, 1189s, 1450s,
14225, 13838, 1350w, 1261m, 11505, 11115, 1088, 10275, 788s, 7225, 6 s em . 'H
nae Q00 MUz, CD7LY: 8 L.20,d, 7 5.3 Hy, Mand 130, 4, J 6.0 Hz, 3H, 2 x CHy;
LRS-1.93, m, i and 198204, mo T, H2, H3, 354, 400 142 He, tH and 389, J
1.2 He, THL CHPH 7.20-7.40, m, S, AL VC oo, (100 MHz, CDCly): 8 11,76,
IRR, 2 x CHy 393, 422, C2, C3 556, CH:Ph; 1268, C4°, 1279, C3, 5% 128.5,
CY 0065 1307, C1 Mass spectrum (EST, McOH): m/z 1837 (|M+Na)).

2,50 Attempted synthesis_of (25,35)-2.3-dimethylaziridine _hydrochloride salt
(138)

Cl

H N
\;‘/’

\\\\“!. . \

{134}

The bydrogenolysin of the Nobensyt anrdine (133) was carmied out as desenbed n
Seeton 7.2.7. The N-bensyl azandine (132 (900 mg, 5.59 mmob) was dissolved in
mcthanol (20 mb. The solution was transferred to a Fisher porter tube to which 10%
EHC O mp) was added. The mixdture was stirred under hydrogen (60 pai) for 18 h
hllowang the general hydrogenation procedure described in Section 7.1.2. The
vitalyst was removed by filtration through o Celite pad with cooling. Dry HCH gas

evection 71,1 was bubbled into the fidtrate for 1 h followed by evaporation to afford
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a colourless solid. The 'H n.m.r. spectrum of the crude solid showed neither product

(138) or starting material (133).

1.5.7 Synthesis of (2R,35)-3-azidobutan-2-ol (22)

\Na
$

Ao

-

HO -
{22)

Prepared using a method described by Shustov ef al.™

Sodium azide was added to a stirring solution of the cyclic sulflate (24) in acetone (10
ml) and the mixture stirred for 9.5 h. The reaction mixture was evaporated to dryness
and the solid vedissolved in diethyl ether (10 mi), 3 M HaSO4 (1 ml) was added and
stirred for 3 days. After basifying with NaHCO, (sat.), the mixture was extracted with
diethyl ether (3 x 10 ml). The combined organic layers were evaporated to afforded
the desired product (22) as a yellow oil (355 mg, 99%). 'H n.m.r. (300 MHz, CDCh):
0 1.19,d, J 6.4 Hz, 3H, H1; 1.25,d, J 6.7, 3H, H4; 1.82,d,7 4.7, 1H, OH; 3.55, dq, J
6.7. 3.9 Hz, 1H, H3; 3.80, m, 1H, H2. The spectral data werc consistent with the

. 5
literature.”™!

7.5.8 Synthesis of (25,35)-2,3-dimethylaziridine (25)

M
N

\\\\\"" \

(25)

Prepared using a method described by Shustov et al..™

Triphenylphosphine (12.9 g, 49 mmol) was added to the azido alcohol (22) (1.88 g,
16.3 mmol) under N> and the whole was stirred for 7 h. After which the product (25)
{1.01 g, 73%) was isolated as a clear liquid from vacuum distillation. 'H n.m.r. (300
MHz, CDCl;): 6 0.16, bs, 1H, NH; 1.18, d, J 5.3 Hz, 6H, 2 x CHax; 1.64, m, 2H, C2,

il * . - q
C3. The spectral data were consistent with the literature.”
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7.5.9 Synthesis of 1,2-bis-((25,35)-2,3-dimethylaziridin-1-yl)-1,2-dioxo-ethane
(]

N N

. l>-—

(59)

Triethylamine (1.06 ml, 7.62 mmol) was added to a solution of the dimethylaziridine
(25) (360 mg, 5.07 mmol) in dichloromethane (50 ml) at -78°C under a Nj
atmosphere and the mixture was stirred for 15 minutes. Oxaly! chloride (0.22 ml, 2.54
mmol) was added dropwise and the resulting mixture was stirred for 2 days. The
reaction was quenched with water (100 mil) and diluted with dichloromethane (150
ml). The organic layer was separated and washed successively with 1| M HCI (150 mi
x 3), water (150 ml) and brine (150 mi), dried over MgSQ;, filtered and evaporated to
afford the desired product (59) as a yellow oil (412 mg, 83%). (Found: m/z 219.1105.
(CiaH240.N2Nal* (fM+Na]’) requires 219.1109). v (neat): 2967s, 2922s, 1738s,
1672s, 1433s, 1372s, 1333s, 1305s, 1239s, 1167s, 1133m, 1044, 833m, 761w cm™. 'H
n.m.r. (300 MHz, CDCY;): & 1.37,d. J 5.2 Hz, 12H, 4 x CH3; 2.48-2.58, m, 4H, 4 x
H2, H3. PC nm.r. (100 MHz, CDCly): 8 16.7, 16.8, 4 x CHj; 41.3, C2, C3; 1689,
CO. Mass Spectrum (ESI*, MeOH): m/z 198.0 (IM+H]").

7.3.10 _Attempted synthesis of 1,2-bis-((25,35)-2.3-dimethylaziridin-1-yl)ethane
(36)

/" O\

N N

i l>-—

{56)
A solution of the diamide (39) (152 mg, 0.78 mmol) dissolved in diethy! ether (10
ml), was added to a refluxing suspension of LiAlHs (146 mg, 3.88 mmol) in diethyl
ether (10 ml). The reaction mixture was vigorously stirred at this temperature for a
further 2 h. The mixture was cooled to 0°C and NaSQ,.10H,O was added until no

further gas evolution was observed. The resulting precipitate was filtered and washed
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with THF (100 ml) and the filtrate was evaporated to afford a yellow oil (100 mg). 'H

n.m.1. spectroscopy showed neither starting material (59) or product (56).

A reaction was carried out as described above using diamide (59) (50 mg, 0.26 mmol)
and LiAlH,4 (48 mg, 1.28 mmol) at ambient temperature for 24 h. The reaction was
worked up as above to give a yellow oil (38 mg). 'H n.m.r. spectroscopy showed

neither starting material (59) or product (56).

A similar reaction was carried out using diamide (59) (50 mg, 0.2 mmol) and LiAlH,
(48 mg, 1.28 mmol) at ambient temperature for 0.5 h. The reaction was worked up as
above 1o give a yellow oil (72 mg). 'H n.m.r. spectroscopy showed neither starting

material (59) or product {56).

7.5.11 Synthesis of (2R,3S)-2-acetoxy-3-chlorobutane (140)

Synthesis of the 2-acetoxy-3-chlorobutane (140) was achieved using the method
described by Tanner er al..!™

p-Toluenesulfonic acid (5 mg) followed by trimethyl orthoacetate (0.14 ml, 1.10
mmol) was added to a stirring solution of diol (23) (100 mg, 1.11 mmol) in DRY
dichloromethane (10 ml) under unitrogen. The mixture was stirred for 1 h and
trimethylsilyl chlonde (0.14 mi, 1.11 mmol) was added. The reaction was stirred for a
further 2 h before the dichloromethane was evaporated to afford the desired product
(140) (167 mg, 100%) as a yellow oil. v, (neat): 3456bs, 2977s, 2933s, 2878w,
1736s, 1449m, 1373s, 1239s, 1160w, [102m, 1053m, 1022s cm”. 'H n.m.r. (300
MHz, CDCls): 6 1.30, d, J 6.3 Hz, 3H, HI1; 1.48, d, J 6.7 Hz, 3H, H4; 2.09, s, 3H,
COCH;3; 4.12, dq, J 6.8, 4.4 Hz, |H, H3; 4.98, dq, J 6.3, 4.4 Hz, IH, H2. C n.m.r.
(100 MHz, CDCly): § 15.7, Cl; 21.0, C4; 21.4, CH3CO; 59.4, C3; 73.3, C4; 170.3,
CO. Mass Spectrum (ESI*, MeOH): m/z 154.7 ((M-C1+H+K]").
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A similar reaction carried using reagent grade dichloromethane produced 3-hydroxy-
2-acetate (141) as a yellow oil. 'H n.m.r. (300 MHz, CDCls): & 1.19, d, J 6.5Hz, 1H,
H1; 1.23, d, J 6.5 Hz, 1H, H4; 2.09, s, 3H, OCHj3; 2.13, bs, 1H, OH; 3.75, p, J 6.5 Hz,
IH, H3; 4.75, p, J 6.5 Hz, 1H, H2. Mass Spectrum (EST*, MeOH): m/z 170.6

(IM+K]h).
o
c>/lk

OH
{141)

7.5.12 Synthesis of (25.35)-2.3-dimethyloxirane (142)
o)

\\\\\\\\‘. A

(142)

Synthesis of the epoxide (142) was achieved using the method described by Tanner ef
al V10

K2CO; (307 mg, 2.22 mmol) was added to a stirring solution of the chlorobutane
(140) (167 mg, 1.11 mmol) in methanol (2 ml), and the resulting mixture was stirred
for 18 h. As the epoxide (142) was highly volatile a small sample was removed and
'"H n.m.r. spectroscopy carried out showed 100% conversion to the desired product
(142). 'H n.m.r. (300 MHz, MeOH): 1.27, d, J 4.9 Hz, 2 x CHj; 2.66-2.78, m, 2H,
H2, H3. Isolation of the epoxide (28) was not attempted. The spectral data were

consistent with the literature.*’

