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“Behind every great scientist,

lie a heap of failed experiments”



Abstract

Exploring the potential of a new linker system cleaved using Sml,

The well known reduction of a-heterosubstituted carbonyl compounds using Sml, has been
employed in the design for a new linker for phase tag assisted synthesis. Building on work
previously reported by the group, the research over the past 3 years has concentrated on
increasing the synthetic utility of these new linker systems. The work culminated in what
we believe to be the first instance of asymmetry being introduced in the final step of a

phase tag assisted synthesis.

To illustrate further the potential of the linker system, studies into the synthesis of
azepinones, a common structural motif found in many natural products, drugs and their pre-
cursors, has been undertaken. Whilst a number of solution phase routes have been
developed and optimised, their adaptation to a phase tag synthesis has proved difficult.

Nevertheless, the foundations for a feasible route to such targets have been laid.

A sequential cleavage-asymmetric protonation strategy has also been developed that allows
enantiomerically enriched compounds to be prepared from a phase tag assisted synthesis
using our linker design. Chirality is introduced in the final step of the phase tag assisted
synthesis via the enantioselective protonation of a samarium(III) enolate formed upon
release of substrates from the phase tag. Our studies have resulted in many curious

observations regarding the reactivity and behaviour of samarium(III) enolates.
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The research described in this thesis was carried out under the supervision of Dr. David J.
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Chapter 1: The formation of samarium(III) enolates and their

applications in organic synthesis

1.1 Introduction

Samarium(II) iodide (Sml,) is a single electron transfer reagent. Its use in organic synthesis
was first described by Kagan in 1977,' who carried out a thorough investigation of the
basic organic transformations that could be performed using the reagent.” Following its

introduction it has been used extensively in organic synthesis.

Due to the reagent’s inclination to revert to the more stable samarium(III) oxidation state, it
operates as a single electron donor. It is this property which enables it to mediate both
radical and anionic processes or a mixture of both. The reagent has been used for a wide
range of synthetic organic transformations such as functional group interconversions,
Reformatsky reactions, Barbier-type reactions, aldol-type reactions, radical cyclisations,

pinacolic coupling reactions, ketyl-olefin coupling reactions and conjugate additions.>*

Part of the reagent’s popularity arises through its ability to carry out transformations in a
highly chemoselective manner and reactions with Sml, often also proceed with a high
degree of stereoselectivity. Added to this, the reactivity, chemoselectivity, and
stereoselectivity can be modified through the use of catalysts, co-solvents, or additives,

thus increasing the scope of this already versatile reagent.” '

The mechanisms of many Sml, reactions are believed to go via samarium(III) enolates, and
this has proved to be an important factor in many of the reactions mentioned above. This
chapter will give a summary of samarium-mediated reactions in which the key step

involves a samarium(III) enolate intermediate.



1.2 Reduction of a-heteroatom substituted carbonyl

compounds

The reduction of a-heteroatom substituted carbonyl compounds is recognised as an
important organic transformation and has previously been the subject of intense research.
In 1986, Molander carried out the first detailed studies into the reduction of a-heteroatom
substituted ketones with SmIz.]l At that time, the common reagents for the reduction were
zinc metal and chromous ions. However, these reagents often required the use of acidic
media and extended reaction times.'>'® Alternative methods for the transformation

13. 19, 20 ¢ the use of phosphorous or silica based

included dissolving metal reductions
reagents.”'?’ Initially, Molander investigated a range of a-oxygenated ketones which were

reduced with Sml, to give the parent ketones in good yields (scheme 1.1).

