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Abstract

Synthetic Methodologies in Organo (Fluorine) Chemistry Using Chiral Amines

This thesis describes the development of methodologies for the synthesis of chiral
organo (fluorine) compounds using homochiral amines.

Chapter 1 is an introduction, which summarises the importance of incorporating
fluorine into molecules of medicinal and biological significance, and describes various
methods used to achieve selective organo-fluorination.

Chapter 2 describes stereoselective alkylation/ methylation reactions. In this context
the synthesis of organo-fluorine compounds was undertaken to evaluate the
stereoinduction arising from lithium-fluorine chelation in a pre-designed enolate
alkylation system. The lithium chelation capability of H, F and O was examined relative
to each other and the results were consistent with the chelation order O > F > H. In one
study involving a more sterically crowded system, there was no evidence of fluorine
chelation.

In chapter 3, proline-derived chiral auxiliaries have been used for the stereoselective
synthesis of y-butyrolactones through a sequence of N-allyl-/ crotyl- ation, [3,3]-Claisen
rearrangement reactions followed by iodolactonisation. Moderate to good
diastereoselectivities were observed. In the best cases stereoselectivities of up to 99% de
were achieved.

Chapter 4 explores three approaches towards the synthesis of C,-symmetrical ethylene
diamines. These are direct alkylation with ethane diiodide, dicarbonyl coupling with
oxalyl chloride and glyoxal condensations. Glyoxal condensation was the best method
and led to the quantitative synthesis of 315, 317 and 350. C,-symmetrical diamines have
become an increasingly important focus in enantioselective organic reactions. Such
diamines are widely employed as metal ligands in catalytic asymmetric synthesis, chiral
resolving agents and chiral auxiliaries. Thus, novel diamines 325, 317, and 350
constitute new entities in this area.

Chapter 5 presents the stereoselective synthesis of Ugi (4-CR) multi-component
reactions using chiral amines with a novel fluorodiphenylmethyl motif. In some cases,
stereoinduction up to 93% de was obtained in the Ugi reactions with the amine, an
isonitrile, an aldehyde and a carboxylic acid.

Chapter 6 details the experimental procedures for the compounds synthesised in this
thesis.
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INTRODUCTION

SYNOPSIS

Recent years have witnessed major advances in organic-fluoro chemistry. New
synthetic methods and novel fluorinating (electrophilic and nucleophilic) reagents have
been developed that facilitate the incorporation of fluorine or fluorine-containing units

into small building blocks, designer compounds and materials of peculiar properties.

The licensing of fluorine containing drugs is steadily increasing, such that 18% of all

drugs in clinical trials at the moment contain fluorine.

1.1. Discovery and Developments in Elemental Fluorine Chemistry

The element fluorine (L. fluo, flow) was not prepared until 1886, however, the fluorine-
containing mineral fluorspar (CaF;) had already been described in 1529 by Georg

Bauer, the German physician and mineralogist.

The belated developments and availability of fluorine owe to its high reactivity and
toxicity, hence its group VII counterparts were more widely described and readily
available even though they were discovered later. Chlorine was discovered by in 1772
by Scheele'bromine in 1826 by the French chemist Balard and iodine’s discovery is

credited to Courtois Bernard®® in 1811.

In 1771, the Swedish chemist Carl Wilhelm Scheele succeeded in obtaining impure
hydrofluoric acid by reaction of fluorspar with sulfuric acid. The recognition that
fluorspar was calcium fluoride came when André-Marie Ampére prepared nearly

anhydrous hydrofluoric acid in 1809 and in 1811 he suggested that it was a compound



2

of hydrogen and an unknown element, analogous to chlorine, for which he proposed the

name fluorine.

In 1886, Henri Moissan*® first isolated elemental fluorine by electrolysis of KHF, in
HF, an advancement for which he received a Nobel Prize in 1906 a year before his

tragic death from fluorine poisoning.

Fluorine is used in the manufacture of uranium hexafluoride (UF.‘_’,),?' 8 which in turn is
used for the gaseous separation by membrane partitioning of uranium isotopes (U-235).
Developments of organo-fluorine compounds, polymers and use of fluoride in dental
products have made it a much more familiar element over decades. With an increasing
awareness of the importance of fluorine chemistry, the prejudice and hazardous
perceptions that reactions of elemental fluorine cannot be controlled, had to be
overcome. Several researchers have unequivocally demonstrated that such a prejudice

9-11

should be laid to rest. An early practical example of taming elemental fluorine was

demonstrated in the industrial scale manufacture of 5-fluorouracil 1.

Recent developments from groups such as Chambers at Durhan have unlocked the
potential of this element in organic synthesis. The selective introduction of fluorine into
organic compounds still remains a great synthetic challenge although significant

advancements have been reported in this area. '*

1.1.1. Fluorinated compounds in medicine

A prominent feature in the growth of fluorinated pharmaceuticals is the number of
bioactive compounds containing aryl-F and aryl-CFs groups. These functional groups
are chemically inert and are not readily metabolised in vivo, thus they are attractive
substituents in drug design and development. Fluorine substitution can alter the
chemical properties, disposition, and biological activity of drugs. Currently many

fluorinated compounds are being widely used in the treatment of diseases. These



include antidepressants, anti-inflammatory agents, antimalarial drugs, antiviral agents,
steroids, and general anaesthetics'® in which polar effects of F and CF; cause change in
biological activity compared to their hydrocarbon counterparts. The chemistry and
medicinal chemistry of fluoro-organic compounds and drugs have been reviewed.'” *
The development of new fluorinating agents (section 1.3) has vastly increased the
potential for synthesis of novel fluorinated drugs. In addition, the development of
sophisticated non-invasive analytical techniques based on F nuclear magnetic

resonance (NMR) and positron emission tomography has transformed the study of

fluorinated drugs in humans and animals."®

Dexamethasone 2

Since the discovery by Fried'® of the increased therapeutic effect conferred by fluorine
in 9-a-fluorohydrocortisone acetate, an interest has emerged in the medicinal chemistry
of organofluorine compounds. In his original studies, Fried reported the replacement of
9-a-hydrogen atom by a halogen. The main interest in this study was the observation
that halo compounds possessed marked glycocorticoid activity, which in the case of
chloro-derivatives exceeded by a factor of four that of the parent hormones. The 9-u-
fluoro derivatives dexamethasone 2 were prepared, prompted by the finding that the

activity was inversely proportional to the size of halogen.

During the past 50 years, several useful advances in organofluorine chemistry have been
translated into products of medicinal value."” The reason for this profound therapeutic
activity has been rationalised mainly on the basis of the physicochemical properties of

the fluorine atom in these compounds.'®

Fluorinated compounds have gained broad application in medicine. Paracetamol is one

example of the effect of fluorination in analgesics. When non-fluorinated paracetamol is

. ot . L)
taken in overdose, hepatic necrosis results.'” %
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Figure 1.1 Effect of fluorine on the oxidation potential (V) in paracetamol.

The introduction of fluorine into paracetamol changes its oxidation potential (figure
1.1). Both the number of fluorine atoms and the position around the aromatic ring affect
the oxidation potential. Thus a reduction in oxidative bioactivation and therefore

reduced in vivo toxicity of the compound is elicited by judicial placement of the fluorine

atom S.21
Benzylic oxidation O— OH
Y N N
©/\/ N DCfnClhylaliUn Blocked
0 * bioactivation
Aromatic hydroxylation o :
SCH 48461
Blocked non- 50-fold increase in Amodiaquine Fluoroamodiaquine
productive in vivo activity
metabolism OH

OH

C}/lv \I/\/\ NH

. = & Reduction in Ny
Q haemotoxmlty e

SCH 58235

F\ F

Aromatic hydroxylation blocked with fluorine Prlmaqume 5-Fluoroprimaquine

Figure 1.2 Fluorine substitution in drug design.

The strategic value of fluorine substitution in rational drug design is neatly illustrated by
the development of the orally active inhibitor of cholesterol absorption SCH58235 from
SCH48461%% (figure 1.2) .Fluorine was introduced to block undesirable metabolic

transformations and produce a lead compound with 50-fold greater potency in vivo.



1.1.1.1. Fluorinated CNS Drugs

Fluorinated drugs are widely represented in medicine. Good examples can be found in
central nervous system drugs (CNS). Prozac (fluoxetine) 4 is the most commercially
successful fluorinated drug in pharmaceutical markets in its class for treatment of
depression. Other most commonly encountered CNS drugs are fluvoxamine 35

paroxetine 6, and citapram 7 (figure 1.3).

H\ I'I-] M - N O/

0 Nt Y
X e
FAC

Figure 1.3 Example of leading fluorinated CNS drugs.

Prozac is an antidepressant medication originally approved by the FDA in 1987 and
currently available for the treatment of depression, obsessive-compulsive disorder, and
bulimia nervosa. It preferentially inhibits the reuptake of serotonin into brain
synaptosomes and platelets in rats and humans. Befloxatone™ 8 (figure 1.4) is an
oxazolidinone derivative belonging to a new generation of reversible and selective
monoamine oxidase-A (MAO-A) inhibitors. Befloxatone belongs to a rare group of

fluorinated drugs, which possess fluorine/ CFj3 at a stereogenic centre.
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Figure 1.4 MAO-A inhibitor



1.1.1.2. Anti-Cancer

S-Fluorouracil 1 (5-FU) was the first fluorinated pyrimidine to show bioactivity and it is
widely used for the treatment of breast and gastrointestinal cancer, and palliation of
inoperable malignant neoplasms. Its effect on living cells is limited to those in the
proliferative phase. It is a potent mechanism based inhibitor of thymidylate synthase, an
enzyme that converts deoxyuridine monophosphate (dUMP) to

deoxythymidinemonophosphate.
1.1.1.3. Antibiotics

The penicillins have dominated the antibacterial market since their discovery in the mid
1940’s but a multitude of other antibacterial drugs have since been developed.
Fluorinated compounds of the 6-fluoroquinolone-core structure have been prepared and
widely employed as antibacterial agents (figure 1.5). These were first introduced about
two decades ago with norfloxacin 9 and many like daiichi 11, trovafloxacin 12 and
ciprofloxacin 10 were since developed. Quinolone antibacterial agents act by inhibition

of bacterial DNA synthesis.
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Figure 1.5 6-Fluoroquinolone antibacterial agents

The 6-fluoroquinolones are active against a wide range of gram-positive and gram-

negative pathogens. They possess improved oral absorption and systemic distribution,



and therefore have extended clinical applications that include urinary and respiratory
tract infections, skin, and soft tissue infections. The structural features, which determine
tissue distribution and cellular uptake, are complicated by specific efflux mechanisms.*®
Nevertheless, it has been proposed that the 6-fluoro group is important for both cell
penetration and gyrase affinity.”” The presence of the fluorine atom is important for
activity. Replacement with hydrogen, or other groups such as amino or methyl groups

always result in less active compounds.

1.1.1.4. Anti-virals

There has been an intense focus on developing agents against the human
immunodeficiency virus (HIV) which leads to AIDS. Zidovudine 13 [3-azidothymidine
(AZT)] (figure 1.6) was the first anti-HIV agent to be approved for clinical use, after
which the direct fluorinated analogue alovudine 14 [3’-fluorothymidine (FTL)]. FTL
was found to exhibit an anti-HIV-7 potency similar to that of AZT but with slightly
better sensitivity and higher intracellular active metabolite levels.”® Nucleoside
analogues 15 (2°,3’-dideoxyadenosine) (ddAdo) and 16 the 3’-fluoro derivative have

been indicated to improve the immune system in AIDS patients.
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Figure 1.6 Nucleoside HIV-drugs

Non-nucleoside HIV drugs are widely represented one example being efavarinez® > 17
which is a reverse transcriptase inhibitor that shows high potency against a variety of
HIV-1 mutant strains.”' It is notable in that it has a CFs group directly attached to the
chiral centre, rather than, for example on the aryl ring system. It is also among a small
group of licensed fluorinated compounds, which contain a CF; group at a stereogenic
centre. Diflucan/ fluconazole 18 (anti fungal, figure 1.6) works by inhibiting fungal
cytochrome P-450 sterol C-14 a-demethylation, thus obstructing the conversion of

lanosterol to ergosterol,*® which leads to the inhibition of membrane sterol synthesis and



therefore prevents fungal cell replication. Diflucan appears relatively free from serious

side effects or toxicity and it is clearly an exciting new drug in AIDS therapy.
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Figure 1.6 Non-nucleoside drugs for HIV treatment.
1.1.1.5. Antimalarial Drugs

Resistance by the malarial strains to many drugs has led to the development of
fluorinated drugs for malaria. Traditionally, quinine 19 and quinidine 20 (figure 1.7) are
administered for malaria, but however the parasite has developed resistance to these
drugs. Thus, mefloquine 21, which was developed from these cinchona alkaloids, is

marketed in racemic form under the trade name lariam.

Figure 1.7 Structures of quinine, quinidine and (-)-mefloquine

(-)-Mefloquine 21 has the same stereochemistry at C-11 as quinine 19 at C-9, and (+)-
mefloquine has the same stereochemistry C-11 with quinidine 20 at C-9.%* The latter is
the more potent in vitro against D6 and W2 strain of Plasmodium falciparum.
Mefloquine 21 is one of the major antimalarial drugs prescribed in the Third World and
has had a world-wide impact on this regard where it is active in regions where the

mosquito is resistant to quinine.



The presence of a fluorine atom can influence the lipophilicity of a molecule and affect
the partitioning of the drug across membranes, and across the blood/ brain barrier, and
also facilitate hydrophobic interactions of the drug molecule with specific binding sites,
on either receptors or enzymes. The replacement of a single aromatic hydrogen atom
usually results only in a modest increase in lipophilicity, whereas the CF; group is
among the most lipophilic of all substituents. Thus, fluorine replacement for hydrogen
has allowed the design of new compounds with interesting properties and the

refinement of chemical reactivity and biological activity.

1.2. Physical and Stereoelectronic effects of fluorine

The replacement of a hydrogen atom (H) or a hydroxyl group (OH) by a fluorine atom
(F) is a strategy widely employed in drug development to change biological activity.
Although it is generally thought that the fluorine for hydrogen substitution causes
minimal steric effects, the actual van der Waals radius of fluorine (1.47 ;\) lies between
that of oxygen (1.57 A) and hydrogen (1.2 A) (Table 1.1). Despite the fact that the size
of fluorine is greater than hydrogen, several studies have demonstrated that it is a
reasonable hydrogen mimic and exerts only a minor steric demand at receptor sites, in

. 4
case of monofunctional analogues.1 ;

Electro- Bond length Van der Waals Bond energy
Element  negativity (CH,X, A) radius (A) (kcal/mol)
H 2.1 1.09 1.20 99
F 4.0 1.39 1.35 116
O(OH) 3.5 1.43 1.40 85
Table 1.1 Some physiochemical properties of the carbon-fluorine bond

In contrast to their size similarity, hydrogen and fluorine have quite different electronic
properties. Fluorine is the most electronegative element in the periodic table, (table 1.1).
The replacement of a hydrogen atom for fluorine in a molecule changes the electron
distribution. Consequently this alters the pK,, the dipole moments, and even the
chemical reactivity and acid/ base properties of neighbouring functional groups. The

magnitude of the change in these electronic properties is often determined by the
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bonding between the fluorine atom and the functional group. Thus, the presence of a
fluorine atom ortho to a phenolic OH is associated with a reduced pK, of 1.2, whereas
meta and para fluoro substitutions have much less effect. The incorporation of two
fluorine atoms at the 2- and 6- positions of phenol causes reduction in the pK, of 2.7°*

(figure 1.8).

OH

sl U ¢4

Figure 1.8 Fluorinated phenols

Fluorine forms a strong bond with carbon (bond energy C-F = 116 kcal/mol), which has
an increased oxidative and thermal stability compared with the carbon-hydrogen bond
(C-H = 99 kcal/mol). In addition to the formation of covalent bonds, a fluorine atom
present in a molecule can also form reversible, electrostatic bonds with certain
functional groups. The isosteric replacement of the hydroxyl group is a common
strategy in medicinal chemistry. This substitution is usually based on the principle that
fluorine is a hydrogen bond acceptor similar to oxygen in a hydroxyl group in this
respect. However, the higher electronegativity and lower polarizability of fluorine over
oxygen has a major influence on the ability of fluorine to mimic a hydroxyl group.
Recent calculations have measured the strength of an optimum C-FH bond (1.9 A) to
be 2.38 kcal/mol in an adduct between fluoromethane and water. Therefore, the F~H
bond is clearly much weaker than the corresponding O H, which is conventionally

estimated to be ca 5 kcal/mol.