7.5.13 Svnthesis of (1)-1.2-bis-[(3-hydroxvbutan-2-yl)amino]ethane (143)
OH HO

NH HN

{143)
Synthesis of the hydroxy amino ethane (143) was achieved using the method

described by Tanner et al..'™®
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Ethylenediamine (0.1 mi, 1.39 mmol) was added to a solution of frans-epoxybutane
(142) (200 mg, 2.78 mmo!) in THF, under N- in a Carius tube. The sealed tubc was at
reflux for 5 days before a small sample was removed. The solvent was removed in
vacuo to afford the desired product (143) (70mg, 25%) as a clear semi-solid. (Found:
miz 205.1906. [CsH205]" (IM+H]Y) requires 205.1916). v, (neat): 3289bs, 2970s,
1667s, 1600s, 1449s, 1373s, 1304m, 1122s, 1005s, 902m, 822m cm™'. 'H n.m.r. (300
MHz, CDCly): & 1.00, d, J 6.4 Hz, 6H, H4% 1.10, d, J 6.4 Hz, 6H, H1"; 1.86, bs, 4H, 2
x OH, 2 x NH; 2.57-2.84, m, 4H, HI, H2; 3.80, dq. J 6.5, 3.2 Hz, 2H, H3". °C n.m.1.
(100 MHz, CDCl3): 6 14.7, CI', C2' 18.2, C3', C4', 42.3, 50.0, C1, C2; 57.8, C2}
67.5, C3'. Mass Spectrum (ESI", MeOH): m/z 205.2 ((M+HY").

7.5.14 Attempted synthesis of trans-1,2-bis-(2,3-dimethylaziridin-1-yhethane (56)

/ N\

N N

T l>‘

Iy
&
Ly
oy
!

(56)

Synthesis of the bis-aziridine (56) was attempted using the method described by
Tanner et al..'™

Triphenylphosphine (180 mg, 0.69 mmol) and diethyl azodicarboxylate (DEAD)
(0.02 ml, 0.69 mmol) were added to a stirred solution of the diamine (143) (70 mg,
0.69 mmol} in a Carius tube at 0°C. The reaction mixture was stirred at ambient
temperature for 4 days. The THF was removed by distillation to leave a pink white
solid (301 mg). 'H n.m.r. spectroscopy of this solid showed triphenylphosphine oxide,
DEADH; and peaks that did not correspond to either product (56) or starting material
(143). Mass spectrometry too didn't show any peaks corresponding to the required

product {56).
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7.5.18 Synthesis of 2-nitro-1-

.-uw, ’f/

NO,
(60)

Sodium hydride (60% suspension oil 158 mg, 3.95 mmot) was added to a solution of
the cyclic sulfate (24) (400 mg, 2.63 mmol) in THF (20 ml) under N> and the mixture
refluxed for 15 min before o-nitroaniline (53) (363 mg, 2.63 mmol) was added. The
resulting deep red suspension was refluxed overnight. The mixture was quenched with
10% NHLCi (100 ml) and the THF removed under reduced pressure. The resulting
solid was dissoived in diethyl ether and washed with 10% NHCl1 (3 x 30 ml), water,
and brine, dried with MgSQ,, filtered and evaporated to afford a dark orange oil.
Purification by column chromatography (SiO,, ethyl acetate: hexane, 1:7) afforded the
desired product (60) as a yellow solid (210 mg, 41%). [a]; +620.4° (c 1.07, CHCly).
(Found: m/z 215.0794. [CioH,>N.0:Na]® ([M+Na]") requires 215.0797). m.p. 96-
100°C. viae (KBr): 3438s, 2980s, 1604s, 1570s, 1509s, 14425, 1341s, 12625, 1143s,
1024m, 958m, 852m, 782m, 704m, 854m, 601s cm™. 'H n.m.r. (300 MHz, CDCl): §
1.22,d,J 5.2 Hz, 6H, 2 x CHjy; 2.30-2.41, m, 2H, H2', H3'; 6.98-7.07, 2H, H3, HS;
7.45,1,J 7.9 Hz, 1H, H4; 8.01, d, J 8.6 Hz, IH, H6. C n.m.r. (100 MHz, CDCly): §
16.7, Cl', C4', 44.0, C2', C3"; 121.9, 1245, 126.5, 134.5, C3, C4, C5, C6; 159.5, Ci,
C2. Mass Spectrum (ESI", MeOH): m/z 192.9 ((M+H]).

1.5.16 Synthesis of 1-amino-2-(25,35)-(2,5-dimethylaziridin-1-yl)benzene (61)

o”'} ' !’0

NH,

(61)
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Mcthod A

Synthesis of the amino benzene (61) was achicved using the method described by
park ef af..) 2"

An aqueous solution (2 ml) containing potassium carbonate (2t4 mg, 1.55 mmeol) and
sodium dithionate (359 mg, 2.06 mmol) was added dropwise to the nitro aziridine
(60} (50 mg, 0.26 mmol) and benzyl viologen dibromide (10 mg, 2.0 x 102 mmol) in
acctonitrite (12 ml) and water (1 ml). An immediate purple colour was observed
which lasted until the end of the reaction (2 h). The reaction was quenched with 2 M
NaOH and the pH adjusted to 12 before extraction with dichloromethane (3 x 50 ml).
The combined organic layer was dried with MgSQ,, filtered and evaporated to afford
a dark brown oil. Purification using radial chromatography (SiOa, cthyl acetate:

hexane, 1: 4) afforded the desired product (61) as an orange oil {15 mg, 36%).

3356bs, 3033s, 2978s, 2922s, 2867s, 1611s, 14945, 1455s, 14225, 1378s, 1328s,
1328s, 12785, 1268s,1169s, 11395, 1094m, 10225, 739s e’ 'H a.m.r. (400 MHz
CDCl): 8 1.23, bs, 6H, 2 x CHx: 2.10-2.30, bro. 2H, H2', H3'; 3.82, bs, 2H, NH:;
6.62-6.73. m, 3H, H3, H4, H6; 6.84, td, J 6.4, 1.9 Hz, 1H, HS. "'C n.mur. (100 Mz,
CDCly): § 158, 2 x CHy; 40.3, C2. C3 114.8, 118.3, C3, C6; 120.1, C4; 1229, C5:
135.7, C2; 141.0, C1. Mass Spectrum (ESI', McOH): m/z 163.2 ((M+H}").

Method B

Synthesis of the amino benzene (61) was achieved using the method described by
Beckwith et al.."™

The nitro aziridine (60) (220 mg, 1.13 mmob) was suspended in concentrated
hydrochloric acid (2 ml) and cthanol (R.W.S) (2 ml) and the mixture stirred for 30
min during the addition of stannous chloride (537 mg, 2.84 mmol) in ethunol (4 ml).
The mixture was then stirred for further 12 b, made basic by the addition of 15%
potassium hydroxade solution in water and extracted with dichloromethane (3 x 50
mi). The combined organic tayers were dried with MgSO,, filtered and evaporated to
afford a dark orange oil. The oil was punfied using column chrematography (810,,
cthyl acetate: hexane, 1:7). 2-(3'-chlorobutyl-2-amino)aniline (144) (150 mg, 58%)
cluted first as a deep orange oil. lat: +134.8° (¢ 1.10, CHChL). (Found: mi/:
251.0553. (CiwHiN:O'CINAl' (IMC'CD+Nul®)  requires 251.0563 and sz
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253.0527. |CioM1aN20"CINat (IMETCD+NalY) requires 253.0527). Ve (neat):
33ddbs, 3089m, 2993m, 1615s, 1572s, 1506s, 1416s, 1350s, 1265s, 1228s, 1161s,
10725, 10445, 8615, 739s e’ 'H n.mur. (300 MHz, CDCly): § 1.39, d, J 6.5 Hz, 3H,
HIY 1.62, d, J 6.8 Hz, 3H, H4* 3.90-4.04, m, |H, H2', 435, qd, J 6.8, 3.4 Hz, IH,
3% 6.68, 1, 7.0 Hz, 1H, H5: 8.20, dd. J 8.7, 1.7 Hz, tH, H6; 8.32, bd, J 8.4 Hz, 1H,
Nit. C namer, (100 MHz, CDCL): 8 15.3, C1', 219, €4 53.0, C2'; 61.0, €3 114.0,
115.6, C3, C6: 127.3, 136.3, C4, CS; 144.1, CI, C2. Mass Spectrum (ESI’, MeOH):
miz 229.1 (IMCPCH+HTY. 231.0 (IMC'CD+H)Y.

ci
N
o
§
/ NH,
(144)

Next to elute was the desired amine (61) as an orange oil (50 mg, 27%). The spectral

data were consistent with what was described in Method A.

Method C

Reactions were carried out as described in Section 7.2.11 using the nitro aziridine (60)
(38 mg, 0.198 mmol) with benzene (5 ml) and Pd/C under a hydrogen pressure of 60
pst. The reaction mixture was worked up as before (Section 7.2.11) after 18 h to give
a dark orange oil (35 mg). 'H n.m.r. spectroscopy of the crude showed no starting

materiat (60} or product (61).