/Smlll

O O (0]
s | Ny | ——
4 3 THF/MeOH, 4 3 4 3
X -78°C H

X = OAc, OSiMe;, yield = 75 - 100%

OCOCH,Ph,

OTs

Scheme 1.1

In order to explore the chemoselectivity of the reaction, Molander reduced a-acetoxy
ketone 1 in the presence of a primary iodide in the B-position. Chemoselective reduction of

the a-acetoxy group was observed in the presence of the iodide (scheme 1.2).

o) 0
Smil,, _
Ph/u\/\l THF/MeOH, Ph/%/\l
OAc -78°C, (87 %) H
1
Scheme 1.2
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Molander also performed the reduction of an o-acetoxy ketone in the presence of
cyclohexanone. No cyclohexanol was detected upon work up indicating that the reaction

had taken place in the presence of an unfunctionalised ketone group.

Other analogous substrates that also underwent mild reduction were a-halosubstituted
cyclohexanones and a-thiosubstituted cyclohexanones. Once again, good yields were

observed in all cases (scheme 1.3).

o} 0
X
Sml,, MeOH,
THF, -78°C
X = Cl, SPh, S(O)Ph, yield = 76 - 100%
SO,Ph, HgCl
Scheme 1.3

In 1987, following Molander’s success in the reduction of a-heteroatom substituted
ketones, Inanaga and co-workers decided to investigate the opening of a,B-epoxy esters.?®
In optimising conditions, Inanaga based his initial research on the reduction of ethyl 2,3-
epoxybutyrate 2 to give ethyl 3-hydroxybutyrate 3. The addition of
hexamethylphosphoramide (HMPA) was found to highly accelerate the rate of the reaction
and the yield was increased greatly upon the addition of propanol as a proton source. The
presence of a strong chelating agent such as tetramethylethylenediamine (TMEDA) or N,N-
dimethylaminoethanol (DMAE) was crucial in attaining a high level of regioselectivity.
The optimum conditions were found to be 2.5 equivalents of Sml,, 5 equivalents of HMPA
and 2 equivalents of DMAE which led to ethyl 3-hydroxybutyrate 3 in 68 % yield with a
negligible amount of ethyl 2-hydroxy butyrate being formed (scheme 1.4).

o) 0 Sml,, HMPA, DMAE OH O R
m2, 1 1
/<I/U\0Et RT, 1 min, (68 %) MOEt ¥ /\(U\OEt
2 3 OH

ratios of 3-OH : 2-OH, > 200 : 1
Scheme 1.4
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Inanaga surmises that DMAE, when used as an additive, plays an important role in the
reaction. It not only acts as a proton source, but also as an efficient chelating agent which
removes the Lewis acidic samarium(III) species from the reaction mixture.® Removal of
the samarium(III) species prevents it from ring-opening the epoxide in a non-regioselective
manner, therefore reducing the formation of the 2-hydroxy ester. The optimised conditions
were then applied to a number of other a,B-epoxy esters and good yields and selectivities

were obtained.

Inanaga converted optically pure a,B-epoxy ester 4 to B-hydroxy ester 5 with complete
retention of configuration at the B-carbon (scheme 1.5). When combined with the Sharpless

asymmetric epoxidation, this is an efficient route to optically active B-hydroxy esters.

o (0] OH O
OMe Smily, HMPA, OMe
DMAE, RT
4 5>99 %ee
Scheme 1.5

In 2002, Concelldn et al. described a similar reaction to Inanagas’, however, in this case,
reduction of a,B-epoxy esters led to the formation of (£)-a,B-unsaturated esters with total or
high diastereoselectivity.’ Using 4 equivalents of Sml,, Concellén was able to reduce o,p-
epoxy esters such as 6 bearing a wide range of different alkyl and aryl groups to give di-,

tri- or tetra-substituted (E)-alkenes such as 7 (scheme 1.6).

o (0] (0]
OEt _ Smly, THF, X OEt
RT, (90 %)
MeO MeO
6 7 > 98 de
Scheme 1.6
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The mechanism proposed by Concellén for the formation of the alkene goes via a 6-
membered ring transition state. The Sml,-promoted reduction of the a-carbon-oxygen
bond, results in formation of a samarium(III) enolate intermediate. A 6-membered chelate
intermediate 8 is now formed due to coordination of the oxophilic samarium(III) centre
with the second oxygen from the epoxide. Diastereoselectivity can be explained simply
through the minimisation of steric interactions. The bulkier R-group, in this case p-
methoxyphenyl sits in an equatorial position to avoid steric clashes with the samarium

coordination sphere (scheme 1.7).