In contrast to the single replacement of hydrogen for fluorine, replacement of a
methylene function with a difluoromethylene function (CH, for CF,;) can have a
dramatic effect on both conformation and physical properties of a molecule. The
difluoromethylene moiety has in fact been used as an electronic mimic of labile oxygen
atoms in phosphate esters (R-CFz-Png' VS. R-OPO;Z') as shown in estrone sulfate

analogues 23 and 24 (figure 1.9).
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Figure 1.9 Estrone-3-sulfate analogues bearing non-hydrolysable sulfate mimetics.

This functional group has found extensive use in the design of inhibitors of enzymes
which hydrolyse or bind phosphate esters.”> The CF, group has been proposed as a
reasonable isosteric and isopolar replacement for the hydroxyl group because of its size,
electron distribution, and ability to act as a hydrogen bond acceptor.3(’ The CF,H group
is particularly favoured because of its ability to act as a hydrogen donor,”’ potentially
allowing interaction with solvent and biological molecules. Further introduction of
fluorine causes even greater steric restrictions. The frequently used trifluoromethyl
group (-CF;) is judged to be closer in size to an isopropyl group®® (chapter 2). Indeed,
several workers have suggested that the CF3 group can exert an effect comparable to a

phenyl ring or even a terr-butyl function.”

The replacement of oxygen (O) in phosphates by CH, to give hydrolytically stable

phosphonates has been known for decades.*"*

This replacement by the CH; moiety
renders the phosphate resistant to the action of phosphatase hydrolysis. The important
feature of this exchange is that it maintains the same spatial distribution of functionality
as the substrate and allows similar conformations to be accessed. Such a replacement,
however, has some detrimental consequences, due to a mismatch of electronic effects

between O and CH; group.
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Figure 1.10  pKa values for phosphate, phosphonate and phosphonates fluorinated

derivatives.
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The pKa (6.4) of the phosphate group 26 is less than the pKa (7.6) of the phosphonate™*
27 group (figure 1.10), thus, an oxygen mimic is obviously required to match its
electronegativity. The introduction of fluorine atoms into the methylene group 28
increases the acidity of the phosphonate due to the electronegativity of fluorine atom.*
Clearly, a single fluorine atom replacement is a best fit mimic for the pKa (6.5) whereas

two fluorines result in a significant increase in pKa (5.4) 29.

s 0 P on =g e~
- - —OH ~OH
R~ R _OH R\/\Q’RO_ R\/\:C”P\ _ R\/(C?p\ _
0 H o _ H O FFY
30 31 32 33

Figure 1.11 The C-X-P angles of the phosphate and phosphonates as determined from X-ray
structure data, where (X = O, CH,, CHF, CF,).

X-ray analysis of these compounds (30-33) revealed another benefit for the replacement
of the methylene hydrogens with fluorine. The bond angle in the methylene case 31 is
much more deviated (112.1°) compared to the CHF (113.3°) 32 and CF; (116.5°) 33
analogues (figure 1.11). Thus, the CF; phosphonate group emerges as a good mimic for
phosphate since both the pKa and the bond angle closely resemble that found in the

phosphate.

1.2.1. The Fluorine Gauche Effect

The fluorine gauche effect has received special attention in our research group and
elsewhere. Although the steric effect between the fluorine and hydrogen atoms is very
small, electronic difference between them is profound. The replacement of fluorine for
hydrogen in organic compounds can significantly change the properties of a given
molecule, especially when a fluorine atom is located close to functional groups.** * The
gauche effect was described by Wolfe*® as the tendency of molecules to adopt a
structure, with the maximum number of interactions between adjacent electron pairs/

and polar bonds.

It is well established that the lowest energy conformer 34 of 1,2-difluoroethane has the
gauche arrangement, and that the anti conformer 35 is higher in energy by ~I

kcal/mol*’ (figure 1.12). This is in contrast to 1,2-dichloroethane, which prefers the anti
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conformation.*® The gauche effect appears to originate from optimal C-C o-bond
overlap and vicinal hyperconjugation possibilities between the electron rich C-H

(HOMO) bond and C-F c*-orbital (LUMO).

H H
F@,H r\@ﬁ
F | H H | F

H H

gauche-34 anti-35

Figure 1.12  Staggered rotamers of 1,2-difluoroethane

The fluorine gauche effect has been shown to influence the relative energies of
conformers of both erythro (meso) and (+)-threo-2,3-difluorobutane 36 and 37 (figure
1.13). In particular the two staggered erythro 36a and 36b conformers were judged to
have the same energy profile and were equally populated in solution, indicating that the
two methyl groups gauche to each other are compensated for by a favourable fluorine
gauche effect. The threo conformer 37a with the methyl groups anti and the fluorines

gauche appeared as the lowest energy (~0.8 kcal/mol™) conformers in that series.

CHj; CH; CHj
F H F HsC H £ H F
\)\ — \/\
P ¥ H ¥ H E H F
CHj F CHj
erythro-36 36a 36b threo-37 37a

Figure 1.13  Conformations of 2,4-difluorobutane

Recently, a study® on the preferred conformation of the F-C-C(O)-N(H) moiety in a-
fluoroamides and B-fluoroammonium systems where the C-F bonds prefer to adopt a
conformation anti to the carbonyl and syn to the 0152 (figure 1.14) has been

conducted.
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Figure 1.14  Anti and gauche conformations in fluoroethylenes, R & R’ = CH;

Following the above study, it was anticipated that the preferred conformation around the
amide bond could be controlled by the strategic placement of a fluorine atom. In that

study amide 38 was prepared (figure 1.15).

\l)J\N
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38

Figure 1.15  Difluoroamide

X-ray diffraction studies revealed that the a-fluoro C-F bond adopts a gauche
conformation to the C-N-(CO) bonds in N-B-fluoroamide moiety and also the second C-
F bond preferred a syn conformation to the C-N bond in the a-fluoroamide moiety in the
solid state. This observation is in agreement with the prediction on the basis of the
previous evaluated influence of the C-F bond in other amide systems.”” ' Related
studies by Seebach suggest that the strategic incorporation of the C-F bond into peptides
can be used to design and control the conformation of medicinally important

compounds.

1.3.  Fluorination in organic synthesis.

Although the regio-selective introduction of fluorine into organic molecules using F; is
now well-documented, a number of more robust fluorinating reagents (C-F forming)
have been developed for specific transformations in fluoro-organic chemistry. Recent
advances in the quest for a broader scope of biotechnological applications have also

been made by the discovery of the first native enzyme capable of converting inorganic
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fluoride to organic fluorine by means of a specific fluorinase enzyme.” Fluorinating
reagents may be classified®* as sources of fluoride ion (F), or fluorine radicals (F) and

as compounds that can deliver electrophilic fluorine (F").

1.3.1. Fluorinating reagents in synthesis

1.3.1.1. Elemental Fluorine

Fluorine, a yellow gas,55 is the most electronegative and is the most reactive element. Its
high reactivity in certain reactions prevented any widespread uses in the chemical
industry for many years. Fluorine reacts with nearly all-organic and inorganic materials;
however, it is not particularly reactive towards O, and Nj. Under carefully regulated
conditions fluorine can be a useful synthetic reagent.” *® A site-selective limited
introduction of fluorine by direct reaction of F, has been demonstrated for many organic
substrates, including carbanions,”” enolates,” olefins and certain aromatic compounds™”

1 (scheme 1.1).

other radical
Path A: 1-electron transfer derived products

TN ~ F
©+FQ—* FF®—+©/+ H-

Path B: 2-electron transfer (Sy2-type process)
Scheme 1.1.  Mechanisms of direct fluorination of aromatic compounds using F.

Part A shows a nucleophilic radical (F) process, which produces a phenyl radical
intermediate to give fluorobenzene. Path B follows an electrophilic aromatic
substitution process whereby 2-electrons from benzene react with F; to displace fluoride
ion (F) (scheme 1.1). It appears that the choice of a solvent is critical in achieving
successful fluorination facilitated by molecular fluorine with conc. H,SO4 and formic

acid being commonly employed.
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Synthetic procedures for the selective transformation of C-H to C-F bonds offer direct
processes for incorporating fluorine atoms into organic compounds. Rozen and co-
workers™® demonstrated that a tertiary C-H site could be fluorinated using elemental
fluorine in a reaction medium of CHCIs/CFCl; at —78°C. However, limitations of this
procedure for scale-up has led to the development of a new procedure by Chambers and
co-workers.!" Their procedure involves passing fluorine gas, diluted to 10% (v/v) in

nitrogen, through a mixture of substrate and acetonitrile.

: 63"/:
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Scheme 1.2 Reagents: (a) F5 [10%(v/v) mixture in N,], CH;CN, 0°C.

This procedure is amenable to both secondary and tertiary C-H sites, eg. cyclohexane
39, trans-decalin 41 and norbornane 43 give single mono-fluorinated isomers in each
case, whereas the linear methyl ester 45 gave a mixture consisting of mono-fluorinated
isomers in a ratio of 5.9: 3.9: 3.2: 1 which were identified by NMR studies to be methyl
3-, 4-, 5- and 6-fluoroheptanoate (scheme 1.2).

Prudent manipulation of molecular fluorine by reaction with other halogens has paved a
way into the synthesis of difluorinated compounds 48 from their corresponding
thiolanes 47 (scheme 1.3). This fluorodesulfuration reaction is achieved upon reaction

of FI®®with sulfides. The general reaction mechanism is as shown in the equation below.

+ @
R—S—R —L p FmR—?—R’ ~ 3 R—F
I
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Scheme 1.3 Fluorodesulfuration using Fa/I,.

Thus, elemental fluorine has in recent years experienced a change in achieving new

strategic chemical transformations useful in biological and industrial applications.

1.3.2. Nucleophilic Fluorination

Fluorination of organic compounds using nucleophilic fluorination is one of the most
widely used methodologies in the field of organo-fluorine chemistry. Development and
refinement of several procedures for the selective introduction of fluorine have
contributed greatly to the rapid increase in the inventory of fluorinated compounds.
Fluoride sources such as HF, KF, CsF, SF; TBAF," are generally employed as
fluorinating agents to achieve straightforward chemical transformations of carbon-
oxygen to carbon-fluorine bonds when the substrate is activated eg. as the mesylate,
tosylate, triflate, etc. However, limitations arise when employing the fluoride bases to
base sensitive substrates, often leading to elimination reactions. Thus, various
complexes of HF with donor bases have been developed to overcome these limitations.

64

THF/HF was the first one to be reported in 1956 by Hirschamann.™ Subsequently,

" 2 . 66
stable solutions of HF amines,*” amides,®

etc. have been reported.

Pyridinium polyfluoride (Olah’s reagent”’), was first prepared by Olah®® from a
reaction of pyridine and formyl fluoride. This resulted in decarbonylation of the
resultant intermediate N-formylpyridium fluoride. This reagent is commercially
available (HF/Py 70/30%) and is widely used. Solutions of lower concentrations of HF
can be prepared by dilution with dry pyridine. Fluorination using HF/pyridine will be

discussed in chapter 3 in preparations of a-fluoroacids.
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Other common nucleophilic fluorinating reagents include diethylaminosulfur trifluoride
(DAST),** 7° triethylamine trihydrofluoride’’ and Deoxo-Fluor.”> DAST, the most
widely used of this group shows some instability at temperatures above 90 °C, often
exploding. Thus a more thermally stable reagent (Deoxo-Fluor) has been developed and

occasionally it has better reactivity than DAST.

—0
— T ¥
N—S—F N—S—F
CF ,
O
\
DAST Deoxo-Fluor
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51
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(R)-53 (. 95% ee) (-)-(S)-54 (70% ee)

Figure 1.16  Fluorination of alcohols with DAST and Deoxo-Fluor

These reagents are used for the fluorination of alcohols (Figure 1.16), amino alcohols,
diols, and the difluorination of aldehydes and ketones. Generally moderate yields are
obtained. DAST and Deoxo-Fluor are easily prepared by the reaction of aminosilyl

precursors and sulfur tetrafluoride as shown in the equation below.

R,NSi(CH3); + SE; — R,NSF; + (CH;3);SiF
R = (CH;CH,) = DAST
R = (CH;0CH,CH,) = Deoxo-Fluor

These reagents have been widely utilised in carbohydrate and nucleoside chemistry and
show compatibility with substrates bearing a variety of protecting groups.n' ™ These
fluorination reagents mediate reactions which are generally reported to proceed

smoothly giving high yields.
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1.3.3. Electrophilic Fluorination

1.3.3.1. Fluorinating reagents of class N-F

One of the most important developments in the last decade in organo-fluorine chemistry
has been the development of a variety of N-F fluorinating agents. A continuing search
for regioselective strategies for carbon-fluorine bond formation in organic chemistry has
stimulated their development. Conventional electrophilic fluorine sources were
identified as F,, perchloryl fluoride, FCIOs, xenon fluoride, XeF,, trichloroacet yl
hypofluorite, CI3CC(O)OF and various acyl and perfluoroacyl hypofluorides, RC(O)OF
and R{C(O)OF, however, their use is limited due to their hazardous nature: explosive,

hygroscopic, gaseous, toxic, etc.

Since fluorine is the most electronegative element, the above properties may well be
unavoidable in reagents in which fluorine behaves as an electrophile. However, in order
to modify molecules such as those of pharmaceutical and agrochemical importance,
mild and selective methods for the incorporation of the fluorine atom are required. The
recently developed N-F reagents (electrophilic reagents based on compounds with N-F

groups) satisfy this requirement and are relatively stable on prolonged storage.TS' 70

Electrophilic N-F reagents are now commonplace in organo-fluorine chemistry with the
diazoniabicyclo[2.2.2]octane, pyridines and sulfonamides being the most widely

encountered motifs,
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Figure 1.17  Electrophilic fluorinating agents of N-F and [N-F]"classes.

Both N-F and [N-F]" can be prepared by direct fluorination from neat or diluted
elemental fluorine and/ or by transfer fluorination.*® Selectfluor [1-chloromethyl-4-
fluoro-1,4-diazoniabicyclo [2.2.2]octane bis(tetrafluoroborate)] is the most commonly
used amongst its congeners although it has only been introduced quite recently. It was
discovered and developed by researchers from UMIST, Air Products and Chemicals
Inc.”® 7" This reagent is now produced in multi-ton quantities per year following a
protocol fully described in other reports.””””” The manufacturing process is shown in
scheme 1.18. Selectfluor is also used for the preparation a-fluoro acid chlorides in the
preparation of fluoroketenes (chapter 3) to provide an alternative fluorination route

towards homochiral a-fluoro carbonyls.
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Figure 1.18 A typical Selectfluor industrial manufacturing process

1.3.4. Asymmetric fluorinating reagents in synthesis

The fascinating properties of organo-fluorine molecules together with the desire to
control chirality, have led to enormous efforts in the asymmetric synthesis of organo-
fluorine COmpOundS.so There is a rapid growth in demand for optically active fluorinated
compounds for different applications, e.g. in medicinal chemistry, biochemistry and
also in the material sciences. Consequently, there is a need for synthetic procedures to

prepare such compounds. A key challenge has been direct asymmetric fluorination.

There are two general methodologies to obtain optically active fluorinated compounds:
(1) The stereoselective introduction of fluorine at a prochiral center and,

(i)  The chiral auxiliary and enzyme-catalysed resolution of racemates."’

Differding and Lang®® were the pioneers of asymmetric fluorination of B-ketoester
enolates with N-fluorocamphorsultam S5 (figure 1.19) which gave ee’s up to 70%. The
enantioselectivity was later improved up to 75% for the fluorination of 2-methyl-1-

tetralone 57 employing N-fluoro-3-3-dichlorocamphorsultam 56.
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Figure 1.19  Fluorination using camphorsultams

Studies were undertaken by Takeuchi er al®" who employed enantiomeric N-fluoro-3-
cyclohexyl-3(R)-methyl-2,3-dihydrobenz[1,2-d]isothiazole 1,1-dioxide (CMIT-F) 59 for
fluorination of enolates to furnish optically pure a—fluoroketones, often with high

stereoselectivities (88% ee).