7.8.17 _Attempted synthesis of 1,2-bis-(25,35)-2,5-dimethylaziridin-1-yl}benzene
(7)

”’“"'-. N NV

(57

f”fl'!uo .
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The reaction was carried out using a similar method described in Section 7,212, The
aminophenyl aziridine (61) (22 mg, 0.14 mmol) was added to a solution of the cyclic
sulfate (24) (21 mg, 0.14 mmoli) in THF (100 ml). The resulting orange solution was
refluxed for 2 days after the addition of 60% sodium hydride (8.5 mg, 0.20 mmol).
The mixture was stirred at reflux for a further 2 days and quenched with 10% NH,Cl
(30 ml). The THF was removed under reduced pressure and the aqueous mixture
extracted with dichloromethanc (3 x 100 ml). The combined organic layers were
washed with water (100 ml) and brine (160 mi), dricd with MgSO,. filtered and
evaporated to afford a brown semi-solid (300 mg). 'H n.m.t. spectrospcopy showed

no signals corresponding to either starting matertals ((61) and (24)) or product (57).
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7.6 Synthests  of  Nitrogen  Heterocyeles by Rhodivm  Catadysed

S-Hexenol (167 (3.6 ml, 300 mmol) in distlled THE (10 mD  and
Disopropylazodicarboxylate (DIAD) (5.90 ml, 30.0 mmol) in distilled THE (10 ml)
were added dropwise and simultancously  under a No atmosphere to a stirred
suspension of phthalimide (441 g 30.0 mmol) and triphenylphosphine (7.85 g, 30.0
mmol) in freshly distilled THE (40 mD at 0°C. The resulting yellow solution was
stiered @1 ambient temperature for 18 h and the sodvent was removed under reduced
pressure to give a yellow oil. The oil was redissolved in methanol (50 ml) before
hvdrazine hydrate (1.5 ml, 35,94 mmol) was added and the mixture refluxed for a
further 8 h, followed by standing overnight. Concentrited HCL (S mb) was added and
the reaction mixture refluxed for a further 2 h. After cooling the mixture, the methanoi
was removed under reduced pressure. The resulting semi-solid was dissolved in water
and extracted with dichloromethane (3 x 100 mi). The aqueous layer was concentrated
to afford a white solid (3.9 g, 96%). 'H n.nur. speetroscopy of this solid showed that it
was the S-hexenamine hydrochoride salt. 'H n.m.r, (300 MHz, D20): 8 1.46, p. J 7.2
Hz, 2H, H3; 1.66, p, J 7.3 Hz, 2H, H2: 2,09, q, J 7.3 Hz, 2H, H4: 2.99, t, J 7.3Hz, 2H,
H1 4.96-5.11, m, 2H, H6: 5.84, m, IH, HS.
NI N
cr

The white solid was dissolved 1n the minimum amount of water 10 which NaOH
pelicts were added. The desired product (162b) separated as 2 clear oil and collected
by pipette (2.75 g. 93%). Ve (neat): 3377bs, 29225, 2856s, 16555, 10335, 1572m,
1501m, 1500w, 1461s, 1439s, 905s cm™. 'H n.mur. (300 MHz, CDClL): 8 1.41-1.48,
m, 6H, H2, H3, NH»: 2.07. q. J 7.0 Hz, 2H, H4; 2,69, 1, J 6.6 Hz, 2H, H1, 491-4.99,
m, 2H, H6; 5.78-591. m, 1H, H5. "'C n.nr. (100 MHz, CDCl3): 6 26 ', H3; 334,
33.8,H2, H4; 42,3, H1, 114.7, H6; 139.0, H5. Mass Spectrum (ESI*, MeOH): m/z 99.8

(IM+H)"). The spectral data were consistent with the literature."?
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HQN)k/\/\/\/\/

{(170)

The reaction was carried out using the method described by Funiss ef al. 2"

Thionyl ¢chloride (3.96 ml, 54,3 mmol) was added to undec-10-enoic acid (168) (10.0
g. 54.3 mmol) under an atmosphere of nitrogen and the mixture allowed 10 stir under
mild warming (hot water) for 2 h. The resulting mixture was flash distilled to atford
undec-10-0yl chloride (169) as a colourless oil (6.66 g, 61%). vy (ncat): 3078s,
2922s, 28558, 1800s, 1638s, 14555, 14110s, 1338w, 1127m, 989s, 9618, 911s, 722s
et 'H nmur. {300 MHz, CDCLL): 8 1.20-1.42, m, 12H, H4, HS, H6, H7, HS: 1.62-
1.78, m, 2H, HY; 2,03, q, J 6.3 Hz, 2H, HY; 2.88. 1, J 7.3 Hz, H2; 4.88-5.04, m, 2H,
H11; 5.72-5.88, m, 2H, H10. "'C namur, (100 MHz, CDCl): 8 25.3, 28.6, 29.1, 29.2,
294,C3,C4,C5,C6,C7,C8R; 33.9,09;47.3,C2: 114.5.C11, 1393, C10; 174.1, CL.

C,/u\/\/\/\/\/

(169)

The acid chloride (169) (6.66 g. 30.6 mmol) was dissolved in dichloromethane (10
ml) and was added dropwise to chilled (-78°C) liquid ammonia (100 ml) stirred under
nitrogen. The reaction was stirred at -78°C for | h, allowed to warm to ambient
temperature for 2 h and the resulting solid was dissolved in 2 M HCI (50 m!) and
dichloromethane (10" ml), The aqueous phase was removed and the organic phase
washed with 2 M HCI (2 x 50 ml), and NaHCO; (3 x 50 ml), dried (MgSQy), filtered
and concentrated to give the desired product (170) as a light brown solid (5.50 g,
98%). m.p. 85-86°C (lit.**® 88.5-89°C). Vmae (KBr): 5338, 3078s, 29225, 2855s, 1800s,
1638s, 1455s, 1411s, 1338w, 1127m, 989s, 961s, 911s, 722s em’. 'H n.m.r. (300
MHz, CDCl): & 1.30, m, 10H, H4, HS, H6, H7, H8; 1.62, a,, 2H, H3; 2.03, m, 2H,
H9: 2.21,¢, 2H, J 7.2 Hz, H2; 4.89-5.04, m, 2H, H11; 5.68, bs, 1H (D0 exch.), NH;
5.71-5.91, ddt, J 16.9, 10.1, 6.6 Hz, H10; 6.18, bs, 1H (D;0 exch.), NH. ’C n.m.r.
(100 MHz, CDCl;): 8 25.5, 28.8, 29.0, 29.2, 29.2, C3, C4, C5, C6, C7, C8; 33.7, C9;
35.9, C2; 114.1, Ci1; 139.1, C10; 176.1, CO. Mass spectrum (ESI'):. m/z 183.9

{IM+H]}"). The spectral ¢ ata were consistent with the literature. 8
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7.6.3 Synthesis of undec~-10-enanmine (162d

H,‘,N/\/’\/\/\/\///

Undec-10-enamide (170) (5.50 g, 30.05 mmol) was added to a cooled (0°C) stirred
suspension of LiAIH; (2.3 g, 72.1 mmol) in anhydrous diethyl ether (50 ml). The
mixture was refluxed for 4 h, cooled (0°C) and terminated by the addition of
NaSO4. 10H,0 until effervescence ceased. The suspension was filtered using a Celite
plug and the filtraie was flash distilled to afford the desired product (162d) as a clear
oil (3.00g, 58%). vy (necat): 3334bs, 292ds, 2853s, 1641w, 1571s, 1487s, 1466s,
1319m, 992w, 910m cm™. 'H n.m.r. (300 MHz, CDClz): & 1.24-1.46, m, 16H, H2,
H3, H4, HS5, H6, H7, H8, NHa; 1.98-2.08, m, 2H, H9; 2.67,t, J 6.8 Hz, 2H, H1; 4.89-
504, m, 2H, H11; 5.81, ddt, J 16.9, 10.1, 6.6 Hz, IH. H10. "*C n.m.r. (100 MHz,
CDCly): 6 26.8, 28.8, 29.0, 29.3, 29.4, 29.5, C3, C4, C5, C6, C7, C8; 33.7, 33.8, C2,
C9; 42.2, CI1, 114.0, Cil; 139.0, C10. Mass spectrum (ESI*): m/z 170.1 ([M+H]™).

228

The spectral data were consistent with the literature.

7.6.4 Synthesis of 3-(but-3-enyloxy)propanenitrile (171)

0\/\///

CN  (171)

The reaction was performed as described by Simonot and Rousseau.”"’