o)

MeO

7

Scheme 1.7

In 2004, Concellén used the reduction of a-chlorosubstituted carbonyls to construct (Z)-a-
chloro-a,B-unsaturated esters which are important building blocks in organic synthesis.*
Following two single electron transfers, a samarium(III) enolate 9 is formed which then
undergoes B-elimination. The stereochemistry of the double bond in the product can be

explained through chelation in enolate 9 giving rise to Z-alkene 10 (scheme 1.8).

13



i n ]
OH O H, ST o
o o
Sml,, THF, N
OPh RT, (83%) Z>oPh OFh
c” cl
Cl
Cl
9 10
Scheme 1.8

The following year, Concellon reported the reaction of (Z)-a-chloro-a,B-unsaturated esters
with ketones or aldehydes to provide an alternative route to Baylis-Hillman adducts.’! In
scheme 1.9, reaction of the unsaturated ethyl ester 11 with butanone led to p-hydroxy ester

12 in good yield, with none of the E-isomer being observed.

Sml,, THF,
+ >
Ph/\)J\OEt (k RT, (90 %) ?\EU\OH
¢ Ph
11 12
Scheme 1.9

In 1989, Inanaga and co-workers investigated the reduction of a range of a-oxygenated
esters.’> Deoxygenation of both o-acetoxy and a-methoxy esters proceeded well at room
temperature using HMPA to increase the reducing potential of Sml,. Direct reduction of a-
hydroxy esters was unsuccessfully attempted. Inanaga found that a much more acidic

proton source in pivalic acid was required for the reduction to occur (scheme 1.10).

14



o) 0

Sml,, HMPA, MeOH, \)L
F>h>/lk OMe RT, (96 %) OMe

OAc Ph

O 0]
Smlz, HMPA, C8H17OH,
M
eoQj\ochﬂ RT, (73 %) OCgHq7
O 0]
C4H9%0Et Sml,, HMPA, pivalic acid, C4H9\/U\0Et
OH RT, (89 %)

Scheme 1.10

The dehydroxylation conditions were applied to the direct conversion of the naturally
occurring (R,R)-tartrates to the unnatural (R)-malates. The best result was given by the
reduction of (R,R)-diisopropyl tartrate 13 to give (R)-diisopropyl malate 14 using ethylene
glycol as the additive (scheme 1.11).

OH OH
iPro . Smly, ethylene glycol,  ipro .
ZC\I/kCOz’Pr THF, RT, (99 %) 2C\/LCOz’Pr
OH
13 14

Scheme 1.11

De Clercq et al. have utilised the Sml, reduction of a-heteroatom substituted carbonyl
compounds in a novel synthesis of an A-ring precursor to la-hydroxyvitamin D 15.** Sml,
is used to reduce ketone 16 bearing a bridging oxygen atom at the a-position, thus opening
the ether bridge (scheme 1.12).

15



OMPM OH
| ~COMe  smi,, |
THF/MeOH,
o) -78 °C, (56 %) TBDMSO" OTBDMS
16 15

Scheme 1.12

The reduction of an a-sulfanyl ketone has also been used in the final step of an asymmetric
Pauson-Khand reaction to remove a chirality-controlling, chelating group.’* Alkyne 17,
which was prepared from (1S)-camphor-(10)-thiol, underwent an asymmetric Pauson-
Khand reaction with norbornadiene and was then alkylated to give 18. Treatment of this
compound with Sml, allowed the chiral a-sulfanyl group to be removed to give tricycle 19
(scheme 1.13).