(R)-CMIT-F 59
Figure 1.20  Saccharin derived N-F fluorinating agent.

The reagent (R)-CMIT-F 59 (figure 1.20) has a stable structure, but possesses a reactive
N-F bond and has steric factors that favour asymmetric induction. It is believed that the
planarity present in the 2,3-dihydrobenzo-isothiazole system is likely to effect the

stereochemical course in an ordered transition state.

The reagent (R)-CMIT 59 was prepared from saccharin as the starting material and the
imine 60 was afforded following Oppolzer’s method.*” The reaction sequence leading to

the compound 59 is outlined in (scheme 1.4).



23

(0]
O\\S:,O Q\S//O X \\S:/O
25 ¢ -
@/{q a N—H N—F

Scheme 1.4 Reagents: (a) ¢-CgH; MgBr, THF (70%); (b) (-)-menthyloxyacetyl chloride,
NaH, THF, (73%); (c) separation; (d) 2N LiOH, THF,, (93-96%), (¢) 15%
F.»/He, spray-dried KF, CHCl; (51-65%)

The unavailability of these reagents due to the tedious synthetic procedure required for
their preparation has led to the development of new a class of enantioselective
fluorination agents based on alkaloid derivatives of Selectfluor. Carbanions can be
fluorinated enantioselectively with Selectfluor in the presence of dihydroquinine 4-

chlorobenzoate (DHQB) or dihydroquinidine acetate (DHQA) (figure 1.21).

MeO H

Figure 1.21 Cinchona alkaloids

A typical reagent preparation involves the alkaloid and Selectfluor in acetonitrile at -20
°C to afford up 91% ee as determined by HPLC. These reagents will fluorinate both

cyclic and acyclic carbonyl compouncls.83
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Scheme 1.5.  Preparation and purification of F-CD-BF,

In order to probe the mechanism of electrophilic fluorination with the cinchona
reagents, Cahard et al® have reported the purification and X-ray structure of the first
[N-F]" chiral fluorinating agent derived from cinchonidine. X-ray diffraction analysis
was carried out on F-CD-BF; to reveal N-F bond length of 1.419(7) A. This is similar to
that of fluoroquininuclidinium triflate, 1.407(6) A and significantly longer than the N-F

bond length in Selectfluor, 1.37(2) A® (figure 1.22).

F-CD-BF,

Figure 1.22  N-Fluorocinchonidinium terafluoroborate F-CD-BF;, H,O drawn using
PLATON-98.

Shibata reported the first asymmetric synthesis of fluoro-oxindole (Maxipost) er al.%
The novel BMS-204352 (Maxipost) 63 is being developed by Bristol-Meyers Squib
Pharmaceutical Research Institute as a potent, effective opener of maxi-K* channels.
Worldwide phase III clinical trials of BMS-204352 for treatment of acute ischemic

stroke are currently in progress. BMS-204352 is a chiral, nonracemic compound, which
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has fluorine at quaternary centre at C-3 of oxindole ring. The (S)-enantiomer of this
compound has been found to be the most active. Maxipost was successfully prepared
from 62 (scheme 1.6) in 99% ee as determined by HPLC after recrystallisation from

dichloromethane/ hexane.

OMe

(DHQ)>AQN

N\ a
;EHJ 2BF,

62 63

Scheme 1.6  Enantioselective fluorination mediated by N-fluoroammonium salts of

(DHQ),AQN



1.3.5. Synthesis of fluorohydrins by de-racemization

More recently Haufe has demonstrated the asymmetric ring opening of racemic
epoxides by a hydrofluorinating reagent mediated by enantiopure (salen) chromium
chloride (S,S)-A (scheme 1.7). Although asymmetric ring opening of epoxides by
nucleophiles using enantiopure reagents is a common strategy in asymmetric synthesis,
no examples had been reported in organo-fluorine chemistry before Haufe’s stucly.m
However there are many examples of diastereo- and regioselective ring opening of

epoxides by hydrofluorinating agents.88

o
t-Bu Bu-t gy
(5,5)-A

B OH OH OH
(S,9)-A F AF ©/J\/C1
—_— " +
KHF,/18-crown-6 ©/\/

i DMF, 60°C, 60h
42% conversion (R)-(-) 35 92:8 36 14% by GC 37
86% yield (90% ee)

OH OH
0
O] ESA oA _F o_h_a
| ’ +
= KHF,/18-crown-6
40

DMF, 90°C, 60h
38 (R)-(-) 39

S0% coversion 57% yield (62% ee) 0040 GC

Scheme 1.7

Haufe employed catalyst (50%) and KHF; as optimal conditions for styrene oxide 64
ring opening. This reaction proceeded smoothly to form (R)-(-)-2-fluoro-1-

phenylethanol 65 in 86% conversion and 90% ee (scheme 1.7).

Another strategy of generating optically active organo-fluorine compounds involves de-
racemisation of fluorinated amino acids and fluorinated carboxylic acids. Methyl 10-
fluoro-9-hydroxy-decanoate 71 was successfully deracemized by acetylation with acetic
anhydride in toluene using Pseudomonas cepacia lipase (Lipase Amano PS, LAPS) as a

biocatalyst® (scheme 1.8).
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Scheme 1.8  Deracemization of B-fluoro-alcohol

The reaction is typically carried out by stirring a toluene mixture of the enzyme with
one equivalent of acetic anhydride and PCL at room temperature over 20 to 26 hours to
afford up to 50% conversion and moderate enantiomeric excess (ee). Similarly a
deracemisation of 1-fluoro-7-en-2-ol by enzyme an catalysed acetylation using vinyl

) i i s 7 . 90
acetate in an organic solvent and the Candida antartica lipase has also been reported.

1.3.6. Biofluorination

To date there are only a small number of naturally occurring fluorinated molecules
known. It seems that although fluorine is the 13"™ most abundant element in the earth
crust’’ it is not bio-available. Nonetheless, around half a dozen different biologically
produced organo-fluorine compounds have been identified in different plants and
bacteria. The plants are geographically limited to tropical and semitropical regions, but

are found in all the major continents (figure 1.23).



o 0 0,C OH 9
Hk HLO, MO
F F CO; F
fluoroacetone fluoroacetate (2R, 3R)-fluorocitrate
74 75 76
0
E 77 OH
w-fluorooleic acid
plant metabolites
NH,
N ~ N

0
OH O - N {
HyN—S—0 0 N

OH O F‘“

F NH, H 0" "’OH
4-fluorothreonine nucleocidin 79
78

bacterial metabolites
Figure 1.23  Fluorinated products produced by plants and bacteria

Fluorinated natural products produced by micro-organisms have been identified as,
fluoroacetone 74, 4-fluorothreonine 78 and nucleocidin 79. Nucleocidin 79 was isolated
from the bacterium Streptomyces calvus in 1957 by Thomas et al”® and showed a broad
spectrum antibiotic activity. Its toxicity however, prevented any clinical application, and
further attempts to isolate this compound from cultures of S. calvus have been

93
unsuccessful.

The dearth of naturally produced fluorinated compounds can be attributed to several

factors:

(1) The low bioavailability”® of fluoride in comparison to the other halogens. This is
mainly attributed to Fluorspar (CaF,;) insolubility hence its concentration in

seawater is only 1.3 ppm whereas that of chloride is 19 000 ppm



(2) Fluoride ion is a poor nucleophile in aqueous medium due to its high heat of
hydration therefore, its participation in displacement reactions is significantly
compromised.

(3) Fluoride cannot be incorporated into organic compounds via the haloperoxidase
reaction” since the redox potential required for the oxidation of fluoride ion is too

large to be compensated for by the reduction of hydrogen peroxide.

The most common fluorinated natural product found in plants is fluoroacetate 74, which
was first identified in Dichapetalum cymosum, inhabiting the former Transvaal region
of South Africa.”® *" It has also been found in other Dichpetalum spp throughout Africa.
One intriguing aspect of these fluorinated metabolites, is the nature of the biosynthesis

process.

O’Hagan at al® have recently identified and isolated an enzyme (fluorinase) that is
responsible for C-F bond formation in Streptomyces cattleya. This enzyme, the first of
its class, mediates a reaction between inorganic fluoride ion and (§)-adenosyl-L-
methionine (SAM) 80 (scheme 1.9) to generate 5’-fluoro-5’-deoxyadenosine 81 (5'-
FDA). The metabolite 5’-FDA has been shown to be a precursor to fluoroaldehyde 82,
the common precursor for fluoroacetate 74 and 4-fluorothreonine 78 in the organism.
The fluorinase has recently been purified, crystallised and the structure resolved by X-

ray diffraction.”®
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NH, NH, 2
N <
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Scheme 1.9 Enzymatic fluorination of SAM by the fluorinase from S. cattleya generates 5’-

FDA 81 which is then converted to F-Ac 82 and F-FT 78.
1.4. Onyx Homochiral Amines

. y . i F 4 S 90
Amines are widely used in asymmetric synthesis. They are found as chiral auxiliaries,

100, 101 102 103

ligands, bases - and chiral resolving agents.” = This research programme is
focused on the application of chiral amines funded by Onyx-Scientific. The main areas
addressed are: asymmetric alkylation/ methylation, chiral auxiliaries, synthesis of

diamines and methodology development.

The amines (92-96 and 100) employed in this thesis were prepared from their respective
amino acid hydrochlorides'™ '® (83-85). The hydrochloride was treated with
phenylmagnesium bromide to generate the amino alcohols 86-88. Cyclisation of the
amino alcohols ultilising disphosgene gave access the key oxazolidinones intermediates
89-91. In one study these intermediate was converted directly to amines (92-94) through
hydrogenolysis using palladium on carbon (10%) under hydrogen atmosphere with

release of elements of CO,.
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Ph  ph Ph  ph
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—> N > N
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NH;Cl NH,
R =CH; 83 R=CH3_ 86 R:CH3'89 R=¢H3‘ 95
R =Ph, 84 R=Ph, 87 d. R=Ph 90 R = i-Pr, 96
R = i-Pr, 85 R = i-Pr, 88 R =i-Pr, 91
Ph
R
Ph
NH,
R =CH; 92
R=Ph, 93
R = i-Pr, 94

Scheme 1.10  Reagents: (a) PhMgBr (5 eq), Et,0, 40-50% (b) triphosgene, Et;N, 80-90%, (c)
HF-pyridine (70/30), 31-85%, (d) Pd(OH),/C, H; (20%), quant.

O’Hagan et al.'"™ '” have prepared novel fluorinated amines 95 and 96 from a variety

of (§)-amino esters (scheme 1.10) with HE/Py (70/30%) Olah’s reagent.

This resulted in a decarboxylative hydrofluorination reaction to deliver the

corresponding fluorinated analogues 95 and 96.

Scheme 1.11  Reagents: (a) EtCOCI, CH;0H, K,COs, 100%, (b) PhMgBr, THF, 62%, (c)
Pd/C (10%), H,, 44%.

The pyrrolidine 100 was prepared from the reaction of (R)-proline and ethyl
chloroformate according to the procedure by Kanth.'” The oxazolidinone 99 was
achieved by treatment of the amido ester 98 with phenylmagnesium bromide. The (R)-

diphenylmethylpyrrolidine 100 was afforded after hydrogenolysis as described above.
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Amines 92-96 and 100 have been patented and licensed to Onyx-Scientific and were
generously supplied. This project is thus aimed at exploring their potential in

asymmetric synthesis.
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The role of fluorine in directing alkylation reactions via lithium chelation
Synopsis

Reactions of metal enolates constitute important methods for the design and
construction of carbon-carbon bonds. The objective in this study is to evaluate the
stereochemical control of alkylation reactions in given model reactions. As part of
research directed at utilising organofluorine compounds in organic synthesis, syntheses
of organofluorine compounds was undertaken to evaluate the stereoinduction arising

from the lithium-fluorine chelation.

Organic bound fluorine was found to display a measurable but moderate to poor
chelation effect in a model alkylation system. In one comparative system F is compared
with H and with O and the resultant diastercoselectivity is consistent with its
intermediate capacity to chelate lithium relative to H and O. Itis concluded that there is
a potential role for organic bound fluorine to become involved in lithium chelation in
well-designed enolate alkylation systems. In this chapter compounds, 101-109 were

utilised in this study.

Ph Ph Ph
™ )\(L %/L )YkF
0. Ph Pl
O/Hr ~ 6 Ph

O, NBn Q\JN 0 NBn
I = X 4 M >'/ \5/40" 9 z
eO  Me F H;C MeO ?
107 108 109
X =CH,OCH; 101
X =CH>0-i-Pr 102
X = CH,0-1-Bu 103

X =CH, 104
X =CH,F 105
X =CF 106

Figure 2.1 Methylation synthetic targets.
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2.1. General

The carbon-carbon bond construction is by far the most important chemical reaction in
organic synthesis. A plethora of methodologies have been developed to design and
rationally execute C-C bond formation to compile an impressive inventory of organic

structures. The prime activating function for this bond formation is the carbonyl group.

The carbonyl is an exceptionally versatile group in organic chemistry and functions as

either an electrophile or as a nucleophile via enolate chemistry (scheme 2.1).

(0]
. L e Nu_ ,OH
WL " DU

i Base

(0 E* 0]
>R —_— :
E

Scheme 2.1

If either R or R’, or both, contain an asymmetric centre, the n-faces of the carbonyl and
enolate become diastereofacial. Therefore the potential for intramolecular
stereoinduction/ diastereoselection exists. This study is focused on manipulation of the
geometry of the enolate in a given chiral system. Due to the ubiquity of this class of C-
C bond construction, a limited set of chiral enolate systems has been developed to

evaluate the significance of fluorine-lithium chelation.
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2.1.%: Co-ordination Ability of Organic fluorine to Metals

Interactions of organic bound fluorine and metals was first described by Glusker'? and
co-workers in 1983. This was made possible by the availability of the Cambridge
Crystallographic Data files and associated programmes. The results were deduced from
intermolecular interactions by surveying the environment of a given group in a large
number of different crystal structures. Although halide ions are common ligands,
covalently bonded halogen (C-X, X = halogen) is not normally considered a good donor
atom. The effect is weakest for fluorine because of its high electronegativity. However,

there is increasing evidence in favour of organic bound fluorine F"M interactions.

The structure determination of alkali metals salts of fluoroacids revealed impressively
short M"F distances [Na F-C in fluoropyruvate = 2.470 (1) A and Rb"F-C in
fluorocitrate = 2.979(5) A and 3.095(4) A]. Stalke and Whitmire> ® carried out lithiation
of 1,3,5-tris(trifluoromethyl)benzene using n-BuLi in ether (figure 2.2). The resultant
complex appeared to be a stabilised dimer by Li'F interactions as determined by X-ray

diffraction analysis.

CF; CF;
n-BuLi
F+C ——» F5C Li
Hexane/Et,O
CF; CF,
EI\Q,EI
F,c-TiF~CF,
Li
F3C I
: L "
L,C..i1}_CF
F>,C FéF CF,
Et” TEt
Figure 2.2 Intramolecular F“metal interaction of metallated 1,3,5-

tris(triﬂucn‘omelhyl)be:nzyne.5

The co-ordination geometry at lithium was determined to be a distorted trigonal
bipyramid. Further analysis of the dimeric structure revealed that each lithium is
stabilised by bonding to two carbon atoms, an oxygen of a diethyl ether molecule and
two fluorines from the ortho-CF5 groups. The LiF distance was observed in a range of

2.227t02.293 A.
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In order to achieve fluorine co-ordination, the two phenyl rings are spaced with respect
to each other making a dihedral angle of 41°. The F-Li-F vector forms an angle of 164°
with the C,LiO plane. The average Li-C bond length is 2.264 A which differ little from
other relate systems.w

Crystallographic analyses by Roesky'*'?

on various types of compounds with
intramolecular metal-fluorine interactions revealed a co-ordination distance of M F:
1.816~2.286 A, NaF: 2.15~2.91 A, Mg"F: 1.905~2.026 A and Al"F: 1.765~1.812 A

to list a few,

In addition to the crystallographic studies above, Dixon and Smart'? have carried out ab

initio calculations for the metal enolate derived from fluoroacetaldehyde (scheme 2.3).