3-Butenol (172) (6.0 ml, 69.3 mmo)) was added to stirred Triton B (40% in McOH)
(1.2 ml). After 10 min, acrylonitrile (173) (5.5 ml, 83.16 mmol) was added dropwise
and stirring continued for 24 h at ambient temperature with exclusion of light. The
excess acrylonitrile (173) was removed under reduced pressure and the residue
acidified with acetic acid (4 ml). The mixture was diluted with water (50 ml) and
extracted with ether (70 ml). The organic phase was washed with water (3 x 30 ml),
dried (MgS0Oy), filtered and concentrated to give a brown oil. Kugelrohr distillation
110°C/18 mm. (fit.2'? 105-107°C/18 mm) gave 3-(but-3-en-1-yloxy)propanenitrile
(171) as a clear oil (4.85 g, 56%). Vi (neat): 3079m, 2875s, 2252m, 1753w, 1719w,
1642m, 1417m, 1364s, 1228m, 1116s, 999m, 920s cm’. 'H nm.r. (300 MHz,

CDCl): & 2.26, qt, 2H, J 6.7, 1.3 Hz, H2', 2.52, ¢, 2H,J 6.3 Hz, H2; 3.46, t, 2H, J 6.7
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Hz, H1% 3.56, 1, 2H, J 6.3 Hz, H3; 4.93-5.08, m, 2H, H4" 5.74, ddt, 1H, J 17.0, 10.2,
6.7 Hz, H3*. 1*C n.m.r. (100 MHz, CDCl;): & 18.4, C2; 33.54, C2% 64.9, C3; 70.2, CI",
116.3, C4% 117.7, C1; 1344, C3. Mass Spectrum (ESI', MeOH): m/z 1258

(IM+H]"). The spectral data were consistent with the literature.'?

7.6.5 Synthesis of 3-(but-3-en-1-yloxy)propanamine (162¢
O\/\/

NH,

The nitrile (171) (4.85 g, 38.8 mmol) was dissolved in anhydrous ether (20 mi) and
added dropwise to a stirred suspension of LiAlH, (2.21 g, 58.2 mmol) in anhydrous
diethyl ether (50 ml) at 0°C under a nitrogen atmosphere. The reaction was heated at
reflux for 2 h, cooled to 0°C and the reaction terminated by the addition of
Na,SO4. 10H,O portionwise until effervescence ceased. The mixture was filtered and
the filtrate concentrated to give the desired amine (162¢) as a clear otl (4.85 g, 97%).
Vimax (neat): 3365s, 3297s, 3077s, 2864s, 1641m, 1600m, 1467w, 1432s, 1368m,
1227w, 1112s, 995m, 913s cm™. 'H n.m.r. (300 MHz, CDCly): § 1.70, p, J 6.3 Hz,
2H, H2; 1.95, bs, 2H, NH;; 2.32, qt, J 6.6, 1.3 Hz, 2H, H2'; 2.78, t, J 6.7 Hz, 2H, H1,;
3.46,¢, J 6.7 Hz, 2H, H1'; 3.50,t, J 6.2 Hz, 2H, H3; 4.98-5.13, m, 2H, H4"; 5.81, ddt,
J 17.0, 10.2, 6.7 Hz, 1H, H3". °C n.m.r. (100 MHz, CDCly): § 32.8, C2; 39.1, Cl;
68.4, C3; 69.6, Cl'; 115.6, C4";, 134.7, C3'. Mass Spectrum (EST", MeOH): m/z 129.7

229

(IM+H]"). The spectral data were consistent with the literature.

7.6.6 Synthesis of methyl 4-[(allylamino)methyllbenzoate (175a)
3 T '
N/\/

2-Propenamine (162a} (0.24 ml, 3.33 mmol) was added to a stirring solution of
p-carboxybenzaldehyde (163) (500 mg, 3.33 mmol) in ethanol (20 nil). The mixture
was refluxed for 2 h before sodium cyanoborohydride (NaCNBH3) (251 mg, 4.0
mmol), was added and the mixture refluxed for a further 1 h. The mixture was

concentrated under reduced pressure to afford a white solid. Concentrated H,SO4 (5
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ml) was added followed by methanol (20 ml) and the resulting mixture was stirred for
18 h. After removing the methanol, the reaction mixture was basified with NaOH (4
M) before extraction with dichloromethane (3 x 50 ml). The combined organic layers
were dried with MgSO,, filtered and evaporated to afford a yellow oil which was
purified using columa chromatography (8iO,, ethyl acetate: hexane, 1:1) to afford the
desired product (175a) as a yellow oil (283 mg, 42%). (Found: m/z 206.1178.
[Ci12Hi160:NT" ((M+H]") requires 206.1181). vuax (neat): 3450bs, 3077m, 3000m,
2944m, 2811m, 1717s, 1611s, 1433s, 1377m, 1278s, 1183m, 1111s, 1016m, 922m,
856w, 756s cm™. 'H n.m.r. (300 MHz, CDCl,): 6 3.28, dt, J 6.0, 1.6 Hz, 2H, HI",
3.85, s, 2H, ArCH;; 391, s, 3H, OCHa; 5.10-5.25, m, 2H, H3% 5.93, ddt, J 17.2, 10.3,
6.0 Hz, 1H, H2', 7.41, d, J 8.1 Hz, 2H, H3, HS; 8.00, d, J 8.4 Hz, 2H, H2, H6. "°C
n.m.r. (100 MHz, CDCl3): & 51.5, Cl; 52.3, OCHj3; 52.5, ArCH»; 117.4, C3% 128.5,
C3, C5; 129.3, Ci; 130.0, C2, C6, 135.7, C4; 144.6, C2’, 167.1, CO. Mass Spectrum
(EST*, MeOH): miz 206.1 (IM+H]").

7.6.7 Synthesis of methyl 4-{undec-10-enylamino)methyl]benzoate (175d)
y /\/\/W\/

H

H;CO

0

The reaction was carried out as described for the synthesis of methyl 4-
[(allylamino)methyllbenzoate (175a) in Section 7.6.6 Method A, using 10-
undecenamine (162d) (563 mg, 3.33 mmol). After working up the reaction, a yellow
oil was isolated and purification using column chromatography (SiO,, ethyl acetate:
hexane, 1:1) afforded the desired product (175d) as a yellow oil {390 mg, 33%).
(Found: m/z 318.2433. {CxH320:N]* ([M+H]") requires 318.2433). Vpax (neat):
3450bs, 3078s, 2922s, 2856s, 1717s, 1638s, 1611s, 1572m, 1455s, 1433s, 141ls,
1278s, 1178s, 1107s, 1010s, 905s, 856s, 755s em™. 'H n.m.r. (300 MHz, CDClL): §
1.21-1.55, m, 14H, H2’, H3’, H4’, HS5’, H6’, H7’, H8" 2.03, q, J 6.7 Hz, 2H, H9’ 2.61,
t, J 7.2 Hz, 2H, H1" 3.84, s, 2H, ArCH;; 3.90, s, 3H, OCHj; 4.89-5.04, m, 2H, H11’;
5.80, ddt, J 17.0, 10.3, 6.7 Hz, |H, H10% 7.39, d, J 8.4 Hz, 2H, H3, H5; 7.99,d, J 8.4
Hz, H2, H6. °C n.m.r. (100 MHz, CDCly): 8 27.5, 29.1, 29.3, 29.6, 29.7, 30.3, C2,
C3’, C4, C5°, Co’, C7°, C8’; 34.0, C9” 49.7, C17, 52.2, OCHas; 53.9, ArCH,; 114.3,
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Cl17% 128.1, C3, C5; 1289, Cl; 129.9, C2, C6; 1394, C10% 146.2, C4; 167.2, CO.
Mass Spectrum (ESI', MeOH): m/z 318.3 ({IM+H]").

7.6.8 Synthesis of methyl-4-formylbenzoate (176)
0

H,CO

o (176)

The reaction was performed as described by Sharma and Tandon.**

Thionyl chloride (6 ml) was added to a suspension of p-carboxybenzaldehyde (163)
(5.00g, 33.3 mmol) in dry methanol (0°C). The mixture was brought to ambient
temperature and stirred for a further 2 h. The solvent removed and the excess thionyl
chloride was removed using dichloromethane (2 x 100 ml). The desired product (176)
was isolated as a orange yellow solid (4.82 g, 88%). m.p. 60-62°C (lit.”? 61-63°C).
Vmax (KB1): 3022w, 2977w, 2989m, 1727s, 1685s, 1577s, 1503s, 1435, 1392m,
1288s, 1204s, 1108s, 1013m, 958m, 852s, 810m, 757s, 687s cm™. 'H n.m.r. (300
MHz, DMSO}): & 3.90, s, 3H, OCH3; 8.05, d, / 8.4 Hz, 2H, H3, H5; 8.16, d, J 8.5 Hz,
2H, H2, H6; 10.11, s, IH, CHO. "*C n.m.r. (100 MHz, DMSOY): § 52.6, OCH3; 129.7,
129.8, C2, C3, C5, C6; 134.3, C4; 139.1, C1; 165.5, COOCH,; 193.0, CHO.

1.6.9 Synthesis of methyl 4-[(hex-S-enylamino)methylbenzoate (175b)

W N

H

HyCO.