S Sml,, THF, MeOH,
\ —_ 0°C, (64 %)
s/
17
18

1998:2dr

Scheme 1.13

Procter and co-workers have applied this organic transformation in a linker system for
phase-tag assisted synthesis. Either an oxygen or sulfur heteroatom at the a-position of a
carbonyl compound has been used as a linking atom to bind substrates to a phase-tag.
Treatment of substrates immobilised in this way with Sml, cleaves the phase-tag in a

traceless manner to release products.
In 2002, Procter reported the solid phase synthesis of amides and ketones in high purity.*>

3¢ a-Bromo-y-butyrolactone was immobilized using a phenol resin developed within the

group. It could then be modified to give resin bound a-aryloxy amides, such as 20, and

16



ketones. Treatment of these with Sml, gave the free carbonyl compounds, such as amide

21, in good yields and purity (scheme 1.14).

O\©\ - | | 0]
0
OH K2CO3;, DMF, 60 °C (O dEO

O l

(\)LN _ Smly, THF,
OTBDPS “DMPU, RT

OTBDPS
21

31 % yield, over 4 steps 20
88 % HPLC purity

Scheme 1.14

Procter has also used the linker in conjunction with the first Pummerer cyclisations on solid
phase to construct oxindoles.*” a-Sulfanyl N-aryl acetamides are attached to the polymer
backbone via a sulfur linking atom. Activation of the sulfur link allows the substrate to
undergo Pummerer cyclisation to give immobilized oxindoles 22, which can be cleaved

tracelessly from the support using Sml, (scheme 1.15).

o) 0 0
S _R! 1 2

N S N-R' _Sml, DMPU, R N-R’
o —_— i) R3 THF, RT

= '_RZ _/ _/

X | \ /\Rz \ ’\RZ

22
Scheme 1.15

Products were obtained in good yields after four steps on resin to create a small library of

functionalized oxindoles, a selection of which is shown below (figure 1.1).

17



0

L )

\ MeO N
Bn

47 % over 4 steps 38 % over 4 steps 30 % over 6 steps

Figure 1.1

The methodology has been extended further still with the replacement of the polymer tag
with a fluorous tag.®® A new Pummerer process was also developed which allowed the
fluorous tag to be introduced whilst simultaneously constructing the heterocyclic ring
system. A fluorous thiol was used in a cyclative capture process with glyoxamide
substrates 23. The resultant tagged heterocycles 24 could then be further modified and
purified easily using fluorous solid-phase extraction (FSPE) before cleavage with Sml,

released the heterocycles 25 from the phase tag (scheme 1.16).

R1
0O R )
| lll O N )
Re.SH + H{ )n Pummerer "
F o cyclative-capture  RF~S | S

S :_x //
Y

Re = -CH;CH,CgFy Y-

23 24
modification
R? R
| |
N
O N " o) )
R? Xy ., Smlycleavage RF-STUNTY
| X R? || J X
/A S F
\4 Y'
25
Scheme 1.16
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The methodology was used to prepare a small library of nitrogen heterocycles, including
oxindoles, tetrahydroisoquinolinones and tetrahydrobenzazepinones. Selected examples of

products obtained from the fluorous-phase synthesis are shown below (figure 1.2).

MeO =z
A
F o OMe ul N
Ho— o
/N \(")ZN OMe \//N
Figure 1.2
1.3 Enantioselective protonation of samarium(III) enolates

In 1988, Fehr and Galinda reported the asymmetric synthesis of (R)-(+) and (S)-(-)-
damascone using a Grignard addition to a ketene followed by the asymmetric protonation
of the resulting lithium enolate.® Takeuchi applied this principle to the asymmetric
protonation of samarium(III) enolates formed from ketenes.*’ Initially he screened a
number of chiral protonating agents for use in the samarium-mediated allylation of
phenylethyl ketene 26. o-Xylene derived proton source 27 gave the enantiomerically

enriched ketone 28 in 84 % ee (scheme 1.17).