‘M
E 0 F H
H H H 0]
M

(2)-110 (E)-110
M Eg — E@ (kcal/mol) M F (A)
- 1.8 -
Li 13.2 1.86
Na 13.6 2.21
K 10.8 2.62

Figure 2.3 Ab initio calculation of metal enolates of 2-fluoroacetaldehyde."

Their calculations showed a lower ground state energy for (Z2)-110 compared to the
stereoisomeric (E)-110 by 10 to 14 kcal/mol, at the MP2 level, which was interpreted as
a clear indication of an intra- molecular C-F"M-O interaction. Interestingly, relative
energies for fluoroacetaldehyde enols revealed a similar pattern, in which the cis-syn
conformer is more stable than the cis-anti conformer (figure 2.4). The H"'F bond
distance was found to be 2.44 A and its strength 3.53 kcal/mol at the MP2 level."*

Clearly, the M"F in this systems interaction is significantly stronger than the H FC

interaction.
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Figure 2.4 The geometries of the 2-fluoroacetaldehyde enols

Fluorine lithium co-ordination was experimentally exemplified by Yamazaki and co-
workers'>"” in the diastereoselective Michael addition of various types of enolate such
as 111 to 3-(trifluoromethyl)acrylates 112 (Figure 2.5). They observed that non-
fluorinated crotonates were unsuccessful Michael acceptors consistent with a role for

the CF5 group stabilising the intermediate enolate.

Li

E .

111 ppB
Li )J\.)\)'L A
+ ﬂ(é B R 0
- R =

F3C = OEtL -
\/W Q L 114

0 113
112
E E
= - = h‘ )
r,—]rl F ]I_,]
Lo __0
H H H H
A AE = 0.00 kcal/mol B AE = 10.35 kcal/mol
: E
R_F E
F
__O—Li P © gl 1
H H H H
C AE = 16.47 kcal/mol D AE =25.57 kcal/mol
Figure 2.5 Ab initio calculations of model conformers of Michael addition intermediates."

Verification of F-Li interactions was carried out by ab initio calculations of the energies
of, A to D."” 20 A was the most stable with co-ordination of the two fluorine atoms to

lithium with a distance of 2.015A compared to B which had a distance of 1.759 A.
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The calculated energy differences indicate that the fluorine-lithium interaction is a
strong driving force for smooth conjugate addition, consistent with the experimental

reactivity of fluorinated over non-fluorinated enolates in the Michael additions.

The ability of carbon bound oxygen to chelate to lithium is a central tenet in organic
chemistry and the strategy has been used widely to design pre-organisation into

chemical reactions.?>' "%

Of course carbon bound hydrogen is not an obvious candidate
for co-ordination to lithium and other metal cations and is not a useful atom for
designing pre-organisation into a reaction system. In this study we have explored the
ability of organic bound fluorine to influence the stereoselectivity of lithium enolate
reactions. In this regard organic fluorine is intermediate between oxygen and hydrogen
and there have been some recent reports that it performs very well as a lithium chelator
in asymmetric alkylation reactions.'” *’* Of course organic bound fluorine is not an
immediately obvious candidate for lithium chelation particularly as fluorine is a

moderate to poor hydrogen bonding acceptor.*”*'

Probably the most impressive results
have been reported by Yamazaki et al’> who have demonstrated convincingly in an
experimental system that the fluorine of a fluoromethyl group can induce a
diastereoselectivity of 82-90 % de (diastereomeric excess) 119-121 in the methylation

reactions illustrated in (scheme 2.2).

0 O
R“.\_‘/O\/U\()Mc _KHMDS M rS,FLI:i\\ _ Bk MR\‘YO\‘)J\OMC
M= by o O OME “Ph Me
R = CH,F 115 R = CH5F, 119
R=CF,H 116 R = CF,H, 120
R=CF; 117 R=CF; 121
R=i-Pr 118 R=i-Pr, 122

Scheme 2.2

The de’s were higher for other alkylation reactions involving benzyl bromide and allyl
iodide. In the case of 115 it is only the replacement of F for H which can account for
this diastereoselectivity, and it was argued that fluorine is chelating lithium in the
bicyclo [3.3.0] intermediate enolate as shown in (scheme 2.2). The stereogenic centre

in these substrates is a tertiary ether and the steric influence of this tertiary centre is also
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significant and contributes in part to the efficiency of chirality transfer in these

reactions.
Isolated yield (%) [%, de]
R CHsl PhCH,Br Allyl-1
CH>,F 119 50 [82] 4] [84] 49 [62]
CHF; 120 58 [88] 45 [84] 61 [72]
CF; 121 67 [90] 79 [80] 82 [68]
i-Pr 122 50 [56] 31 [48] 77 (28]
Table 2.1 Representative reaction results of Yamazaki et al.™

Table 2.1 details the results when esters 115-118 were independently reacted with
methyl iodide, benzyl bromide and allyl iodide. A systematic decrease in the number of
fluorine atoms resulted in lower alkylation yields. However, the number of fluorine
atoms does not significantly influence the % de values of the resultant alkylated product
as long as the substrates contained at least one fluorine. On the contrary, the non-
fluorinated substrate 118 was found to be both low yielding and less stereochemically
discriminating towards alkylation. These studies also show a general trend in %de
values in regard to the electrophiles used. Methyl iodide consistently gave higher de

values than benzyl bromide, whereas allyl iodide gave the lowest de values.

Prompted by these reports, and by a general focus on evaluating the experimental
influence of fluorine in organic chemistry, it appeared appropriate to examine a series of
enolates whereby the substrates varied only at a remote site X (scheme 2.3). This
remote functionality may (or may not) become involved in lithium chelation with an
intermediate [3.3.0] enolate. It was a particular focus of this study to examine the co-

ordination of “H”, “F” and “O” in the series.

Scheme 2.3 Reagents: (a) CH;I, LDA, THF, 70%
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For this purpose the substrate series 123-126 where X = H (123), OMe (124), O-i-Pr
(125), O-t-Bu (126), were prepared for alkylation (methylation) reactions. '"H NMR
could readily determine the product diastereoisomer ratios. The substrates varied by
changing group X attached to the secondary ether and it was envisaged that the enolate
intermediates in these reactions could find stabilisation by co- ordination of X to lithium
(scheme 2.3). It is assumed that increased co-ordination ability will lead to higher

diastereoisomeric ratios in the product mixture.

2.2. Results and Discussion

The benzyl ethers 123-126 were selected as they represented substrates which could be
readily alkylated/ methylated after treatment with LDA, and as a series they allowed us
to explore the relative abilities of oxygen, hydrogen and fluorine (at the X-site) to co-
ordinate to lithium in the intermediate enolate. Also these compounds were accessible

by straightforward synthetic protocols.

O/\rrOEt O/w_rOEl
° O
X

X = H (123), OMe (124), O-i-Pr (125), O-t-Bu (126), F, (127) 128
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2.2.1. Synthesis of benzyl ether substrates (123-127)

The substrates for the study were prepared by a straightforward Williamson’s ether
protocol‘ﬁ‘3 between the relevant benzyl alcohol and ethyl iodoacetate. For substrates
130-132 the relevant benzyl alcohols were prepared by alkoxide ring opening of styrene
oxide 129.*
0 OR OH

RONa
o +
ROH OH OR

129 a b
R=Me (1 :4),130
R=i-Pr (1:9), 131
R=r-Bu (1:3), 132

Scheme 2.4
R Yield Ratios (a : b)
CH; 130 67 1:4
CH(CHs), 131 90 B
C(CHs); 132 68 153
Table 2.2 Data for the regioselective styrene oxide ring opening.

Typically the reactions were undertaken in alcohols (ROH) treated with sodium
hydride, and allowed to react at 60°C over 5 h. In all cases regioisomers a and b, as
shown in scheme 2.4 were always observed and were readily separated by column
chromatography. Regioisomer b was identified as the major product and was used

further for the purpose of this study.

Attempts at manipulating the regioselectivity in favour of b by using polar non-protic
solvents such as DMF and the weakly polar THF was explored. This required high
temperatures and resulted in very low yields and poor stereoselectivities. These
reactions generally proceeded smoothly; surprisingly the tertiary butyl derivative gave
the poorest regioselectivity and yield. It appears that a balance between strong
nucleophilicity and steric influence is required to achieve optimum regioselectivities.
This appeared optimal for the isopropyl product 131, which was found to have the
highest regioselectivity and highest yield.
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The corresponding benzyl ethers 124-126 were accessed in a straightforward manner

when alcohols 130-132 were treated with ethyl iodoactetate and sodium hydride in THF

(scheme 2.6).
S o
—
R R

R = OCHj: 130 R = OCHj; 124
R = OCH(CHs),: 131 R = OCH(CHj),: 125
R =0C(CHy)3 132 R =OC(CHy)3: 126

Figure 2.6 Reagents: (a) ICH,CO;Et, NaH (60%), THF, 70-90%.

The benzyl ethers 124-126 were then each methylated using methyl iodide in the
presence of LDA (scheme 2.6). In order to determine the diastereoselection of the
methylation reaction, the crude products were analysed by 'H-NMR spectroscopy and

GC/ MS. The results are shown in Table 2.2 and figure 2.7.

O/\[rO\/ . 0)\[(0\/
0

oy T oY

R = OCHy: 124 R = OCHy: 101
R = OCH(CH3),: 125 R = OCH(CHz),: 102
R=0C(CHy)y: 126 R =OC(CHy);: 103

Scheme 2.6  Reagents: (a) CHsl, LDA/ THF, 60-80%

In the event the best results were observed with isopropyl ether 125, where both
electronic effects and steric effects seem to have co-operated. It is concluded that the
tert-butyl group of 126 exerts such a steric influence as to disallow lithium co-
ordination to the ether oxygen, resulting in a poor stereoinduction. On the contrary, the
methyl ether system displayed an intermediate result. It does appear here that O 'Li co-

ordination enhanced the outcome.
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Diastereomeric ratio Diastereomeric excess
Substrate Product (dr): (a)NMR/ (b)GC-MS (% de)
124 CH,OCH; 101 1:5 (b) 67
125 CH,0-i-Pr 102 1:15 (b) 88
126 CH,0O-1-Bu 103 1:2.6 (a) 44

Table 2.2 Methylation reaction results of 124-126.
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Figure 2.7 Methyl resonances of 'H-NMR signals of crude reaction mixtures of benzyl

ethers 101-104.

In order to assign the absolute stereochemistry of the methylation products, it was
decided to prepare a sample of the benzyl ether (R,R’)-125 in an enantiomerically pure
form. Although an enantiomerically pure product was not necessary to establish the
relative configuration, it adds value to the method to demonstrate enantiomerically
enriched products with the best substrate (R,R’)-125. Alkylation and conversion to a
crystalline derivative would provide access to X-ray analysis for diastereomeric
identification. Accordingly, (R)-styrene oxide was used as the starting material for the

synthesis of (R,R’)-125. The retrosynthetic analysis identified (R,R’)-133 as a potential
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salt for X-ray structure analysis. The acid was easily accessed from the alcohol (R,R’)-
134 by Jones oxidation. Further, retrosynthetic analysis of (R,R’)-102 reveals (R,R’)-

131 as an intermediate which can also be derived from (R)-styrene oxide (scheme 2.7).

-+

OH,N O
0/\"’ M/
0
©/'1 —

T e

(RR)-133 L,
N 0
(R)-129 (RR)-125

Scheme 2.7  Retrosynthetic analysis of (R,R")-133

Sequential treatment of styrene oxide (R)-129 with sodium isopropoxide and ethyl
iodoacetate furnished the desired compound (R,R")-125 (scheme 2.8). Alkylation with
methyl iodide gave (R,R’)-102 in 88% de. The major diastereoisomer was separated
following column chromatography and (R,R’)-102 was then reduced to alcohol (R,R’)-
134 by lithium aluminium hydride reduction, followed by Jones oxidation to access
carboxylic acid (R,R’)-135. The acid was combined with morpholine to generate salt
(R,R’)-133. This material was crystalline and a suitable crystal was subjected to X-ray
analysis. The structure is shown in figure 2.8. It was clear from this analysis that the

alkylation gave rise to the (R,R’) diastereoisomer.
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(R)-129 (R)-131 (R)-125 (RR)-102
ld.
. . iy :
~ 1 OH
Of\n/O H,N O 0/\/
’ - ©)‘
O\[/
(RR)-133 (R R')-135 (RR)-134

Scheme 2.8 Reagents: (a) (CH;),CHOH, NaH, 92%, (b) ICH,CO,CH,CH;, THF, 73% , (c)
Mel, LDA, THF, 87%, (d) LiAlH,, THF, 100%, (e) Jones reagent, 96%, (f)

morpholine, hexane, 100%.

Alkylations of the methyl 124 and 7-butyl 126 ethers were less stercoselective than that
of the isopropyl ether substrate 125 and clearly optimal diastereoselectivity resulted due
to a balance between steric influence and co-ordination ability of the different ethers.

ci23)
0241 Ci23)

:c}
o
5
Z
o)

(RR)-133

Figure 2.8 Ortep structure of (R,R")-133
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2.2.2 Synthesis of fluorinated benzyl ethers 127-128

Fluorinated benzyl ether 127 and 128 were also investigated as alkylation substrates and
the stereochemical outcomes evaluated. For the monofluorinated substrate 127, the
necessary benzyl alcohol 137 was prepared from benzoyl chloride 134 after treatment

with diazomethane and then HF-pyridine® (Olah’s reagent).

0] OH
o (0]
a. HF/P b.
e I, [ )
N, F F
134 135 136 137

Scheme 2.9:  (a) i. CH,N,, Et,0; ii. HF:Py (70/30), 39%; (b) NaBH,, CH;0H, 99%.

The diazo ketone 135 was converted to a-fluoroacetophenone 136 in situ. Borohydride
reduction of a-fluoroacetophenone 136 afforded 137 in excellent yield (scheme 2.9).
Alcohol 137 was then sequentially treated with ethyl iodoacetate to generate substrate

127 which was then methylated using methyl iodide to give 105 (scheme 2.10).

CHj
0\/ O\_/
OH O’Y o)
0

OO - OV

137 127 105

Scheme 2.10  Reagents: (a) ICH,CO,Et, NaH (60%), THF, 76%, (b) CH;l, LDA, THF, 58%.

Benzyl ether 123 (where X = CHj3) was used as a control substrate in these reactions as
there was no expectation that hydrogen will chelate the lithium enolate during
alkylation. Consistent with this, the resultant product was found to be approximately a
1:1 mixture of diastereoisomers. Accordingly there was no apparent stereo-induction
from the stereogenic centre. The diastereoisomeric ratios of all of the alkylation

(methylation) reactions are shown in Table 2.3.
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CH,

Figure 2.9 Generic structure of the methylated benzyl ethers 101-106.

Diastereomeric ratio Diastereomeric excess
Substrate Product (dr): (a)NMR/ (b)GC-MS (% de)
(X)

124 CH,0CH; 101 1:5 (b) 67

125 CH,0-i-Pr 102 1:15 (b) 88

126 CH,0-7-Bu 103 1:2.6 (a) +4

127 CHyF 105 1:2 (a) 33

123 CH; 104 1:1 (b) =

128 CF3 106 1:2 (a) 35
Table 2.3 Diastereoselectivities of methylation reactions with substrates 124-128. All de

values of the methylation products were determined by 'H-NMR/ GC-MS

analyses of crude reaction products.

The trifluoromethyl substrate 128 was readily accessed from trifluoromethyl benzyl
alcohol 139, and the preparation was similar to that previously described for the other
benzyl ethers. The difluorinated analogue was not selected for this study, as it was not a

readily available compound.

CHs
0\/ 0\_/
OH o’ﬁ( 0
0 0
@)\X i;.. @/LX b. @)\X
X =CH;: 138 X = CHj: 123 X = CHy: 104
X =CFy: 139 X =CFs: 128 X =CF5: 106

Scheme 2.11  Reagents: (a) ICH,CO,Et, NaH (60%), THF, 80-98 (b) CH;l, LDA, THF, 66-
70%

Finally the monofluoro and trifluoro benzyl ethers 127 and 128°° were examined in

methylation reactions and the results are shown in Table 2.3. In both cases the

diastereoselectivity was 33% de. This result is very much consistent with the

3 .32 i i 4 i 3
observations of Yamazaki™~ where an increasing number of fluorine atoms did not seem
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to effect the stereoselectivity.
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Figure 2.10  Methyl resonances of 'H-NMR signals of crude reaction products.