Method A

5-Hexenamine (162b) (302 mg, 3.05 mmol) was added to a stirring solution of methyl
4-formylbenzoate (176) (500 mg, 3.05 mmol) in ethanol (20 ml). The mixture was
refluxed for 2 h before sodium cyanoborchydride (NaCNBH3) (220 mg, 6.10 mmol),
was added and the mixture refluxed for a further 1 h. The mixture was concentrated
under reduced pressure and quenched with HCl (1 M, 100 m}). Once the H, gas

¢volution had ceased, the reaction mixture was basified with NaOH (4 M) and
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extracted with diethyl ether (3 x 50 ml). The combined organic layers were dried with
MgS0,, dried and evaporated to afford the desired product (175b) as an orange oil
(602 mg, 80%). (Found: m/z 248.1642. [CisHO0:N}" (IM+H}") requires
248.1650)Vmax {neat): 3333bs, 3066m, 2911s, 2855s, 1716s, 1638s, 1611s, 1577m,
1433s, 1416s, 1277s, 1172s, 989s, 91 1s, 727s cm™. 'H n.m.r. (300 MHz, CDCh): 8
1.36-1.58, m, 4H, H2", H3" 2.05, q, J 7.0 Hz, 2H, H4" 2.62,t,J 7.1 Hz, 2H, H1’, 3.84,
s 2H, ArCH,; 3.91, s, 3H, OCHj; 4.90-5.04, m, 2H, H6% 5.80, m, 1H, H5", 7.39,d, J
8.4 Hz, 2H, H3, H5; 7.99. d, J 8.4 Hz, 2H, H2, H6. l‘3C n.m.r. (100 MHz, CDCl,): &
26.7,29.7, C2°, C3% 33.8, C4% 49.5, C1’; 52.2, OCH3; 53.9, ArCH;; 114.7, C6', 128.1,
129.9, C2, C3, C5, C6; 128.9, CI1; 138.9, C5’, 146.2, C4; 167.2, CO. Mass Spectrum
(EST", MeOH): m/z 248.0 ([M+H]").

Method B

The reaction was carried out as described for the preparation of methyl 4-
{(allylamino)methyl]lbenzoate (175a) in Section 7.6.6, using 5-hexenamine (162b)
(330 mg, 3.33 mmol) and p-carboxybenzaldehyde (163) (500 mg, 3.33 mmol). During
the work up after esterification strong emulsions were encountered. The 'H nm.r.

spectrum of the resulting oil showed no peaks corresponding to the product (1735b).

7.6.10 Synthesis of methyl 4-({[3-but-3-en-1.
svloxy)propyl]lamino}methylbenzoate (175¢)

Method A

The reaction was carried out as described for the synthests of methyl 4-{(hex-5-
enylamino)methyl]benzoate (175b) in Section 7.6.9 Method A. Reaction of 3-(but-3-
en-1-yloxy)propanamine (162¢) (390 mg, 3.05 mmol) and methyl 4-formylbenzoate
(176) (500 mg, 3.05 mmol) gave an orange oil (602 mg,. Purification using column
chromatography afforded the desired product (175c¢) as an orange oil (278 mg, 35%).
(Found: m/z 278.1751. [CisH0:NT" (IM+H]") requires 278.1756). vy (neat):
3333sb, 3077m, 2944s, 2855sm 1727s, 1716s, 1644w, 1611s, 1433s, 1278s, 1106s,
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1022m, 917s e, "H n.nur, (300 MHz, CDCly): 8 1.80, p. J 6.4 Hz, 2H, H2% 231, qt,
767, 1.3 Hz, 2H, H2" 249, s, 1H, NH; 2.73, 1, J 6.8 Hz, 2H, H1" 3.46, 1, J 6.8 Hz,
2H,3.51,1, J 6.0 Hz, H3', H1™ 3.85, s, 2H, AcCHy: 391, s, 3H, OCHx; 4.97-5.12, m,
2H, H4™, 5.80, m, 1H, H3" 7.40, d, J 8.5 Hz, 2H, H3, H5; 7.99, d, J 8.4 Hz, H2, H6,
3C n.mur. (100 MHz, CDCla): § 29.9, 34.3, C2', C2" 47.2, CI% §2.2, OCHy; 53.7,
ArCHa: 69.7, 70.3, C3°, C1% 116.6, C4™ 128.1, 1299, C2, C3, CS, C6; 128.9, Cl;
1354, C3% 145.7, C4; 167.2,CO. Mass Spectrum (ESI*, McOH): m/z 278.|
(IM+H]"). '

Method B

The reaction was carricd out as described for the preparation of methyl 4-
[{allylamino)methyl}benzoate  (175a) in  Section  7.6.6, using  3-(but-3-
enyloxy)propanamine (162¢) (430 mg, 3.33 mmol) and p-carboxybenzaldehyde (163)
(500 mg, 3.33 mmol). During the wortk up after esterification strong emulsions were
encountered. The 'H nm.r. spectrum of the resulting oil showed no peaks

corresponding to the product (175¢).

7.6.11 Synthesis of methy! 4-{(pyrrolidin-1-vimethylibenzoate (161a)

N
H,CO
o}

The reactions were carried out following the general method described for the solid

Method A

phase synthesis in Section 7.1.4.

The Wang resin (500 mg, 0.45 mmol) was pre-swollen in DMF (3 x 10 ml), and a
solution of 4,4-dimethylaminopyridine (DMAP) (27 ing, 0.22 mmol) in DMF (1 mi)
was then added to the resin. In a separate vial, p-carboxybenzaldehyde (163) (338 mg,
0.25 mmol) was also dissolved in DMF (I ml), and was then added to a solution of
DMAP (54 mg, 0.45 mmol) and 1,3-diisopropylcarbodiimide (DIC) (0.35 ml, 2.25
mmo!) in DMF (1 ml). This mixture was then added to the swollen resin and was
shaken overnight. The resultant orange suspension was filtered and the resin was

washed with DMF (5 x 10 m!). The resin then was dried for 1.5 h before trimethyl

206




Chapter 7

orthoformate (TMOF) (2 ml) and 3-propenwmine (1620 (0.27 ml, 3.6 mmol) were
added and the mixture agitated for a further 18 h. Acetic acid (0.2 mb) in methanol
(0.5 ml) followed by NaCNBH; (680 mg suspended in 2 m) THE) were added into the
resin mixture. The mixture was left standing for 30 min and manually shaken for 30
min. The resin was hydroformylated using the general procedure described in Section
7.1.3. The resin, BIPHEPHOS (153) (7.2 mg, 8.00 x 10" mmol) and rhodium(1)
acetate dimer (2.0 mg, 0.45 x 107 mmol) were dissolved in deoxygenated benzene (20
ml) in a 100 ml Parr autoclave which was pressurised with CO/H; at 400 psi, and
heated at 80°C for 18 h. The autoclave was cooled 10 ambicnt temperature before the
pressure was refcased and the resin drained and washed with benzene. After drying
the resin for 1 h, the resin was cleaved using TFA (95%, 10 ml) and the resulting
solution evaporated (using N») to afford 4-(pyrrolidin- 1-yl-mcthyl)-benzoic acid TFA
salt as an orange ol (250 mg). (Found: m/; 206.1178. [CiiH1,0:N]" (IM+H-
CFCOOH)*) requires 206.1181). 'H n.n.r. (300 MHz, D;0) § 1.93, m, 2H, 2.14, m,
2H and HY', H4"; 3,15, m, 2H and 3.49, m, 2H, H2', HS'; 440, s, 2H, ArCH,; 7.55. d,
J 8.0 Hz, 2H. H3, HS; 8.06, d, J 8.0 Hz, 2H, H2, H6. Mass Spectrum (EST'. MeOH):
mlz 2199 ([IM+H-CFRCOOH]'). The spectral data were consistent with the

. 2
literature. !

CF,CO0

N
0
HO

o
The crude oil was dissolved in methanol (10 ml) to which trimethylsilyldiazomethane
(~ 3 ml) was added untit a canary ycllow colour appeared. The reaction mixture was
stirred for 18 h before the methano! was cvaporated and the residue basified using
NaHCO; (sat) and exiracted with dichloromethane (3 x 20 ml). The combined
organic layers were dried with MgSQ, filtered and evaporated to afford an orange oil
(112 mg). The orange oil was purified using column chromatography (SiOs, ethyl
acetate: hexane, 1:3) to afford the desired product (161a) as a yellow oil (30 mg,
91%). (Found: m/z 220.1340. [C)3H;30:N1* (IM+H]") requires 220.1334). 'H n.m.r.
(300 MHz, CDCl;): 8 1.78-1.86, m, 4H, H3', H4', 2.54-2.62, m, 4H, H2', H5"; 3.70, s,
2H, ArCH,; 391, s, 3H, OCHaj; 7.42, 4, J 8.1 Hz, 2H, H3, HS; 7.99, d, J 8.2 Hz, 2H,
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H2, 16, ¢ e, (10 MBz, CDCLY): 8 23.6, €3, 4% 52.3, OCHy; 54.3, C2°, C5*
60.3, ArCHy; 129.2, C3, €5, 1294, C1; 1299, C2, C6; 145.6, C4; 167.2, CO. Mass
Spectrum (ESU, MeOH)Y: m/z 220.3 ({M+H]). The spectral data were consistent with

: 24220
the literatute,

Method B

Methyl  d-[(allylamino)methyllbenzoate (1750 (150 mg, 0.73 mmol) was
hydroformylated in the presence of BIPHEPHOS {(153) (3.2 mg) and rhodium(Il)
acetate dimer (11.5 mg) with CO/ Ha (400 pst) according to the general conditions
outlined in Section 7.1.3. Afier 18 h, the vessel pressure was released to reveal that
the glass sleave was outlined with insoluble polymeric material, The remaining
solution was conceatrated to afford a brown o1l (70 mg). After purification using
column chromatogrisphy  (S10a, ethyl acetate: hexane, [:1) afforded the desired
product (161a) as a yellow oil (40 mg, 25%). Spectroscopic data were consistent with

those descnbed for (1612) obtained via Method A.