|1l
o ! o-S™ ©\j\/\
= X X

Sml,, HMPA, Ph :
-78°C /_\ P
26 0] OH 28
@C yield = 62 %
Q OH ee=84%
27 Ph
Scheme 1.17

Takeuchi et al. investigated various alkylating agents and their reactions with a range of

unsymmetrical ketenes with the best result being observed for the conversion of ketene 29

19



into ketone 30 in 97 % ee.*' The enantiomeric excesses were not high in every case
however and Takeuchi speculated that this was due to the nature of the enolate double
bond. In order to investigate further, the enolate was trapped as the enol acetate 31, and its
double bond geometry determined by 'H NMR and 2D 'H NOESY. It was apparent that the
E/Z selectivity increases with the increasing difference in bulkiness of the two substituents
of the ketene, with a corresponding rise in the enantiomeric excess of the ketone from the

reaction also observed (scheme 1.18).

osm" OAc
Ph ° A~ R Ac,0 Ph PN
Sml,, HMPA, -45 °C Ph™ 7 N
29 i
2%

w
. - o
Ph N yield = 65 %

ee=97%

30
Scheme 1.18

Yanagisawa and Yamamoto reported the catalytic enantioselective protonation of lithium
enolates* so it was logical for Takeuchi to look into the catalytic enantioselective
protonation of samarium(III) enolates.*® Using the best example from his previous work,
Takeuchi applied it in a catalytic system where an achiral proton source protonates and thus

- regenerates the chiral proton source 27.

As before, the Sml-mediated reaction of ketene 29 with allyl iodide affords a
samarium(III) enolate intermediate. Previously, Takeuchi had used a stoichiometric amount
of proton source 27 to enantioselectively protonate the enolate leading to enantiomerically
enriched ketone 30.*° In this case however, a catalytic amount of 27 was used in
combination with trityl alcohol (scheme 1.19). The trityl alcohol re-protonated the
conjugate base of the proton source returning it to its original state, whilst itself having a

sufficiently low protonating ability so as not to achirally protonate the samarium(III)

20



enolate.”’ This led to a highly selective catalytic process yielding enantioselectivities up to

93 %, which is only 4 % lower than the analogous stoichiometric reaction.*!

0 ~| o) >|\/ﬁ\/\ yield = 55 %
Ph Smly, HMPA, | Ph” YV "X Ph X ee=93%
-45°C :
29 30
Ph Ph
/ \\ / \
(:CO OH @(O osm'!
0] OH (0] osmt
27 Ph Ph
»
2 x (Ph);COSm'" 2 x (Ph);COH
Achiral proton source
Scheme 1.19

In 1997, Takeuchi’s attention turned to Molander’s original work on the reduction of a-
heteroatom substituted carbonyl compounds and began to investigate the feasibility of
forming the requisite samarium(III) enolates using this process.** Takeuchi looked at the
reduction of a-heterosubstituted cyclohexanone 32 bearing an a-phenyl substituent. A
number of ketones were screened with BINOL derived chiral proton source 33 leading to
ketone 34 in all cases. The yields were all reasonably high and the enatioselectivity ranged

between 82 % and 91 % enantioselectivity (scheme 1.20).

21



O Ph
O

OH
O OH
] (
0 X O/Sm OO Ph (0]
Sml,, Ph 33 Ph
Ph THF X  Yield ee

OMe 70 87
32 Br 87 91 34
c 79 82

OAc 83 83
Scheme 1.20

Subsequent work gave rise to a series of tetradentate chiral protonating agents used to
protonate the enolate formed upon reduction of a number of different a-heterosubstituted

ketones, and which often gave good enantioselectivities (figure 1.3).***

Ph Ph Ph
s Ph >
- \ A
0] OH @) OH PR~ _N OH
X o I C
0] OH
(0] OH 0] OH Ph._N OH
U T
Ph g