A direct comparison of the ratios shown in figures 2.7 and 2.10 indicates the influence
of F over H and clearly the incorporation of a single fluorine atom has had a significant
and in this case beneficial effect on the diastereoselectivity. However this effect is not
as significant as the oxygen series. This is exactly in keeping with the relative donor
abilities of oxygen, fluorine and hydrogen. The results for trifluoromethyl substrate 128
indicated no significant benefit in increasing the number of fluorine atoms at the
potential co-ordination site. Clearly the Yamazaki®” study benefited from both fluorine

co-ordination but also a tertiary stereogenic centre contributing steric induction.
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2.3. A More Complex System

In order to explore further the generality of fluorine lithium enolate alkylations a more
complex system was investigated. The starting amines 94 and 96 were generously
supplied by Onyx-Scientific and their synthesis was reported by O’Hagan and Tavasli*”
3 as outlined in chapter 1 (section 1.4) of this thesis. These amines differ only in the

replacement of C-H bond for a C-F bond.

Ph
PhH F
Ph Ph
NH, NH,
94 96
2.3.1. Results and Discussion

Amino esters 140 and 141 became the target compounds such that we could explore
methylation to 142 and 143 via the [3,3,0] intermediate as shown in scheme 2.12. Both
140 and 141 are clearly accessible from amines 94 and 96 respectively after benzylation

and alkylation protocols.

Ph
Ph .
e Ph Ph

NH, NH-

& -

/H)FT /iYF@ r
" Ph Ph X -0 o Ph

)X\J:{N\I - Phj%'ftfo\ H;CO)L@{ Nﬁ

Ph CH; Ph
142 [3.3.0]-enolate 143

Scheme 2.12  Retrosynthetic analysis of 142 and 143.
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Several syntheses leading to 140 were explored. In the event a number of synthetic
challenges were encountered in its preparation and these are discussed below. The
benzylamine 144 was successfully synthesised following a reductive amination
protocol, from amine 94, benzaldehyde and NaCNBHj; in a one-pot reaction (scheme

2.13).

M

Ph ‘[\.J}
NH,
94 F I—IP—

H

Scheme 2.13  Reduction amination strategy to 144.

Although this procedure avoided the isolation of the iminium ion 145, it proceeded only
in moderate yield and long reaction times were often required. Thus, for practical
purposes a two-step procedure was adopted where the imine was isolated and treated
with sodium cyanoborohydride to give 144 in excellent overall yields and shorter

reaction times.

Ph
Ph
o 0 Ph
\ a.
N NH
Route A NH, \ R— 0)3\/
94 145

Ph Ph

Route B

Ph b, o
HN v Q
\I

144 Ph

Scheme 2.14  Reagents: (a) Mitsunobu conditions, HOCH,CO;R, (b) "'OH, XCH,CO;R.

Several attempts to directly alkylate compounds 94 and 144 to achieve 145 and 140,

39-41

respectively, were unsuccessful. To this end a number of bases™ ™ were used in routes

A and B (scheme 2.14), and different strategies including the Mitsunobu protocol*?

were employed, but were also unsuccessful.
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Given the literature* ** successes achieved in the chemoselective reduction of amides
e.g. 146 and 148 in the presence of ester functional groups (Figure 2.11), it was decided

to exploit this selectivity.

0. 0
OMe OMe
BHy/THF
—_—
0 N NL
Lph Ph
146 147
/. F —\ —
N BHy/THF N N
_/ — > __J o Tt _/ U
0 OH
& = & R
148 149 150

Figure 2.11  Reduction of amido esters using borane.***

This led to an exploration of the more reactive electrophile, ethyl oxalyl chloride. This
reagent was reacted with 144 and the reaction proceeded smoothly to give the amido

ester 151 in a good yield.

Ph ' Ph Ph
Ph a, Ph Ph
— O oNfRw. 000 sl 0 NBn
NHBn NBn - >\ ;

Scheme 2.15:  Reagents: (a) CICOCO-C,Hs, Et;N, CH,Cl,, 99%.

Both '"H-NMR and '*C-NMR were consistent with product 151. The amido ester 151
was then treated with diborane (scheme 2.16) to reduce out the wa-carbonyl. This
reaction did not proceed when first carried out at low temperatures, however, allowing
the reaction mixture to warm to ambient temperature, then brought to reflux, an
exhaustive reduction product 152 (amino alcohol) was then isolated. Thus, the selective

reduction of 151 proved problematic.
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Ph Ph
o Ph a. )\l)\ Ph
)&\'( N\[ o~ &
EtO 0 Ph HO \l
151 152

Scheme 2.16  Reagents: (a) BHsy/ THF, 70°C, quant.

It was then decided to selectively hydrolyse the ester moiety in 151 to explore the
selective reduction of the amide over the carboxylic acid. Treatment of 151 with
ethanolic NaOH resulted in sodium salt 153. This material was then treated with borane

in THF at reflux. Happily amino acid 154 was isolated in a moderate yield.

Ph Ph Pho . )\l)\m
0 a. (i) S (ii) > '

0O
N — - H N — - By, e > O, NBn
ET.OH \l *NaO ﬁp HO}\\/ ﬁp >\ p

h MeO 140

Scheme 2.17  Reagents: (a) (i) NaOH, EtOH, (ii) BH;, THF, reflux 65%.

Upon treatment of carboxylic acid 154 with freshly prepared diazomethane, the methyl
ester 140 was isolated in quantitative yield. Thus, a convenient route to the key

substrate 140 had been established (scheme 2.18).
Ph

Ph Ph )\/Lph
)\(J\ Pi B Li~© 9) NB
h | n
b. Ph & 0 >\ ;
Ph d. 0O NBn —_— }]\I‘\\)— \ — .,

O. NBn — - MeO  Me
b -

MeG Ph 142
HO 154 140 155 %de =60

Scheme 2.18 Reagents: (a) CH;N,, Et,O, 100%; (b) LDA, CH;l, THF, 68%

Methyl ester 140 was then treated with lithium diisopropylamide (LDA) in THF to
generate enolate 155, and this was quenched with methyl iodide at low temperature

(-78°C). Work-up afforded the methylated product 142 in good yield and as a mixture of
diastereoisomers. 'H-NMR spectroscopy of the crude material revealed a

diastereomeric ratio (dr) of 4:1 (expressed herein as a diastereomeric excess, 60%de).
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Thin layer chromatography (tlc) allowed successful separation of the diasteroisomers.
The products were oils, however, attempts to grow crystalline material by charging the
amino ester with anhydrous hydrogen chloride in ether proved unsuccessful. It was then
decided to mediate debenzylation by hydrogenation using Pearlman’s catalyst. This

provided amine 156, a candidate for hydrochloride formation and crystallisation.

Ph Ph Ph
)\H\ Pho )\I)\ Ph b. /l\(j\ Ph

O.E NBn — G!S NH = e 0E *NH,CI
MeO fwe MeO ?\de MeO Mc
142 156 157

Scheme 2.19  Reagents: (a) PA(OH),/C (20%)/CH;0OH, 100%. (b) Et,O-HCI

Treatment of 156 with ethereal hydrochloric acid afforded the hydrochloride salt 157,
which upon addition of hexane and slow removal of ether gave a white crystalline
product. A suitable crystal was selected for X-ray structure analysis and the ORTEP

picture is shown in (Figure 2.12).

Figure 2.12  Cationic Ortep structure of 157

The absolute stereochemistry of 157 was deduced from the X-ray structure as the (R,’S)
isomer suggesting that the least sterically hindered diastereotopic face of enolate 155

(scheme 2.18) is preferentially methylated.
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2.4. Synthesis of the Fluoro Analogues

The substrate 141, a direct analogue of 140, with an H for F substitution was now
explored. The route to the 143 (scheme 2.20) was similar to the one followed for 142
(scheme 2.18) except for intermediate 159. In the synthetic route leading to 141, the
previously developed protocol proved unsuccessful. The sensitivity of the fluorinated
benzhydryl group rendered it difficult to handle under acidic and basic conditions. Thus,
an alternative route to 159 was developed. Amine 96 was benzylated and then acylated
to generate 158. Exhaustive reduction with LiAlH4 gave alcohol 159 which was then
oxidised to the aldehyde under Dess-Martin conditions and further oxidised to the
carboxylic acid using sodium chlorite. The acid was then esterified using diazomethane
in ether. This gave amine 141 the required substrate for the methylation reaction, and a

direct analogue of 140.

Ph
Ph F hF h F Il:}
a. 1
Ph » Ph b. » Ph & Ritin
NH, NHBn Q NBn =
9% 157 /—c.j 50 158 HO 159

i d.and e.

F Ph
Ph & 3
Q. NBn - . N\’)_ A == 0 /I\I/kPh
M NB

E I\Ph "

MeO =
143 160 MeO 141

Jode = 33

Scheme 2.20 Reagents: (a) PhCHO, NaBH, DCM (b) CICOCO,Et, Et;N, DCM (c) LiAlHy/
THEF, A, 100%; (d) (i) Dess-Martin periodinane, DCM, 100%, (ii). NaClO,,
KH,POy H,O, CH;CH=C(CHj;),, +-BuOH, 30%, (e) CH.N./ Et,O, 100%, (f)
CH;1, LDA/ THF, 60 %.

It was anticipated that enolate 160 derived from 141 may find additional stabilisation by
lithium chelation to fluorine and that this may influence the diastereoselectivity of the
methylation reaction. In the event the fluorinated system showed a poorer

diastereoselectivity (2:1) when compared with 155 (4:1) the hydrogen analogue already



60

shown in scheme 2.18. There was no clear advantage in introducing the fluorine atom in

this case, presumably because it is in a sterically congested site.

In an opportunistic experiment it was then decided to synthesise 164. This was to
evaluate whether fluorine in the aromatic ring could perhaps participate in co-ordination
as depicted in scheme 2.21. It can be observed from this intermediate that there exist
possible bicyclic systems arising from a chelation model involving both a five and a six-

membered ring.

Ph Ph
Ph )\l/\\ /L(L
. Ph
Ph —dl-— b. Ph
CC™ Oy
NH; :
¥ Fo O—\
%4 161 162
¢ c.
)\l/FC /j\l)’)\h g
Ph - Ph d. /Ll)\ph
N (0]
CO=| &~ CL, — COw
F0 F OMe F ONa
165 164 163

Ph
/j\lk Ph
0

A

g 0
F  H;C

166 %ede =33

Scheme 2.21  Reagents: (a) o-Fluorobenzyldehyde, NaCNBH;, DCM, 53%, (b) EtO,CCOCI,
Et;N, DCM, 92%, (c) i. NaOH, EtOH, ii. BH;, AcOH, (d) CH,;N,, Et,0, quant.
(e) LDA, Mel, THF, 35%.

The synthetic procedure followed for 166 was similar to that described for the synthesis
for 143 as discussed in section 2.3.1. The methylation showed a decrease relative to
140, in the diastereomeric excess (33%). Clearly, there is a perturbation resulting from
electronic effects induced by fluorine, but whether or not fluorine participates in the

hypothesised bicyclic enolate systems is not clear.
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2.5. Conclusion

In summary we have shown that there is a clear fluorine effect in an alkylation model
involving a fluoromethyl group as a component of a lithium enolate derived from a
secondary ether functionality. The effect on the resultant diastereoselectivity is modest
relative to oxygen substituents and was also less effective than Yamazaki study
involving tertiary ether groups possessing a fluoromethyl group. Perhaps in this latter
case a combination of chelation control and steric effects proved synergic in influencing
the outcome in a positive way and to a greater extent. When the fluorine atom is placed
in a sterically crowded site such as that in 141 or on the aromatic ring in 164 then the
evidence for fluorine chelation is poor although there is a perceptible influence which
may have its origins in an electronic effect. It is concluded that, with appropriate
awareness of the potential for organic bound fluorine to co-ordinate to lithium, such a

strategy can improve the design of chiral auxiliaries in certain cases.
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Studies on the asymmetric [3,3]-aza-Claisen rearrangement reactions.

3.1. Introduction

y-Lactones are important intermediates in synthesis and a common structural motif
encountered in the terminus of many natural products such as steroids and terpenoids.
They are also useful templates for the synthesis of nucleosides with biological activity.
The fluorinated lactone in the synthesis of anti-HIV-active nucleoside B-FddA' 169, for
example was accessed starting from a chiral epoxide 167 via a fluorinated y-lactone 168
in five steps. However, synthetic procedures used to access these key synthetic
intermediates involve several steps. Another example of an important synthesis
employing y-lactones is encountered in the synthesis of the antibiotic (-)-Antimycin
Az’ 174 using phenylethylamine 170 as a chiral auxiliary to generate 171 followed by
an iodolactonisation proccess to give a mixture 172 and 173 (4.5:1). The minor

butyrolactone 172 was incorporated into the core structure of the antibiotic 174.

NH,
o N
Q
V>
) = i(
TrO
167 FddA 169
[ OTIPS NHCHO
OH
‘l‘*'n., wnBu H 0] s o
H,N" P SN p = > Ny o ,U\/J\
2 " i : 0 ar= o ﬂ}O'
172 minor product ol =
170 171 " O %Bu
I OTIPS (-)-Antimycin A5}, 174
wnBu
O
(0]

173 major product

Scheme 3.1
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Clearly, methodologies that provide substituted fy-lactones in an efficient and
straightforward manner and in high enantiopurity are valuable. Studies by Schore’
explored the chirality transfer method using prolinol-based chiral auxiliaries in the
synthesis of 178, the key intermediate in the synthesis of 3,5-disubstituted y-
butyrolactones 179 (scheme 3.2). Following methylation of prolinol 175, the resultant
methyl ether 176 was acylated using propionyl chloride in the presence of DCC to give
‘amide 177. C-Allylation was achieved by treatment of 177 with allyl iodide in the
presence of LDA to afford 178.* ° The diastereoselectivity of the a-allylation reaction

was observed to be modest (1:4).

Ph. Ph Ph. Ph Ph_ Ph oM
e
OH /Z<0Mc g OMe
. ). ‘ : .
O e O e O
0 0 e
175 176 177 178
la.
(0] (0] 0] O
O E§ ‘q 9}
3
[/ I | |
75 : 17 6 : 2
179 (a-d)

Scheme 3.2  Reagents: (a) Mel, NaH, 80%, (b) CH;CH,CO,H, DCC, 71%, DMAP (c) LDA,
CH,=CHCH,I, d. I, THF/H,0, 42%.

Iodolactonisation of 178 afford a mixture of stereoisomers 179 (a-d) in a ratio of 75:17:
6:2 as shown on scheme 3.2. This was explained as a consequence of two independent
processes: the enantioselectivity of the alkylation transmitted to the a-carbon of the
lactone and the face selectivity of the iodolactonisation, which dictates the syn or anti
disposition of the two substituents in the lactone ring. The yields however were
umimpressive, only averaging 42%. Obviously this procedure has a major drawback in

that it requires a three-step synthesis to afford the key intermediate 178.
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A highly stereoselective process for the synthesis of homoallyl intermediates 178
remains to be developed. It was decided to examine the stereoselectivity of the aza-

Claisen rearrangement reaction to try to progress this aspect.

3.2. The [3,3]-Claisen rearrangement

The Claisen rearrangement is an example of sigmatropic rearrangement reaction.
Sigmatropic rearrangements are one of the essential sub-classes of the pericyclic
reactions first described by Woodward and Hoffman.® ” These reactions are a one-step
process, which proceeds via cyclic transition states in which the bonds are made and
broken in a concerted manner. A high level of stereoselectivity often accompanies such
concertedness. By definition, these reactions involve a simultaneous reorganisation of
electrons during which a group linked by a o-bond migrates to the terminus of an
adjacent m-electron system. A typical Claisen rearrangement reaction is a thermally
driven process that involves the conversion of an allyl vinyl ether such as 180 (X = O)
to a y-unsaturated aldehyde such as 181. Variants of the Claisen rearrangement such of
those where X = S or N are also well documented. The methodology developed in this

chapter is focused on the aza-Claisen rearrangement where X = N.