7.6.12 Synthesis of methyl 4-[(azacyclooctan-1-ylimethyllbenzoate (161b)

N
HaCO
0

The reaction was performed in the manner described for methy! 4-{(pyrrolidin-1-

vlimethyl]benzoate (161a) in Section 7.6.11, but 5-hexenamine (162b) (356 mg, 3.6

Method A

mmol) was used as the starting material. Subsequent TFA (6 ml, 95%) cleavage of the
amine from the resin afforded the TFA salt of 4-{Azocan-1-ylmethyl)benzoic acid as a
clear oil (157 mg).>" (Found: m/z 248.1648. [C)sH»O-N)" ([M+H-CF;COOHT*)
requires 248,1650). Mass Spectrum (EST', MeOH): m/z 248.3 ((M+H-CF;COOH]").
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Esterification was performed in the mannecr described for methyl 4-[(pyrrolidin-1-
ylmethyl]benzoate (16la) in Section 7.6.11 to afford an orange oil (95 mg).
Purification of the crude product by column chromatography (SiO;, ethyl acetate:
hexane, 1:1) afforded the titled product (161b) as a yellow oil (66 mg, 56%). (Found:
miz 262.1803. [C1sH240-NT" (IM+H]") requires 262.1807). Viax (neat): 291 1s, 2856s,
2789s, 1722s, 1611s, 1572m, 1433s, 1411m, 1350m, 1278s, 1105s, 1017s, 967s,
850m, 756s cm™. 'H n.m.r. (300 MHz, CDCl3): 8 1.46-1.72, m, 10H, H3’, H4’, HS",
H6’, H7%; 2.54, 1, J 5.8 Hz, 4H, H2", H8" 3.64, s, 2H, ArCH,; 391, s, 3H, OCHj; 7.44,
d, J 8.1 Hz, 2H, H3, H5; 7.98, d, J 8.4 Hz, 2H, H2, H6. °C n.m.r. (100 MHz, CDCHL):
$ 26.3, 28.0, C3’, C4°, C5°, C6°, CT%, 52.2, OCHjy; 54.6, C2°, C8', 63.6, AiCH, 128.9,
C1; 129.1, C3, C5: 129.7, C2, C6; 147.2, C4; 167.4, CO. Mass Specirum (EST',
MeOH): miz 262.4 ((IM+H]™).

Method B

Methyl 4-[(hex-5-enylamino)methyllbenzoate (175b) (176 mg, 0.71 mmol) was
hydroformylated in the presence of BIPHEPHOS (153) (3.2 mg) and rhodium(Il)
acetate dimer (11.5 mg) with CO/ H; (400 psi) according to the general conditions
outlined in Section 7.1.3. After 18 h, the vessel pressure was released and the reaction
solvent was concentrated to afford a brown oil (111 mg). After purification using
column chromatography (SiO,, ethyl acctate: hexane, 1:1) afforded the desired
product (161b) as a yellow oil (82 mg, 44%). Speciroscopic data were consistent with
those described for (161b) obtained via Method A.

7.6.13 Synthesis of methyl 4-(1,5-oxazanan-S-ylmethyl)benzoate (161¢)

N /\/\0

H;CO w

Method A

The reaction was performed in the manner described for methyl 4-[(pyrrolidin-I-
yi)methyllbenzoate (161a) in Section 7.6.1 1, but 3-(but-3-¢n-1-yloxy)propan-i-amine
(162¢) (461 mg, 3.6 mmol) was used as the starting material. Subsequent TFA (6 mi,

209



Chapter 7

95%) cleavage of the amine {rom the resin afforded a clear oil (196 mg).
Esterification was performed in the manner described for methyl 4-[(pyrrolidin-1-
yDmethyl}benzoate (161a) in Section 7.6.11 to afford a yellow oil of 4-({[3-
butoxy)propyiJamino }methyDbenzoate (174) (87 mg, 70%) (trace amounts of the
litled benzoate (161c) was observed in the mass spectrum). (Found: m/z 280.1908,
[C16H2sO0:NT (IM+HT) requires 280.1913). vaax (neat): 3322 sb, 2944s, 2856s,
1722s, 1611s, 1455s, 1433s, 1367m, 1277s, 1183m, 1111s, 10t7s, 967m, 750s cm™".
'H n.m.r. (300 MHz, CDCly): 8 0.89,1, J 7.4 Hz, 3H, H4™ 1.32, sextet, J 7.4 Hz, H2,
H3™ 1.52, p, J 7.0 Hz, H2, H2™, 1.77, J 6.5 Hz, H2, H2', 2.71, t, J 6.8 Hz, 2H, H1,
3.38,t,J 6.6 Hz, 2H, 3.47,t,J 6.2 Hz, 2H, H3’, HI" 3.83, s, 2H, ArCH;; 3.90, 5, 3H,
OCHa; 7.38, d, J 8.5 Hz, H3, HS; 7.97, d, J 8.4 Hz, H2, H6. °C n.m.r. (100 MHz,
CDCHhL): 8 14.1, C4™ 19.6, C3™ 30.2, 32.0, C2’, C2" 47.3, C1™ 52.2, OCHj3; 53.9,
H3% 69.7, 71.0, ArCH,, CI1% 128.1, C3, C5; 1289, Cl; 129.9, C2, C6; 146.2, C4;
167.3, CO. Mass Spectrum (ESI*, MeOH): m/z 280.2 (IM+H1").

N/\/\O/\/\

H
HyCO

(174}
0

The hydroformylation reaction was carried out as described in above, but with a
higher catalyst loading was used, where BIPHEPHOS (153) (14.4 mg, 16 x 10*
mmol) and rhodium(Il) acetate (4.0 mg, 9.0 x 10 mmol). Subsequent TFA (6 ml,
95%) cleavage of the amine from the resin afforded an orange oil. Esterification was
performed in the manner described for methyl 4-[(pyrrolidin-1-yl)methyl]benzoate
(161a) in Section 7.6.11 to afford an orange oil (110 mg). Purification of the crude
product using column chromatography (Si0,, ethyl acetate: hexane, 1:1) afforded the
titted product (161c) as a yellow oil (80 mg, 61%). (Found: C, 69.98, H, 8.71, N,
4.84% . C13HasNO; requires C, 70.06, H, 8.65, N, 4.81%). (Found: m/z 292.1902.
[Ci7Ha2603N]" ([IM+H]") requires 292.1913). Vynax (neat): 3000sb, 2922s, 2844s, 1722s,
1605s, 1600w, 1427s, 1272s, 1106s, 1022s, 944m, 855m, 761s cem™. 'H n.m.r. (300
MHz, CDCL): 6 1.45-1.74, m, 8H, H3", H7’, H8’, H9" 2.39, ¢, J 5.3 Hz, 2H and 2.53,
t, J 6.1 Hz, 2H, H2', H10% 3.55, s, 2H, ArCH,; 3.65,t, J 5.3 Hz, 4H, H4’, H6", 3.91, s,
3H, OCHg; 7.42, d, J 8.1 Hz, 2H, H3, H5; 7.99, d, J 8.3 Hz, 2H, H2, H6. "*C nm.r.
(100 MHz, CDCl3): 3§ 26.2, 27.3, H3’, H7’, H8’, H9", 48.7, 55.3, C2’, C10", 52.2,
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OCH;; 61.1, 66.6, C4°, C6’ 72.8, AtCH,; 128.9, C1; 1294, C3, C5; 129.7, C2, C6;
146.1, C4; 167.4, CO. Mass Spectrum (ESI*, MeOH): m/z 292.1 ((M+H]").

Method B

Methyl 4-({[3-but-3-en-1-yloxy)propyllamino} methyl)benzoate (175¢) (193 mg, 0.70
mmol) was hydroformylated in the presence of BIPHEPHOS (153) (6.2 mg) and
rhodium(ll) acetate dimer (21.9 mg) with CO/ Ha (400 psi) according to the general
conditions outlined in Section 7.1.3 After 18 h, the vessel pressure was released to
reveal that the glass sleave was outlined with insoluble polymeric material. The
remaining solution was concentrated to afford a brown oil (183 mg). The crude
product was purified by column chromatography (SiO», ethyl acetate: hexane, 1:5)
afforded the desired product (161¢) as a yellow oil (100 mg, 49%). Spectroscopic data

were consistent with those described for (161c) obtained via Method A.

7.6.14 Synthesis of methyl 4-[(azacyclotridecan-1-yDmethyllbenzoate (161d)

HSCOYO/\ ‘:\/\/:/\>
Method A

The reaction was performed in the manner described for methyl 4-[(pyrrolidin-1-

yl)methyllbenzoate (161a) in Section 7.6.11, but undec-10-enamine (162d) (608 mg,

3.6 mmotl) was used as the starting material. Subsequent TFA (6 ml, 95%) cleavage of
the amine from the resin afforded the TFA salt of 4-[(azacyclotridecan-1-
ylmethyl]lbenzoic acid as a clear oil (247 mg). Mass Spectrum: m/z 306.3 ({M+H-
CF,COOH]").

Esterification was performed in the manner described for methyl 4-[(pyrrolidin-1-
yl)methyllbenzoate (161a) in Section 7.6.11 to afford an orange oil (150 mg).