Ph Ph Ph
35

Figure 1.3

Takeuchi reduced a number of a-methoxy, a-acetoxy and a-halo cyclohexanones bearing
different a-alkyl and aryl groups. In addition to this, Sml, was used to reduce a-halo
lactones and some acyclic substrates. Illustrated below is a selection of Sml, reductions-

asymmetric protonations performed by Takeuchi et al. (scheme 1.21).
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0
Sm|2, 33 49
OMe  THF, (75%) 4 % ee

0,
h THF, (83 %) 83 % ee

_ Smiy, 35 )
ph “THF, (88 %) 72% ee
f _ Smip 33 _ itr

Scheme 1.21

Takeuchi has proposed a transition state model to explain the enantioselectivities obtained
from the reaction (figure 1.4). In transition state T” - 36, the substituent at the a-position of
the enolate is far from the phenyl ring at the left hand side of the model and therefore has
no steric interaction with it. As a result, protonation from the OH of the chiral proton
source takes place from the si face giving the product of (R)-configuration. Conversely in
transition model T? - 36, steric interactions between the substituent on the enolate, and the
phenyl ring on the left of the model on the proton source gives rise to a higher energy

conformation and protonation via this path is less favourable.

AN \Q
A eyl

T:-36 T,-36

Ph

Figure 1.4
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Takeuchi and Curran synthesised fluorous chiral BINOL derivative 37 and used it in the
catalytic enantioselective protonation of the samarium(IIl) enolate derived from 38
(scheme 1.22).47 As a consequence of using fluorous solid phase extraction (FSPE), the
proton source could be easily recovered from the reaction mixture and used for subsequent

runs, with little loss in yield and enantioselectivity.

Rr Ph
0 OO /\ 0
?Ol Me | O ©OH _Smly, THF,-45°C Ph
Ph O 0] OH
Re O Ph
37

38 34

Rg = -CH,CH,CgF 13

Run Yield % ee % Config. Recovered 37 %
1 82 81 R 98
2 81 85 R(+) 97
3 78 86 R+ 98
4 74 89 R(+) 99
5 73 87 R(+) 99
Scheme 1.22

Apart from the work of Takeuchi and co-workers, there are few examples of the
enantioselective protonation of samarium(III) enolates. The recent work done by Lin and
co-workers on the reductive coupling of ketones with methyl methacrylate also involves
the interception of a samarium(III) enolate with a chiral proton source (scheme 1.23).**
Fukuzawa looked into the role of the proton donor in this reaction in 1988, and through
deuterium labelling experiments determined that a proton was introduced into the a-carbon

of the lactone.*>>°
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Lin looked into the possibility that enantioselective protonation of the samarium(III)
enolate intermediate would allow the controlled construction of a-carbon stereocentres

during the formation of y-butyrolactones.

o 0 osm' o)
+ R1 —_— *
RVU\RZ \’)J\OMe Sml, | g2 Z” "OMe asymmetric o
osm'! i
protonation R2
R1
Scheme 1.23

Lin looked at chiral alcohols, amides and amino alcohols amongst others as potential
proton donors. Whilst the initial results did not give particularly high ee’s, they did show
the potential of asymmetric protonation in this reaction. Chiral sulfonamides were the most
promising proton sources, and Lin chose to look into these further. After screening a
number of sulfonamide derivatives, both with and without HMPA as an additive, he

obtained lactone 39 in 84 % ee using 40 (scheme 1.24),

0
9 ? Sml,, THF, HMPA
A+ Ao — 22— O yield =65 %
Ph™ Ph NHTs b €e=84%
. _OTBDPS Ph
W/\/ 39
40
Scheme 1.24

Lin followed up this work by replacing the methyl ester group of the methacrylate with
carbohydrate derived auxiliaries bearing amide substituents (figure 1.5). These groups
acted both as chiral auxiliaries and as chiral proton sources in a new method for the

asymmetric synthesis of optically active a,y-substituted y-butyrolactones.’!
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Figure 1.5

Lin investigated the reductive coupling between a number of ketones and chiral acrylates,
with varying results. Firstly, the diastereomeric ratio obtained from the reaction varied
greatly from 50:50 mixtures of both trans and cis isomers to greater than 99:1 in favour of
the trans isomer as shown in scheme 1.25. The enantiomeric excesses of the two isomers
also varied greatly with those of the trans isomers being generally high, while the cis

1somers were formed with lower selectivities.