(7
1&
%

180 181
X = O: Claisen rearrangement

X = 8§: thia-Claisen rearrangement
X = N: aza-Claisen rearrangemnt

Since its discovery in 1912,° the Claisen rearrangement has become one of the most
powerful tools for carbon-carbon bond formation in chemical synthesis. Bellus and
Malherbe’ reported the conceptually novel ketene-Claisen reaction (scheme 3.3) with
allyl ethers 182 and dichloroketene 183. This reaction gave a (1.3: 1) mixture of 184
and 185.
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182: X =0, 8, Se 183 184 185

Scheme 3.3

Based upon the design features derived from Bellus-Claisen reaction” ' above,
MacMillan'' reported an impressive catalytic ketene aza-Claisen reaction utilising

Lewis acids, such as Yb(OTf¥)s, AICls, TiCly in the presence of iPr,NEt.

0\) . CI)H LA, DCM QNW

llumg 5 bﬂgc O 9:1 syn:anti adduct

186 187

@]
g

IADCM/\ NF

Humg s base O\) 95:5 anti:syn adduct

188 189

O
)
j:o

Scheme 3.4

Examples of this reaction are shown in scheme 3.4. For substrate 186, the reaction is
reported to form the 2,3-disubstituted Claisen adduct 187 in high yield (>75%) with
excellent levels of stereocontrol (99:1 syn: anti). The progress of this reaction in the
forward direction was deduced to be contingent upon the action of the Lewis acid.
Control experiments without Lewis acids were reported to result in dimerisation of the
ketene. Reactions with various allyl morpholine derivatives revealed a common trend in
that the E-crotyl morpholine 186 furnished syn- Claisen adducts 187 whereas the Z-
crotyl morpholines 188 gave anti- Claisen adducts 189 (95:5 anti: syn)."?

The most impressive results so far are the recent results of MacMillan and Dong"”

where they have employed allyl dimorpholine 190 as the substrate. Treatment of 190

with propionyl chloride allowed a tandem acyl-Claisen rearrangement resulting in
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diastereoselectivities of up to 98:2 (syn: anti) of the adducts 194 and 195 following a

tandem process via 193. Of course the product is racemic in this case.

i o A
Ci)l\/ + P,NEt + Yb(OTf)3  + K/N\/g N

0 5
= N/U\I/L’_r\ NN [3.3] @ \,CCO O/DN N \//0
= ? Ybo)"ﬁ % ' Yboiﬁ\,g

192 E-crotyl 191 Z-crotyl

193

\=C=O ¢ Yb(OTf)3
0 (\ 0 o (\0

Scheme 3.5

Nubbemeyer'* has reported related studies using prolinol derivatives proceeding with
high yields and excellent levels of enantio- and diastereo-control. The stereochemical
control is explained by the reaction proceeding through the six-membered ring
transition states 199 and 200 where the enol is set-up in a syn-chair in 199 and anti-
chair in 200 (scheme 3.6). There is no clear role for the trimethyl aluminium in this

model other than co-ordination of the oxygen to aluminium.
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Q PO P
E 0
KU\F i )k/\/
AN N 8N/U\|/\/ * BN £ 7z
N — N
AlMe; N; 3
196 T f
P = Bn, TBDMS PO, o PO,
NP Q_
o R} N
H H
199 syn-chair 200-anti-chair
Scheme 3.6  Mechanistic aspects of the C-allylation
R o foo
dl\])kl/\% + CNW
R> §3
200 202
Entry R, R> Temp °C 201 : 202
1 CO,Me N(Boc)CH,CH(OEt), 20 15:1
2 CO>Me N3 -20 9.5:1
3 CH,OTBDMS N(Boc)CH,CH(OEt), 0 15:1
4 CH,OTBDMS Nj 0 15:1
5 CH,OBn N(Boc)CH,CH(OEt), 0 15:1
Table 3.1 Nubbemeyer’s aza-Claisen using proline and prolinol auxiliaries.

The diastereoselection of the reaction was reported to increase with the sterically more
demanding auxiliaries (table 3.1, entry 3 and 4). The configuration of the newly formed
stereogenic centre was found to be R as determined by nOe studies on the major product

201. Diastereoisomeric ratios up to 19:1 (syn: anti) were reported.'

The seminal contributions of Staudinger to the field of organic synthesis included the
landmark discovery of ketene in 1908 and the addition of ketenes to imines to form f-
lactams.'®"” This was followed by many examples of ketenes in organic synthesis
including aza-Claisen rearrangements which are the focus of this project. To our

knowledge, there are no examples of aza-Claisen rearrangement involving fluoroketenes
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or their equivalents. With the general interest in asymmetric fluorination in organic
synthesis, it was decided to explore the synthetic utility of fluoroketenes in aza-Claisen

rearrangements.
3.3. Asymmetric a-fluorination in organic synthesis.

Classically asymmetric a-fluorination is achieved by reaction of electrophilic fluorine to
a chiral enolate or inversely by using an asymmetric electrophilic fluorinating reagent

. - 18, 19
on a non-chiral substrate. Thus, Davis ?

reported a successful fluorination of 203 by
using N-fluoro-o-benzenedisulfonimide (NFOBS) or N-fluorobenzenesulfonimide

(NFSi) to achieve 204 in 80-90 % and up to 86-99% de.

0}
R

ol

Ph) K 2. [FH PH

0
0O 0
OJLN)J\,R "B“Sf OJ\N
203 204

O,

S, Ph—S0,
N—F N—F

S

02

Ph—S0,

NFOBS NFSi
Scheme 3.7  Selective electrophilic a-fluorination

Alternatively a-fluorination could be accomplished with the C-F already intact. In this
regard it was envisaged that fluoroketenes could be used in an aza-Claisen reaction to
generate a-fluorination products. The ease of introduction of the chiral auxiliary and its
removal thereafter and the predictability of the stereochemical outcome of a Claisen

reaction are key and attractive features of this methodology.

The first evidence of fluoroketenes was convincingly presented by Dolbier® after
treatment of a-fluoro acid chlorides 205 and 206 with triethylamine. It is generally
accepted that the mechanism of the reaction of the acid chlorides with amines involves
the formation of acyl ammonium salts 207 and enolates 208 before formation of the

ketene spf:cies21 209.



71

0
R +
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F  NEy R NE4
E-210 z-211

Scheme 3.8

Studies of Walborsky involved ketenes that proved difficult to form hence the
ammonium acyl salts could be isolated. Brady>* studied ketenes utilising isobutyryl
chloride with triethylamine to form dimethylketene and in such cases detected

ammonium acyl salts, although no enolate intermediates were observed in that case.

The experiments by Dolbier attempted to detect the fluoroketene 209, but this resulted
in detection ("’F-NMR) only of the E and Z enolate species (E)-210 and (Z)-211, even
when experiments were carried out at -40 °C. However, when cyclopentadiene was
added to the reaction mixture, a [2+2]-cycloaddition occurred, generating adducts 212-
215 thereby suggesting the existence of the elusive ketene species (scheme 3.9). The

endo to exo ratios varied depending on the solvent used.

O

H F
O (= F -exo
R ET.3N. El:o F Cc=0 R = Me, 212
Cl —_— + — 4 R =Ph, 213
F
R = Me, 205 @ - -0
R = Ph, 206
H R
F -endo R = Me, 214

R =Ph, 215

Scheme 3.9
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With this background we sought to explore the utility of these fluoroketenes in the aza-

Claisen reaction.

3.4. Results and discussion

3.4.1. Synthesis of acid chlorides as ketene precursors

In order to undertake aza-Claisen rearrangement reactions using fluoroketenes, it was
necessary to develop an efficent method for the production of the starting reagents, the
a-fluoro acid chlorides.”>” The route reported by Olah employing alanine 216 (R =
CHsj, scheme 3.10) involved diazotisation and HF/ pyridine treatment leading to an
intramolecular cyclisation to give 219. The fluoride ion attacks the intermediate o-
lactone 219 and results in product 220 with a retention of configuration®® but in
extremely poor yield (14%). The low yield could be associated with the high solubility
of 220 in water therefore the procedure was abandoned. However, treatment of 220 with
oxalyl chloride generated 205 in 90% yield. Similar studies on 217 generated 221 in
70% yield and subsequent treatment with oxalyl chloride with catalytic DMF gave 206

in a quantitative yield.

0 0]

R R — T
\[)LOH a. NaNO,/HF Py %0 _,.fls'vfo
NH — N (.
2 o
- 14% N
R = CH; 216 218
R =Ph, 217 21
. Q b. (COCI), o O
-
W/Lka (90-99%) \(U\O”
F F
R = CHj 205 R = CH; 220
R = Ph, 206 R = Ph, 221

Scheme 3.10

An alternative route to 205 was explored. To this end diethyl methylmalonate 222 was
treated with Selectfluor in the presence of sodium hydride to give the fluorinated

malonate 223. Following basic hydrolysis and acid treatment of 220 under thermal
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conditions, the 2-fluoropropionic acid 220 was afforded but only in a moderate yield.

Acid chloride 205 was generated as previously described.

98%

O 0 O O
D1 a. selectfluor b. _OH; /H \HJ\ 2 (CO,..CI)z \I)'J\
EIOJ\I)LOFJ —» EO : OBt ™ 449 : OH “he L u

222 223 220 205
Scheme 3.11

In order to improve the yield of 220, procedure that does not require aqueous work-up
was then explored.”® Nucleophilic fluorination of the mesylate 224 with KF gave 225 in
73%. Saponification afforded 225a which, was subsequently treated directly with
phthaloyl dichloride to furnish 205 after distillation. All the steps in this scheme are

highly efficient and this emerged as our route of choice to 205.

OMs E
/KWOEa b. KF /H(Oﬁl
ey o

0 73% (0]
224 28 ¢ c. NaOH,g,
100%
F F
/Iﬁ(CI d. CgHy Cl,0, )\H,ON:I
- ——————————
0 80% o
205 225a
Scheme 3.12
3.4.2. Model studies on aza-Claisen rearrangement using morpholine

In the first instance we sought to explore a [3,3] sigmatropic rearrangement using allyl
morpholine 227 and the fluoroketene derived from 205. Allyl morpholine 227 was
easily accessible from a reaction of morpholine and allyl iodide as shown in scheme
3.13. The acyl-Claisen reaction was undertaken following the MacMillan'" protocol.

The reaction proceeded smoothly and gave 228 in 92% yield.
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O
/_\ 4 i N b /—_\
@] NH ’ 0 N ) O N
M — QN —= \__/ /Af\»;
F
226 227 \l)LCl 228

Scheme 3.13  Reagents: (a) NaH, ICH,CH=CH,, THF, 97%, (b) iPr,EtN, Yb(OTf);, DCM,
92%.

The product was analysed by 'H-NMR spectroscopy revealing a doublet (22.3 Hz, 3Thr)
corresponding to the CHj3 group. The amide carbonyl was also observed as a doublet

(20.5 Hz, 2J(:F) due to fluorine coupling.

(00 0=
N= / N - =
'\ Y — a. O +N F
F — N’ —
i -
+ 229
(@] racemate
Pt
F
228

Scheme 3.14  Reagents: (a) I,, THF/ H,0, Na,S,0;, 82%.

Iodolactonisation of amide 228 afforded the a-fluoro iodolactone 229 as a 10:1 mixture
diastereoisomers following the mechanism shown in scheme 3.14. The morpholine
moiety was recovered on work-up as a hydrochloride salt after quenching the reaction
mixture with HCI. The iodolactonisation proceeded in accord with Baldwin’s rules” to
afford 5-exo-ter products exclusively. Based on literature studies,’ the major
diastereoisomer was assigned to be anti as shown in scheme 3.14 and there was no

evidence of any 6-endo product.

3.4.3. Exploring an asymmetric aza-Claisen rearrangement.

For the chirality transfer in the [3,3]-aza-Claisen rearrangement reaction, introduction of
chiral amines was envisaged. In the first instance use of the Onyx chiral amine was

explored. Given the success of the aza-Claisen reaction with allyl morpholine, it was
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decided to explore a stereoselective process. This was investigated in the first instance
by employing amine 100 as a chiral auxiliary. Amine 100 was treated with sodium
hydride followed by addition of allyl iodide to generate allylamine 230 in 70% yield

after purification (scheme 3.15).

Ph Ph
}-—Ph
3 NaH, ICH,CH=CH,

F L 4 P
CNH THF, 70% CN‘/\/

100 230

Scheme 3.15  N-allylation of 100.

The aza-Claisen reaction was undertaken in a similar manner to that described for
morpholine and this generated a product, which was a mixture (3:1) of diastereomers
231 and 232. Significantly, the diastereoisomers could be separated by column

chromatography (scheme 3.16).

Pl
"\—Ph
$ 0]
AL
Ph\f—Ph F7} —
N 231
[::N'#\\:: +
O

230 Ph
\)\a \—Ph
B S0
Cx
F\nl —_
232

Scheme 3.16  Reagents (a) iPraNEt, Yb(OTf);, CH.Cl,, 68%.

The major diastereoisomer displayed a mixture of rotamers as measured (9:1 ratio) by
'H-NMR analysed from the -CHPh, proton. Similarly, the minor diastereoisomer
showed a rotameric mixture (17:1 ratio). It was established however that the two

compounds were diastereomerically pure by GC-MS analysis.

The diastereomeric ratio (dr) observed was improved from (3:1) to (6:1) when the

reaction was carried out at -20 °C, but there was no benefit from lowering the
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temperature further. Although the selectivities are modest, the ability to separate the
diastereoisomers to give optically active compounds, is an attractive feature of this

chiral auxiliary.

The major diastereoisomer was then subjected to iodolactonization conditions. Upon
aqueous work-up and isolation using standard procedures a 9.4:1 diastereomeric

mixture of iodolactones and the chiral auxiliary were recovered from reaction.

F O
thPh F P
aly THFH,0 "\ o
% /
[; | 5

233 anti 234 syn

major diastereomer 9.4:1 mixture

Scheme 3.17 Iodolactionization of the diastereoisomer 231.

A similar procedure was undertaken for the minor diastereoisomer, interestingly, this
stereoisomer underwent iodolactonisation with complete anti selectivity with no
indication of the syn isomer. The anti stereochemistry was confirmed by nOe negative

studies.

thph F O
— JJ\<\/ a. I, THF/H,0 ﬁo
$ 68% Y
235
minor dzastcrcomcr as the single stereoisomer

Scheme 3.18 lodolactonisation of the diastereoisomer 232.

Given the level of success in this methodology it was decided to further examine the
generality of this reaction and extend to a non-fluorinated analogue. The advantage here
is that the acid chloride (propionyl chloride) is commercially available, and therefore

the reaction can be undertaken without prior preparation of the reagents.

A similar synthetic procedure to that already described was followed as shown in

scheme 3.16. The reaction was undertaken at room temperature and afforded a (3:1)
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diastereomeric mixture similar to that observed in the fluorinated case. The two
diastereoisomers were again readily separated by column chromatography to give

diastereomerically pure products 236 and 237.

Ph
\—Ph
S0
Ph
v 236
§ da.
[:N""\_{., +

Ph
230
3 \HJ\C’ -
S » 1
237
Scheme 3.19 Reagents: (a) iPr,NEt, Yb(OTf);, CH,Cl,, 73% (for the mixture).
Iodolactonization furnished the corresponding lactones 238 and 240 successfully

(scheme 3.20). As previously observed, iodolactonisation preferentially gave the anti

stereochemistry again evident from nOe studies.

Ph\;—-Ph o 0
3 0 {h’-’r. q"‘bd
a. (0] O
CN/[«/\; :
) 238t /
236-major diastereoisomer 238a 1 0 ]
10:1
Pl
"\—Ph
5 6]
= 0 H3C
a. 7
o8 QT -
H B
— : H
H \S{
239-minor diastereoisomer 240

Scheme 3.20  Reagents: (a) I,, THF/ H,O, Na,S,0;.
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CNH
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NOe
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Scheme 3.22  Reagents: (a) NaH, CH;CH,=CHCH,I, TBAI, (b) iPr,NEt, Yb(OTf);,
RCHFCOCI, CH,Cl,, (c) I, THF/H,O.