Purification of the crude product by column chromatography (Si0;, ethyl acetate:
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hexane, 1:5) afforded the titled product (161d) as a yellow oil (74 mg, 50%). m.p 98-
102°C. (Found: mfz 332.2587. [C2H3;0.N]" ((M+H]Y) requires 332.2589). Vi
(neat):; 3411sb, 2966m, 2911s, 2844s, 2777m, 1716s, 1611m, 1561s, 1461s, 1433s,
1272s, 1100s cm™. 'H n.m.r. (300 MHz, CDCl,): & 1.18-1.50, m, 20H, H3', H4', HS',
He', H7', HE', H9', H10', H11', H12% 2.28-2.42, m, 4H, H2', H13"; 3.56, 5, 2H, ArCHj>;
3.90, s, 3H. OCHj; 7.40, d, J 8.1 Hz, 2H, H3, H5; 7.97, d, J 8.2 Hz, 2H, H2, H6. °C
n.m.r. (100 MHz, CDCly): § 27.0, 27.1, 29.3, 29.5, C3', C4', C5', C6', C7', C8', C9,
C10, C11', C12" 53.8, 55.8, C2', C13'; 59.2, ArCH»; 128.7, C3, C5; 129.1, Cl; 1294,
C2, C6; 138.9, C4; 167.2, CO. Mass Spectrum (EST', MeOH): m/z 332.3 ((M+H]1").

Method B

Methyl 4-[(undec-10-enylamino)methyl]benzoate (175d) (341 mg, 1.07 mmol) was
hydroformylated in the presence of BIPHEPHOS (153) (34 mg) and rhodium(lII)
acetate dimer (9.5 mg) with CO/ H; (400 psi) according to the general conditions
outlined in Section 7.1.3. After 18 h, the vessel pressure was released to reveal that
the glass sleave was outlined with insoluble polymeric material. The remaining
solution was concentrated to afford a brown oil (356 mg). The crude product was
purifted by column chromatography (Si0., ethyl acetate: hexane, 1:5) afforded the
desired product (161d) as a yellow oil (50 mg, 14%). Spectroscopic data were
consistent with those described for (161d) obtained via Method A.
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Table 1: Crystal data and structure refinement for 1-amino-2-((2R,5R)-2,5-dimethylpyrrolidin-1-

yhbenzene hydrochloride salt (72)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coeflficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
independent reflections
Completcness to theta = 27.50°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I}]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

k11_02

CI2HI9 CIN2

226.74

123Q) K

0.71073 A

QOrthorhombic

P21 2121

a=8.0618(1) A o= 90°.
b=94707(H A B= 90°.
c=160182(2) A y=90°.
1223.00(3) A’

4

1.231 Mg/m?

0.284 mm!

488

0.20x 0.16 x 0.14 mm?

3.321028.27~.

-10«=she=10, -12<=ke=12, -2l <=}<=21
17235

3018 [R(int) = 0.0400]

99.6 %

None

Full-matrix least-squares on F?
3018/0/ 139

1.084

R1 = 0.0326, wR2 = 0,0904

R] = 0.0358, wR2 = 0.0920

0.00(5)

0.505 and -0.550 e.A3




Table 2: Atomic coordinates { x 104) and equivalent isotropic displacement parameters (A2x
103y for 1-amino-2-((2R,5K)-2,5-dimethylpyrrolidin- |-yl)benzene hydrochloride salt (72). Ufeq)
is defined as one third of the trace of the orthogonalized UlJ tensor.

X y z Uleq)

() 6725(2) 7079(2) 4016(1) 16(1)
C2) 77822) 7570(2) WU 18(1)
cR3) 8069(2) 9036(2) 3344(1) 20(1)
c) 73392) 9953(2) 3904(1) 21(1)
C(5) 6339(2) 9448(2) 4544(1) 22(1)

C6) 6034(2) 8003(2) 4595(1) 19(1)

co 5582(2) 4934(2) 4800(1) 20(1)

C(8) 4957(2) 3511Q2) 4482(1) 26(1)

c® 4178(2) 3818(2) 3629(1) 33(1)

(L) 4905(2) 5240(2) 3332(1) 23(1)

can 6887(2) 4856(2) 5479(1) 26(1)

c(12) 3613(2) 6406(2) 3277(1) 30(1)

CI(1) 9136(1) 35T3(1) 3542(1) 25(1)

N(1) 6241(2) 5577(1) 3998(1) 17¢1)

N(2) 8427(2) 6699(2) 2768(1) 23(1)
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Table 3: Bond lengths [A] and angles [°] for l-amino-2-((2R,5R)-2,5-dimethylpyrrolidin-1-

yl)benzene hydrochioride salt (72)

C(1)-C(6) 1.392(2)
C(H-C(2) 1.409Q2)
- C(1)-N(1) 1.4753(18)
C(2)-N(2) 1.381(2)
C(2)-C(3) 1.409(2)
E C(3)-C(4) 1.381(2)
C(3)-H(3) 0.9500
; C4)-C(5) 1.389(2)
Cid)-Hd) 0.9500
C(5)-C(6) 1.392(2)
4 C(5)-H(5) 0.9500
C(6)-H(6) 0.9500
CH-C) 1.515(2)
C7)-N(1) 1.5172(19)
C(7)-C(8) 1.526(2)
C(7)-HT) 1.0000
C(8)-C(9) 1.531(9)
C(8)-H(8A) 0.9900
C(8)-H(8B) 0.9900
C(9)-C(10) 1.544(2)
C(9)»-H(9A) 0.9900
C(9)-H(9B) 0.9900
C(10)-C(12) 1.521(2)
C10)-N(1) 1.549(2)
C(10)-H(10) 1.0000
C(L1)-H{11A) 0.9800
C(11}-H(11B) 0.9800
C(11)-HA1C) 0.9800
Ci12)-H(12A) 0.9800
C(12)-H(12B) 0.9800
C(12)-H(12C) 0.9800
N(2)-H(2A) 0.9100
N(2)-H(2B) 0.9100




{1
Y
&

N(2)-H(2C)
C(6)-C(1)-C(2)
C(6)-C(1)-N(1)
C(2)-C(1)-N(1)
N(2)-C(2)-C(1)
N(2)-C(2)-C(3)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(S)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
C(11)-C(7)-N(1)
C(1 1)-C(7)-C(8)
N{N-C(7)-C(8)
C(11)-C(7)-H(7)
N()-C(T)-H(D
C®)-C(7)-H(T)
C(N-CE)»CH®
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8B)
C(9)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9B)
C/ i0)-C(9)-H(9B)

0.9100
121.14(14)
120.90(14)
117.68(13)
122.92(14)
119.89(14)
117.01(14)
121.57(15)
9.2
£19.2
120.68(15)
119.7
119.7
118.99(15)
120.5
120.5
120.54(15)
119.7
119.7
112.60(13)
115.18(14)
100.80(12)
109.3
109.3
109.3
105.37(13)
110.7
110.7
110.7
110.7
108.8
106.58(14)
110.4
£10.4
110.4
110.4




H(OA)-CO}H(9B) 108.6
C(12)-C(10)-C(9) 113.07(14)
C(12)-C(10)-N(1) 111.51(12)
4 C(9)-C0)N(1) 103.37(13)
C(12)-C10)-H(10) 109.6
C(9)-C(10)-H(19) 109.6
: N(1)-C(10)-H(10) 109.6
4 C(7)-C(11)-H(1 1A) 109.5
C(7)-C(11)-H(1 1B) 109.5
. H(11A)-C(11)-H(11B) 10615
CTH-C()-H( 1C) 105.5
5 H(11A)-C(11)-H(11C) 109.5
H(118)-C(11)-H(11C} 109.5
C(10)-C(12)-H(12A) 109.5
C(10)-C(12)-H(12B) 109.5
H(12A)-C(12)-H(12B) 109.5
C(10)-C(12)-H(12C) 109.5
H(12A)-C(12)-H(12C) 109.5
H(12B)-C(12)-H(12C) 109.5
| {[ C(1)-N(1)-C(T) 117.59(12)
{ C(1)-N(1)-C(10) 113.33(12)
C(TFN(1)-C(10) 104.88(11)
. C(2:-N@2)-H(2A) 109.5
. (2)-N(2)-H(B) 109.5
E H(2A)-N(2)-H(2B) 109.5
3 C(2)-N(2)-H(2C) 109.5
H(2A)-NQ2)-H(2C) 109.5
H(2B)-N(2)-H(2C) 109.5
Symmet-, transformations used . generzie equivalent atoms:
o




o e

Table -i. Anisotropic displacement parameters (A2x 103)for k11_02. The anisotropic
displacement factor exponent takes the form: 202 h2ax2ull + . +2hka* b+ U! 2]

‘Ull UZZ U33 U‘.’.3 ‘UH U|2
&4} 15(1) 15(1) 19(1) 1(1) Rt ¢)) -1(H)
Q) 17(1) 18(1) 19(1) 2(1) (D [(1)
C(3) 20(1) 19(1) 22(1) 41 2(1) 3D
C4) 22(1) 15(1) 26(1) 0(1) (1) -1(1)
C(5) 211) 19(1) 25(1) -5(1) -4(1) 140
C(6) 17(1) 21()) 20(1) 21 K1) 1(1)
() 23(1) 17(1) 19(1) 2(1) 6(1) -2(1)
C®) 30(1) 17(1) 31(1) (1) 10¢1) -5(1)
C9) 37(1) 25(1) 36(1) -3(1) o(1) -9(1)
C(10) 26(1) 22(1) 2H1) -6(1) 11 -4(1)
cdn 26(1) 26(1) 25(1) 5(1) 21) 2D
C(12) 28(1) 311 30(1) -5(1) -9(1) 1(1)
CI(1) 28(1) 19(1) 28(1) 2(1) 10(1) 5(1)
N(1) 20(1) 14(1) 18(1) o(1) i -2(1)

N(2) 28(1) 19Q1) 22(1) 2(i) 8(1) 1(1}




Table 5: Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)

for 1-amino-2-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene hydrochloride sailt (72)

X y z U{eq)

H(3) 8792 9403 2924 24

H(4) 7522 10940 3852 25

H(5) 5870 10078 4940 26

H(6) 3249 7646 5029 23

H(7) 4620 5505 5004 24

H(8A) 4124 3110 4869 3t

H(8B) 5886 2833 4426 31

H(9A) 2957 3882 3679 39

H(9B) 4454 3058 3228 39

H(10) 5447 5112 2776 27

H(I1A) 7876 4379 5262 18

H(11B) 6448 4325 5955 38

H(11C) 7181 5813 5658 38

H(12A) 2793 6164 2848 44

H(12B) 4157 7297 3128 44

| H(12C) 3057 6509 3817 44
H(2A) 8824 5896 3008 35
' HEB) 9266 7153 2499 35
H(2C) 7617 6475 2396 5




Table 6: Hydrogen bonds for [-amino-2-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene
hydrochloride salt (72) [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(2)-H(2A)...CK1) 0.91 2.37 3.2602(14) " 164.6
N(2)-H(2B). .CI(1)#1 0.91 2.50 3.3787(14) 162.4

Symntetry transformations used to generate equivalent aloms:

#1 -x+2,y+1/2,-2+112




Table 7: Crystal data and structure refinement for 1,2-bis-((2R,5K3-2,5-dimethylpyrrolidin-1-

yl)benzene (44)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Spast group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness 1o thela = 27.50°
Absorplion correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices {I>2sigma(l)}
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

k10_02

CI8 H28 N2

272.42

1232) K

0.71073 A

Orthorhombic

P 2212l

a=85423(2) A a=90°.
b = 8.8892(2) A B=90°.
¢ = 10.6486(2) A ¥ =90°.
808.59(3) A?

2

1.119 Mg/m?

0.065 mm"!

300

0.24 x 0.20 x 0.18 mm?®

3.82 10 28.27°.

-ll<=he=11, -1 1<=ke=11, - 14<=l<=14
11552

2003 |R(int) = 0.0419)

99.4 %

None

Full-matrix least-squares on F?
2003/0/93

0.952

R| =0.0353, wR2 = 0.1074

R1 = 0.0402, wR2 = 0.1125

3(3)

0.170 and -0.175 ¢.A-*




Table 8: Atomic coordinates { x 10%) and equivalent isotropic displacement parameters (A2x
103) for 1,2-bis~((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene (44) U(eq) is defined as one third
of the trace of the orthogonalized Ul tensor.

A y 4 Uleq) l
) 4352(1) 4491(1y S15(1) 22(1)
cQ) 5789(1) 4055(1) 1022(1) 30(1) '-'
CG) 7198(1) 4537(1) 521(1) 34(1)
C() 1840(1) 3321(1) 2264(1) 32(1)
C(S) 1158(1) 2752(2) 2303(1) 40(1)
C(6) 938(1) 2071(1) 1010(1) 37(1)
c 1879(1) 3094(1) 126(1) 26(1)
C(8) 3209(2) 4468(2) 3278(1) 45(1)
C(9) 2768(1) 2197(1) -853(1) 35(1)

N(1) 2913(1) 3961(1) 990(1) 23(1)




Table 9: Bond lengths [A] and angles [°] for 1,2-bis-((ZR,5R)-2,5-dimethylpyrrolidin-1-

yDbenzene (44)

C(1)-C(2) 1.3958(14)
C(1)-N(1) 1.4104(12)
C(H)-C(1)#1 1.4214(19)
C(2)-C(3) 1.3849(15)
C(2)-H(2) 0.9500
C(3)>-C(3)#1 1.381(2)
C(3)-H(3) 0.9500
C(4)-N(I) 1.4719(12)
C(4)-C(8) 1.5188(18)
C(4)-C(5) 1.5237(18)
C(4)-H(4) 1.0000
C(5)-C(6) 1.516(2)
C(5)-H(5A) 0.9200
C(5)-H(5B) 0.9900
C(6)-C(7) 1.5364(15)
C(6)-H(6A) 0.9900
C(6)-H(6B) 0.9500
C(7)-N(1) 1.4904(13)
C(7)»-C(9) 1.5164(15)
C(H-H(D 1.0000
C(8)-H{8A) 0.9800
C(8)-H(8B) 0.9800
C(8)-H(8C) 0.9300
C{9}-H(2A) 0.9800
C{9)-H(9B) 0.9800
C(9)-H(9() 0.9800
C(2)-C(H-N(D 122.30(9)
C(2)-C(1)-C(1)#1 118.39(6)
N(D)-C(1)-C(1)#1 119.31(5)
C(3)-C(2)-C() 121.94(10)
C(3)-C(2)-H(?) 119.0
C(1)-C(2)-H(2) 119.0
C(H#1-C(3)-C(2) 119.60(6)




B~ e e

C3)#1-C(3)-H(3) 120.2

C(2)-C(3)-H(O) 120.2
N(1)-C(4)-C(8) 112.74(9)
N(1)-C(4)-C(5) 101.18(9)
C(8)-C(4)-C(5) 113.52(10)
N(1)-C(4)-H(4) 109.7
C(8)-C(4)-H(4) 109.7
C(5)-C(4)-H(4) 109.7
C(6)-C(5)-C(4) 102.98(9)
C(6)-C(5)-H(5A) 1112
C(4)-C(5)-H(5A) 1112
C(6)-C(5)-H(5B) 112
C(4)-C(5)-H(5B) (11.2
H(5A)-C(5)-H(5B) 109.1
C(5)-C(6)-C(7) 104.78(9)
C(5)-C(6)-H(6A) 110.8
C(7)-C(6)-H(6A) 110.8
C(5)-C(6)-H(6B) 110.8
C(7)-C(6)-H(6B) 110.8
H(6A)-C(6)-H(6B) 108.9
N(1)-C(7)-C(9) 113.54(3)
N(1)-C(7)-C(6) 103.77(9)
C(9)-C(7)-C(6) 111.85(9)
N(1)-C(7)-H(?) 109.2
C(9)-C(7)-H(7) 109.2
C(6)-C(7)-H(T) 109.2
C(4)-C(8)-H(BA) 109.5
C(4)-C(8)-H(8B) 109.5
H(8A)-C(8)-H(8B) 109.5
C(4)-C(8)-H(8C) 109.5
H(8A)-C(8)-H{(8C) 109.5
H(8B)-C(8)-H(8C) 109.5
C(7)-C(9)-H(9A) 109.5
C(7)-C(9)-H(9B) 109.5
H(9A)-C(9)-H(B; 109.5
C(7)-C(9)-H(SC) 109.5




= e i ot s 2 i e

H(9A)-C(9)-H{9C) 109.5
H(9B)-C(9)-H(9C) 109.5
C(t1»-N(1)-C(4) 119.80(8)
C(1)-N(1)-C(7) 117.87(8) i
C)-N(1)-C(T) 110.09(8)
". Symmetry transformations used to gencrate equivalent atoms: ‘
: 5 # xeyrl oz '




Table 10: Anisotropic displacement parameters (AZx

103)or  1,2-bis-((2R,5R)-2.,5-
dimethylpyrrolidin-1-yl)benzene (44) The anisotropic displacement factor exponent takes the
form: -2n2[ h2a*2U1! + . + 2 hka*b* Ul2]

un UZ‘.?. U33 U23 UIJ U!Z
(1) 24(1) 21(1) 22(1) -2(1) 1(1) 2(1)
@) 30(1) 29(1) 30(1) (1) -3() 7(1)
Cc3) 24(1) 36(1) 43(1) -6(1) -5(1) a1
C(4) 34(1) 36(1) 26(1) 11(1) 7(1) 11€1)
C(5) 37(1) 40(1) 43(1) 18(1) 15(1) 8(1)
C(6) 32(1) 26(1) 54(1) 9(1) 12(1) o1
(N 24(1) 21(H) 33() 1(1) 2(1) -1
C(8) 50(1) 61(1) 23(h) 21) 1(1) 14(1)
C(9) 37 28(1) 39(1) -9(1) 7 (1)
N(1) 25(1) 25(1) 20(1) () 11 T8




Table 11: Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
for 1,2-bis-((2R,5R)-2,5-dimethylpyrrolidin-1-yl)benzene (44)

X y z Uleq)
HQ) 5800 3409 WAK 36
H(3) 8159 4232 891 41
H4) 3579 2452 2330 39
H(5A) 1019 1986 2069 43
H(5B) 414 3587 2448 48
H(6A) -183 2061 773 a5
H(6B) 1343 1028 985 45
H(7) 1147 3803 -306 31
H(8A) 2458 5299 3230 67
H(8B) 4271 4357 3154 67
H(8O) 3136 3989 4105 67
HOA) 3502 1514 434 52
H(YB) 3349 2886 -1400 52
H(3C) 2028 1611 -1358 52