This asymmetric method was explored further by derivatizing pyrrolidine 100 with
crotyl bromide to generate 241 as a substrate for the aza-Claisen reaction. The N-crotyl
amine 241 was then subjected to the aza-Claisen rearrangement as previously described.
This gave 242 (10:3:1 diastereoisomeric mixture) with two new stereogenic centres, as
shown in scheme 3.22. The diastereoisomers were successfully separated and the major
diastereoisomer subjected to iodolactonisation to give 243. The stereochemistry of 243
was assigned from NOESY experiments. Interestingly, the major iodolactonisation
product could be separated from reaction mixture by column chromatography. Thus,
diastereomerically pure compounds carrying three contiguous chiral centres can be

accessed using this aza-Claisen rearrangement reaction.
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3.4.4. An Improved asymmetric method.

(2R/S)-Methoxymethylpyrrolidine is a commonly encountered moiety in the chiral
auxiliary arena. The most successful application of this moiety is as the hydrazines
RAMP 244 and SAMP 245% (scheme 3.23). Conversion of aldehydes and ketones into
their corresponding chiral hydrazones 246 has been used as substrates for alkylation in
asymmetric synthesis. High levels of stereoinduction accompany these reactions. The
chiral auxiliaries 244 and 245 are conveniently removed by acid hydrolysis however

ozonolysis is often preferred.

/ /

—0 0
CN—N}-{2 L/N—NH:
RAMP-244 SAMP-245

/
0
/ é—NHq
O &
C(O Ja T o . oo

(0] EY N O .
PO tl\l T ir‘I — —
1] ]
. R G R 0
N
SAMP-245 Y P
246 247 E =
E
248

Scheme 3.23
The choice of the (§)-methoxymethylpyrrolidine 249 was based on the idea that the
OCH3; oxygen atom would participate in Lewis acid co-ordination and thus improve

stereocontrol. To this end, the allyl pyrolidine 250 (scheme 3.24) was prepared in a

straightforward manner following the procedure already described.

3 S
a
S e e
249 250

Scheme 3.24  Reagents: (a) NaH, ICH,CH=CH,, THF.
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The allyl pyrrolidine 250 was then treated with 2-fluoropropionyl chloride in the
presence of Hiinig’s base and Yb(OTf); at room temperature. The reaction was
monitored by tlc analysis and the crude reaction mixture analysed by PE-NMR
spectroscopy and GC-MS. This revealed consistently high des (99%) giving a single
diastereoisomeric products 252 and 253. These products gave a notably 3:1 mixture of

rotamers. lodolactonisation afforded 254 and 255 with a diastereomeric ratio of 10:1.

/
/ o}
8 r£—> 5 0O
E Yb g H W
: Niyyl N )
NN —C=0 ) 7 3
"'\/ ¥ 3 /'./’(\ F R

R = CHsj, 252, 99% de

250 251 R =Ph, 253,99% de
0
H;C
22 0

/
0, 15/H,0 Y 254
Q —> /
ez — I
N)W 0
F R —> pj

/H,0
R = CHs, 252, 99% de F\d\o

R =Ph, 253,99% de %

Scheme 3.25

Interestingly, when the reaction was repeated using propionyl chloride (scheme 3.26)
under identical reaction conditions, the diastereoselection decreased to 75% de. Thus
the fluorine appears to play a role in the high diastereoselectivity observed for the

products 252 and 253. The diastereoisomers (257) were then iodolactonised to give 258.

/

/
0
H Yb deu d . L/HO ﬁo
_ N — N — /
NN\= =0 o X7 ‘
0/;\ /

250 256 257 258

Scheme 3.26
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The high diastereoselection is consistent with the understanding that six-membered
transition-states 251 and 256 are favoured which dictates the stereochemical profile of
the reaction as depicted in schemes 3.25 and 3.26. Clearly the CHj3 and Ph groups prefer
to be equatorial to avoid the 1,3-diaxial interaction with H” in 251 and 256, whereas the
1,3-interaction with F is much less. It remains unclear why the fluoro products 252 and
253 were produced in higher diastereoselection than 257 (scheme 3.26). The syn-chair
conformation is clearly set-up for a possible ytterbium co-ordination. Further, the Lewis

acid will stabilise the zwitterionic intermediate, until the rearrangement is complete.” >

/ / /
0 6] 0,
0 o=
a, b. H
Ao 20 Ao 20 S
~ F 'Ph F Ph F Ph
253 259 260

Scheme 3.27 Reagents: (a) LiAlH,, THF, 100%; (b) HCI-Et,O.

In order to confirm unambigously the absolute stereochemistry of the fluorinated aza-
Claisen products, it was decided to obtain a crystalline derivative for X-ray analysis. To
this end, 253 was treated with LiAIH to give amine 259 which upon HCl-etherate
treatment afforded ammonium hydrochloride 260 (scheme 3.27). This material was
analysed by X-ray diffraction and the resultant structure revealed the absolute
configuration to be (S,S”) with the methoxyl methyl and the phenyl groups in 260 syn

with respect to each other (figure 3.1).
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Figure 3.1 ORTEP drawing of 260 showing two crystallographically independent

molecules within the unit cell.

Interestingly the X-rays diffraction studies revealed that the C-F bond adopts a gauche
conformation to the C- N*(H) bond in 260. The N*(1)-C(1)-C(6)-F(6) dihedral angle
was deduced to be 66.89(17)° and N'(21)-C(21)-C(21)-F(6) was 59.44(18)°. This
observation is consistent with recent conformational studies reported by Briggs et il
which revealed that a fluorine gauche conformation is favoured over an anti

conformation for fluoroethylammonium systems 261-263 (figure 3.2).

% @ /\E N'i[/\
B N F B F
CI- cl-
261 263
Figure 3.2 Examples of the fluorine gauche effect in 2-fluoroethylammonium chlorides
261-263.

The crotyl amide derivative 264 was investigated as a substrate for the aza-Claisen
reaction (scheme 3.28). Surprisingly, this gave only a modest stereoselectivity (77%

de).

/ 0
0 R Ph
C_ 1o THF/H,0 F'l o
WLV Ph HH S T°H
k\_/ 3 ]
- NOESY
266

Scheme 3.28

Happily, the mixture of the diaterecoisomers were successfully separated. Following
iodolactonisation of 265, 266 was recovered as a 7.7:1 diasteroisomeric mixture.
NOESY studies allowed determination of the relative stereochemistry of the major

iodolactionisation product.
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3.6. Summary

The asymmetric [3,3]-aza-Claisen rearrangement reaction and its use in organic
synthesis of chiral amides have rapidly been accepted for the synthesis of large variety
of enantiomerially enriched compounds. Stereoselective introduction of the fluorine
atom, which results in a stereogenic centre at the quaternary a-carbon, is a special

feature of this reaction.

A range of enantiomerically enriched five-membered lactones have been generated from
proline derived amines. The zwitterionic aza-Claisen served as the key step in the
diastereoselection process. The most efficient rearrangements in terms of stereocontrol
were achieved with allylamine 250. However, extension of this procedure to
crotylamines resulted only in modest des. lodolactones were generated in high
regioselectivity and high yields. NOESY experiments were crucial in determining the
relative stereochemistry of the iodolactones. It is notable that the fluorine containing
substrates gave highly diastereoselective reactions, and a new method has been

developed for the stereoselective synthesis of a-fluorocarbonyl compounds.
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Chemistry of C>-Symmetrical Diamines.

4.1. General

Organic compounds with 1,2-diamine functionality have found wide utility in medicinal
chemistry and in synthetic methodology. Diamines for example have found application
in chemotherapy where various platinum complexes are antitumour agents replacing
cisplatin to reduce toxicity and overcome drug resistance. Rozenburg synthesised the
antitumor agent cisplatin [cis-diaminodichloro platinum(Il)] in the 1969." Since its
discovery many diamine-platinum-based complexes have been developed in a search for

better activity. Such complexes are DWA 2114R, NK 121 and oxz.iliplatin.2

"N

APt Pt
¢ HN,  NH O] O N©)
Cl—Pt--NH; o P&
NH; }{f’ o 0 0 o}
O ©©
cisplatin oxaliplatin DWA 2114R NK 121

Enantiomerically pure diamines have found widespread application as versatile chiral
bidentate ligands in asymmetric reactions. For example asymmetric dihydroxylation of
alkenes by osmium tetraoxide has proved very successful using vicinal diamines having

C- fa‘.ymmetry.3

4.2. Vicinal Diamines in Asymmetric Organic Synthesis

Chiral, optically active vicinal diamines and their derivatives are increasingly used in
stereoselective organic synthesis. Such systems are often used as chiral auxiliaries, or as
metal ligands in catalytic asymmetric synthesis and as chiral resolving agents. It is these
applications that have brought about the development of synthetic procedures for the
synthesis of aliphatic 1,2-diamines in diastereomerically and enantiomerically pure

forms. Thus, the design of new chiral ligands has increasingly become an important
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focus to improve the enantioselectivity of organic reactions. Diamines have been widely
used as efficient chiral inductors and they have found applications in many asymmetric

Processes.

421. CrSymmetrical Diamines in the Resolution of Racemates.

A vast number of non-chiroptical methods used for the determination of enantiomeric
purity of chiral acids are indirect and involve formation of diastereomeric esters or
amides prior to NMR* or HPLC analysis. The classical application of chiral amines is
their use in the resolution of racemic acids. In solution NMR can use such agents to
determine % ee. A suitable chiral solvating agent should possess anisotropic groups
such as a phenyl ring, carboxylic acid or localised lone pair that will induce chemical
shift non-equivalence. Thus, diamines such as 267° satisfy these criteria and have been
successfully employed for the resolution of several pharmacologically important
antiflamatory agents (268-271). Also a-halo acids (272-274) which are susceptible to

racemization by other methods of resolution (figure 4.1) have been analysed in this way.

HO HO
0 0] Ph

268-1buprofen 269-Ketoprofen ©
HO#\@F HO
DOOW
& Ph O
Ph._NH,
p 270-Flubiprofen ' 271-Naproxen
Ph" “NH,
o 1-[)/ H)/ ]—I)> o
u,, OH “n,, ~OH H
a’ T B’ [ Fr
(0] (0] 0
272 273 274
Figure 4.1 Resolution of base-sensitive chiral acids.

Brunner and Schiessling® successfully employed (R,R)-1,2-diaminocyclohexane 275
and (R,R)-1,2-diphenylethylenediamine 267 to resolve the atropisomeric forms of
binaphthols upon column chromatography of the resulting polymeric imines (figure

4.2). Binaphthol (§)-276 forms a 24-membered macrocyclic ring which elutes with
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dichloromethane/ toluene whereas (R)-276 forms a polyimine which is left as a residue
on the column. Subsequent acid hydrolysis of (5)-24-membered macrocycle furnished
the enantimerically pure isomer (S)-278. (R,R’)-1,2-Diphenylethylenediamine 267 has
also been widely employed for the chiral resolution of acids and in the determination of

enantiomeric purity using NMR spectroscopic analysis.

276

(R)-277 ($)-278
Figure 4.2 Chiral resolution of binaphthol atropisomers.
Mangeney et al.” showed that 280 could be used for the resolution of racemic aldehydes

279 through a reaction that proceeds via imidazolodines 281 which upon separation and

hydrolysis, releases non-racemic aldehyde 282.

H |
0 N wPh N ~Ph 0
Py ) 1. Separation
*R™ "H ~ *R S *R)l\] q

N “Ph N"Ph 2. Hydrolysis

—_— |
. 2 .
279 Racemic 50 281 Diastercomeric aminal 282 Non-racemic
Figure 4.3 Resolution of aldehydes with a chiral vicinal diamine.

Diamines are increasingly used in asymmetric catalysis for reactions as different as

carbonyl reductions,® asymmetric dihydroxylation,® and Diels-Alder reactions,’ etc.
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4.2.2. Vicinal diamines as chiral auxiliaries.

There are three seminal contributions in the study of C,-symmetrical chiral molecules

used in the area of auxiliaries. Kagan introduced Diop'® !

as the first disymmetrical
molecule used for reduction reactions (scheme 4.1). Johnson'? introduced the ketal
derived C,-symmetrical glycol which has provided a synthetically useful level of
stereocontrol in a variety of systems. Whitesell’s'> '* 2,5-diaminopyrrolidine was the

first monodentate C>-Symmetrical auxiliary used for the enamine alkylation reaction.

L "

1 #‘3 3 e
H
HN™ ~07 H HN” S0~
\—¢ N/ H
Kagan OH v K LS}*OH
DIOP 4
o} o
Rh(DR = PPh, M%ee
H
| SnCl, O:j/
Johnson =
0 o i

)‘/ HO O
>4 84% de

0
Whitesell é @ Mel ij:r é

80‘/{ ee
Scheme 4.1 C>-Symmetrical auxiliaries

Caine" describes chirality transfer as a process which occurs when achiral substrates
are covalently bonded to a chiral agent/ auxiliary. Thus, some chirality transfer reactions
require fine-tuning of the chiral auxiliary backbone in order to achieve a successful
reaction, whereas in many other cases, only co-ordination through the nitrogen atom to
metals is required.ib Homochiral vicinal diamines have received increased attention
during the past decade. They have found enormous application in the area of
stereoselective synthesis as chiral auxiliaries. C,-symmetrical 1,2-diamines and their

derivatives have been widely employed in this field"” (scheme 4.2).
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Scheme 4.2  Chiral bicyclic phosphonamide, from vicinal diamines as chiral auxiliaries.

Hanessian'® developed a chiral bicyclic phosphonamide ylide 285 derived from the C,-
symmetrical cyclohexyl diamine 283 (scheme 4.2). The reaction of this diamine with
phosphoroyl dichloride provides the phosphonamide 284, which was deprotonated to
afford the ylide 285. Asymmetric olefination via a Wittig reaction on 286 gave access to
a single enantiomer of 289, whereas trapping of the anion with an alkyl halide gave 287

and subsequent acid hydrolysis resulted in a-hydroxyphosphoric acids 288.

4.2.3. Asymmetric dihydroxylation

The asymmetric dihydroxylation of alkenes using osmium-cinchona alkaloid complexes
has received considerable attention since the seminal contributions by Sharpless and co-
workers.'” Over the past two decades the literature has significantly increased for the
conversion of cis and trans alkenes into their corresponding enantiomerically pure or
enriched diols e.g. Hanessian”® has prepared diols such as 291 by asymmetric
dihydroxylation in the presence of chiral diamine ligands such as 290 (scheme 4.3).
Despite the excellent enantioselectivities obtained using a variety of diamines, the
reactions are stoichiometric in both OsO4 and the chiral ligand. This is a direct
consequence of the in situ formation of the stable chelate complexes 293 between the
ligand and osmium(VI) glycolate intermediates, thus hindering recyclisation of the
catalytic species (scheme 4.3). Several C>-symmetrical diamines have been successfully

employed and they have displayed a wide range of tolerance to a variety of substrates.
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Scheme 4.3 Asymmetric dihydroxylation by Hanessian.”

The other most notable chiral ligands for enantioselective oxyosmylation of alkenes are
those developed by Synder 275,*' Hirama 294,>* ** Corey 295,® Tomioka 296***" and
Fuji 297.°

NH, B2 R
275 294
Ph,  Ph (e
Z [N] Ph
Phj:NH N PR N
Ph NH |)
CJ\ EN Ph
§ Ph  pp
Ph e I?J
iPr
295 296 297
Figure 4.4 Chiral 1,2-diamino ligands for asymmetric dihydroxylation used under

stoichiometric conditions.
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4.2.4, Diamines as chiral bases

Homochiral lithium amide (HCLA) and diamine bases are important compounds in
asymmetric organic reactions (scheme 4.4).* *°® A vast number of chiral amide bases
have been developed and employed across a wide spectrum of asymmetric reactions
including the following:

1. Deprotonation of conformationally locked prochiral cyclic ketones.*"*?

2. Rearrangement of meso-epoxides to enantiomerically enhanced allyl alcohols. ™
Despite the wide spread use of HCLA bases in asymmetric chemistry, C,-symmetrical

diamines are very poorly represented.

0 J\ 0SiMe;
P N Ph
Li
299
Me;SiCl, THF
298 ’ 300-(5)-88% ee

L

|

N“CH

ECHEOMC OH
0 "uNJCH:CHQOMC
|
Li
301

i
4, . OF pp
302 (R)-303: 87% eec

Scheme 4.4 Chiral lithium amide in asymmetric reactions.

> has reported enantioselectivity in the deprotonation of 4-substituted

Koga3
cyclohexanone 298 with (R,R’)-299 using Corey’s®® internal quench method with
trimethylsilyl chloride in the presence of HMPA to generate 300 in 88% ee (scheme
4.4). The rearrangement of meso-epoxides such as cyclohexene oxide and cyclooctene
oxide 301 to their corresponding allyl alcohols (R)-303 has been investigated by

Alexakis and co-workers using (R,R’)-302.
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4.25. Carbonyl reduction

Chiral diamines have been successfully used as ligands in different asymmetric
reduction reactions of carbon-carbon (C=C), carbon-oxygen (C=0) and carbon-nitrogen
(C=N) moieties.”’* Enantioselective reduction of unsymmetrical ketones has been

reported to proceed with good selectivity in a large number of catalytic methods.*°

O OH

OH  [Rh(CgH,o)Cll 0
b /J\ e ’ * )‘k
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@J—Rh— H "F
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H
/( Rh \v/ ¢
C/‘\l
OH

Scheme 4.5 Proposed mechanism of the hydride transfer reduction.”

Many of these disymmetrical diamines 305 used in carbonyl reductions are rhodium
complexes, which have many advantages over their phosphorus analogues (accessibility
and recovery). An example of such a reduction is the hydrogenation of acetophenone
304 by hydride transfer starting from compound A. These reactions show conversions
up to 100% and 67% ees (scheme 4.5). Hydride B is the key intermediate in the process
and it is responsible for the stereocontrol. Formation of complex C is the rate-
determining step at which the hydride adds across the Re/ Si face of the carbonyl and

subsequent addition of isopropanol to D releases the required alcohol 306.



94

4.3. Methods of preparation for homochiral C-symmetrical diamines:

A classical and straightforward method for the generation of the 1,2-diamino unit is by
the aminolysis of the corresponding dihalide.*! Enantiopure 1,2-disubstituted diamines
can always be obtained by chiral resolution using homochiral acids however,
enantioselective methods are increasingly employed in the synthesis of optically active

1,2-diamines.

)

R2 R”
PhNHR', TI{(OAc); R!
R'—/) - NR'Ph
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PBu; i ] 3 Nt | %2
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N/Bu Bu
Sharpless

Scheme 4.6 Alkene diamination.

Methods for directed diamination of Z and E alkenes using organometallic reagents

4244 Man y other

have been developed by Barluenga and Sharpless (scheme 4.6).
methods involving functional group interconversions have been largely employed e.g.

reduction of nitro, azido and cyano compounds.

Ph
(0] Ph Ph /\\/O\/\,
NH3() 1. e of HN/L}N H,N NH,
Oy = Y L Y — — " )
b s ° “, %
_ s o, 120 CPhJ—kPh NaOH, 155°C Ph) = b PH 26-:,[]
307 308 309
Racemic Racemic

Scheme 4.7  Synthesis of stilbenediamine.

Recently Corey and Kiihnle® re-described the synthesis of 1,2-diphenyl-1,2-
diminoethane (stilbenediamine) 267-rac by amination of benzaldehyde with ammonia

to give the hydrobenzamide (amarine) 307 which undergoes cyclization under thermal
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conditions to afford 308 (scheme 4.7). Subsequent base treatment results in the desired

trans isomer 307, which upon reduction and debenzylation yields 267.

310 Ph" 'NH  py” "NH

| |
dl 280-30%  meso 280- 15% reduction 311- 55%

|
PhNH  Ph_NH H
Pho 2N Zn!TM,SCI + I +  Ph NS

Scheme 4.8 Reagents: Zn/Me;SiCl, H,O THF, rt.

The pinacol coupling of imines is among the most straightforward methods employed
for the synthesis of diamines. Schiff bases undergo inter- or intra- molecular coupling
reactions in the presence of metals such as zinc,*® samarium/ and ytterbium.‘” An
intermolecular version of this methodology, often results in a mixture of both d/-280
and meso-280 diamines, whereas intra- molecular coupling is prone to C;-symmetry as
in Benagalia’s studies.”” Some of the commonly encountered methods for the

preparation of Cp-symmetrical diamines are discussed in the next section.

4.4, Results and discussion.

4.41. Retrosynthetic analysis of ethylene diamines from the Onyx

monoamines.

There is no doubt that C;-symmetrical diamines have received increasing attention
during the last decade. Indeed enatiomerically pure diamines and their derivatives have
found wide application in stereoselective synthesis. The importance of the vicinal
moiety has brought about numerous methods of preparation, however, only a few of
them are general. With this background we decided to explore the Onyx amines as
precursors for the preparation of C>-symmetrical diamines. In order to establish routes
leading to C-C bond formations for the preparation of ethylene diamines, it was decided

to employ the retrosynthetic analyses strategies shown in figure 4.5.
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Figure 4.5 Retrosynthetic analyses of diamines

Three routes emerged from the retrosynthetic analysis figure 4.5:

(1) Route A involves reaction of the monoamines with diiodoethane.

(2) Route B involves preparation of diamide intermediates via a reaction of the

monoamines with oxalyl chloride.

(3) Route C involves preparation of a diimine by reaction of the monoamine with

glyoxal.

4.4.2.

Synthesis of diamines by direct alkylation.

96

Route A of the retrosynthetic analysis involved a simple single step procedure in order
to access diamines 312 (scheme 4.9). Accordingly diiodoethane was reacted with 94 in
the presence potassium carbonate. This resulted in diamine 312 but in a rather poor
yield (10%). Unreacted starting material could be recovered which offered some
advantage, but otherwise the reaction could not be improved. In view of the low yield

an alternative procedure (route B) was examined.
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H
NH, A~ a N Ph
R Ph
R=i-Pr 94 312

Scheme 4.9 Reagents: (a) K,COs, ethanol, A, 10%.

4.4.3. Synthesis of diamines by dicarbonyl coupling.

The coupling of amines to bifunctional electrophilic species such oxalyl chloride
provides access to C; symmetric diamides such as 313, generally in high yields.** ** The
reaction of 94 with oxalyl chloride gave product 312 as a white amorphous solid and in

good yield.

Ph Ph
94

J A S ;
n,,_-NHa ', N ‘ Ph . ) Nei~ Ph
.i.-,.. \[HJ\]\' N
0] o Ph c. B Ph
Ph Ph Ph Ph
313 312

Scheme 4.10  Reagents: (a) (COCl),, Et;N, CH,Cl,, 91%, (b) BH;THF, A, 0%, (c)LiAlH,,
THF, A, 0%.

The next step in the synthesis required a reduction of the diamide to generate the
diamine. Accordingly compound 313 was then treated with refluxing diborane THF/ fdr
5 days, however there was no evidence of reduction. Lithium aluminium hydride was
then explored as a reducing agent. Following reflux for several days with an excess of
LiAlHj4, there was no evidence of the reduction product either. In order to investigate
the possible cause of this failure, three structural features were examined:

(1) Proximity of the carbonyl moieties.

(2) Steric hindrance around the carbonyl group.

(3) Presence an amide hydrogen.

To explore the first factor, the N-C-C-N spacer unit was extended to a 3-carbon unit
using malonyl dichloride as the coupling reagent. Following the same procedure
described above 313, this gave the corresponding diamide 314 in 62% yield (scheme

4.12). Diamide 314 was subjected to the similar reducing conditions as discussed earlier
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for 313 using both borane and LiAlHy. In the event, no reduction occurred, thus it can
be tentatively concluded that the proximity of the amide groups in 313 to each other is

not interfering with the reduction step (scheme 4.11).

T

94 314 315

Scheme 4.11  Reagents: (a) CHy(COClI),, Et;N, CHxCl,, 62%, (b) BH;THF, A, 0%, (c)
LiAlH,, THF, A, 0%.

The second structural feature examined was the steric hindrance from the isopropyl
group inherited from the starting amine 94. Thus, synthesis of the alanine derived
amide 316, was undertaken. Following treatment of 92 with oxayl chloride, in
triethylamine as shown in scheme 4.12, the ethanediamine was generated in 96% yield
and as a crystalline solid. However reduction of product 316 under the previously

described conditions was similarly unsuccessful.

H
“m,, ~NHs i, N\’_HJ\ J\(Ph N\/\ N J\r Ph
a. :

Ph
PR Ph Ph 2

92 316 317

Scheme 4.12  Reagents (a) (COCI),, Et;N, CH,Cl,, 96%, (b) BH;THF, A, 0%, (c)LiAlH,,
THF, A, 0%.

This was unexpected, as there are examples of structurally related secondary amide

reductions reported in literature, which indicate that such amide reductions can be

48, 49

highly efficient, and robust and it is not clear why this reaction was so sluggish in

our hands.
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)
),% NH, )%’ N N~ N
P o) 1>
PPh: PPh? Ph PPh'!

Scheme 4.13  Reagents: (a) (COCl),, Et;N, Et,0O, -78 °C, 5h, 63%, (b) 6 equiv. LiAlIH,, THF,
A, 24 h, 75%.

For example the synthesis of 320 from aminophosphine 318 (ValPHOS) was achieved
by the reaction of ValPHOS with oxalyl chloride to furnish 319. This diamide was
subsequently treated with LiAlHy4 to give the reduced diamine 320 in an overall yield of
47% based on ValPHOS (scheme 4.13).

Ph
/_Ph Ph—\ /— Ph
Ph

b.
"Ph
/\\% e #NH llN—) S ]\H HN

322

Scheme 4.14  Reagents: (a) (COCl),, CH,Cl,, (b) LiAlH4, THF

A similar study by Koga et al.*’ revealed that the secondary diamine 323 could be
readily accessed from the corresponding diamide 322 also by the action of lithium

aluminium hydride (scheme 4.14).

The third factor evaluated in this study was the influence of the amide hydrogen. To
explore this, the strategy required the synthesis of the secondary amine 144 which is
accessed by reaction of 94 with benzaldehyde and NaCNBHj3 in methanol as shown in
scheme 4.15. The benzyl amine 144 was then coupled to oxalyl chloride as described

earlier to afford the tertiary bisamide 324 in 83% yield.
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324
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Scheme 4.15  Reagents: (a) Ph\CHO, NaCNBH;, CH;0H, 82% (b) (COCl),, CH,Cl,, 83% (c)
LiAlH;, THF, 66%.

Compound 324 was then treated with LiAlH4 in THF. Surprisingly, amine 325 was

isolated in 66% yield. Although the amide reduction method is widely used, LiAlH4

reduction gave exclusively this undesired product as a result of scission of the central

C-C bond from which it may be concluded that:

(1) The amide hydrogen in 313, 314 and 316 interferes in the reduction step.

(2) The proximity of the two N-C=0 amide groups did not interfere in the reduction
step, thus, neither the sterics nor the proximity factors are significant.

(3) These tertiary diamides are highly susceptible to C-C cleavage.

Taken together these consequences led to a change in our synthetic strategy.
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4.4.4. Synthesis of imines by glyoxal condensation

The condensation of glyoxal (as its hydrate) and biacetyl (2,3-butanedione) with
primary amines is a reaction that has been used for decades in the preparation of C;
symmetrical 1,2-diimines” (scheme 4.16). These diimines yield symmetrical diamines
upon reduction and this class of compounds has been of great importance in catalytic

asymmetric synthesis.

N §
0 N/ N £
w de 3
O
—_—
326 327

328 329
Scheme 4.16  Synthesis of 1,2-diimines from glyoxal.

Dieck and Dietrich® were successful in condensing glyoxal with the optically pure
primary amines (R)-1-phenylethylamine 326 and (1S, 2S5, 3S, 5R)-3-
(aminomethyl)pinane 328 to afford their corresponding diimines (327, 329) in excellent
yields (scheme 4.16). These reactions were typically carried out in solvents such as
methanol, chloroform, dichloromethane and diethyl ether in the presence drying

rcagents and catalytic amounts of formic acid.

The condensation reaction of (R)-1-phenylethylamine 326 with diacetyl is reported to
proceed slowly due to steric factors associated with the diacetyl (scheme 4.17). The
reaction rate however, increases proportional with temperature increase. The
equilibrium between (R,R")-340 and (R)-341 was found to favour of the oxo-complex
(R)-341. Similar results were obtained when 328 was employed, with the equilibrium

also found to favour 343 over 342.
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NH,
326 341
o ‘ =N O
— NHp
343

328
Scheme 4.17 Condensation of chiral amines with diacetal.

Alternatively, Neumann and co-workers’? developed a stereoselective synthesis of 1,2-

diamines such as 345 and 346 by a reaction of 1,2-diimine 327 with Grignard reagents.

am N
O N/ N 3
NH, HJHTH b
0
i
5% 327

iRMgBrﬁTHF

R‘-,, R R

HN— 5 N
NH RMgBr Novig ™

- B o

345 344<j

6:1
R R
N:H HN— R = Ph/ CH,=CHCH,

346

Scheme 4.18  Synthesis of disubstituted diamines via diimines.

This was facilitated by nucleophilic addition of allylic and aromatic Grignard 1'<:agentss3
to generate double functionalised secondary vicinal diamines 345:346 systems in a ratio

of 6:1 and in 85% yield (scheme 4.18). Thus, an alternative approach to the synthesis of
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Cr-symmetrical diamines is achievable, which avoids the difficulty in direct

condensation with diketones such as 2,3-butanedione and amines.

It was an objective to explore the glyoxal condensation with the Onyx amines. In the
first instance the condensation of glyoxal (as its hydrate) with amine 94 was explored.
This gave the stable bisimine 347 in qunatitative yield as illustrated in scheme 4.19. 'H-
NMR studies indicated a singlet at 7.35 ppm from the imine hydrogens, whilst the imine
carbons resonated in 162.3 ppm in the *C-NMR spectrum. Reduction of diazadiene 347
with lithium aluminium hydride gave the disymmetrical diamine 315 also in

quantitative yield.

H
)”'r., NH; )’"‘—; N"“H“\"‘/\‘“\ I[/Ph b. )""r; N~ Ph
Ph

N
PR Ph Ph En PR Ph P

94 347 315

Scheme 4.19  Reagents: (a) HCOCHO, HCO,H, CH,Cl,, MgSO, anh. quant., (b) LiAlH..
THEF, A, 100%.

The straightforward nature of this protocol stimulated further investigation of the scope
and utility of a series of chiral amines. Thus both the alanine 92 and phenylglycine 93
derived amines were treated with glyoxal as already outlined above to access their

corresponding diazadienes 348 and 349 respectively (scheme 4.20).

Pl ] :
7 - Ph
Ph — = Do HN—_H
A NS D
N H3 _N 5
i Ph”-‘\
317 Ph
92 _ 348 Ph .
Ph
_ Ph
Ph Ph
h Ph
. Ph
Ph Ph a', P b'. HN""\_J\{;
N_:::KH =1 " “e—Ph
NH, Iph 3
Ph—\
350 Ph
93 349 P Ny .

Scheme 4.20  Reagents: (a), (a”) (CHO),, CH,Cly, MgSO,, (b), (b") LiAIH,, THF, quant.
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A typical, reaction was undertaken in CH,Cl; at room temperature with magnesium
sulfate as a dehydrating agent. Reaction times were in the region of 10-16 h depending
on the amine in question. Following filtration and removal of the solvent, the diimines
348 and 349 were treated directly with lithium aluminium hydride to give the
corresponding diamines 317 and 350 in good yield. At this moment, these amines
remain unexplored as ligands in catalysis however they offer some prospects for future

investigations.

4.5. Summary

Three synthetic protocols for the synthesis of Co-symmetrical diamines were evaluated.
The route employing oxalyl chloride was abandoned due to an inability to mediate a
reduction of the intermediate diamide. The diazadienes are versatile intermediates,
which were readily transformed to their corresponding diamines under mild conditions.
A straightforward single step procedure is possible but it is very low yielding and thus
impractical. A practical route to the ethylene diamines derived from Onyx amines was
successfully developed, and offers new ligands for exploration in asymmetric

. 2
chemistry.**
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