H o i i
O ‘, _ [¢] ’, ‘4,
R /U\”/OTSJ' Smly, (T7|:i/,)78 C_ &o . éo
h o ° Ph
P o o 4 NHTs

[RANN]

Vi

h
trans : cis
>99: 1
ee= 97 (+):15()
Scheme 1.25
1.4 Cleavage of C-C bonds a to carbonyl groups

Sml; can be used to break a-carbon-carbon bonds as well as a-heteroatom-carbon bonds in
carbonyl compounds. In 1991, Motherwell et al. used the reagent to open a,B-cyclopropane
rings.>? In trapping the enolate formed, he isolated a variety of synthetically useful

intermediates (scheme 1.26).
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Sml,, allyl bromide,
THF, RT, (37 %)

OAc

Sml,, AcCl,
THF, RT, (33 %)

Scheme 1.26
The reduction of a-cyano compounds has been performed by treatment of such compounds
with lithium naphthalide.’® Liu and co-workers have shown Sml, to also be a useful reagent
for this transformation.”® Subsequent quenching of the enolate with allyl bromide led, in
most cases, to a single diastereoisomer in yields of 60-80 %. The reaction allows
regioselective a,a’-alkylation of ketones with retention of stereochemistry at the a’ position

(scheme 1.27).

o}
~CN 1. Sml,, HMPA, THF, RT _
“Bn 2. allyl bromide, (80 %)

o CN
1. Smly, HMPA, THF, RT
2. allyl bromide, (60 %)

H

Scheme 1.27

In 1999, Reutrakul et al. reported the regioselective cleavage of phenylsulfonyl cyclopropyl
ketones using Sml, to give B,y-unsaturated ketones. Treatment of 41 with Sml,
regioselectively cleaves bond a of the cyclopropane ring to give a B-phenylsulfonyl radical
which undergoes B-elimination to form extended samarium(III) enolate 42. The main
driving force for the reaction is the stability of the radical intermediate as well as the

formation of the conjugated enolate intermediate (scheme 1.28).
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Scheme 1.28

In 2005, Chiu and co-workers reported the cyclopropanation of an oxabicyclic template 43
using either rhodium or copper catalysts.® The strain in the cyclopropane ring, and its
propensity for ring opening, make this type of molecule a useful synthetic intermediate.
Unsuccessful opening of the cyclopropane ring was attempted with "Bu;SnH/AIBN,
however the transformation was achieved using Sml, to give 44. This allowed for

desymmetrisation of 45 with no concomitant opening of the ether bridge (scheme 1.29).

Q 0 0 o}
/ NZQL’BU o Sml,, HMPA, THF,
ha(OAC)4, CHZC|2, By RT, (80 %) 0
RT, (68 %) )
Bu
43 45 44
Scheme 1.29
1.5 Reduction of a,-unsaturated carbonyl compounds

In 1991, Inanaga et al. reported the conjugate reduction of a,B-unsaturated esters and
amides using Sml,.”” Although this transformation had already been documented through
the use of a number of varied reagents,”®®* Inanaga’s SmI-DMA-proton source system
was a milder method for the reduction (scheme 1.30). Reduction with CD3;0D as the proton
source showed deuterium incorporation on both a and B-carbons indicating a likely enolate

intermediate.
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Scheme 1.30

A year later, Alper and co-workers extended the applicability of the reduction to include
o,B-unsaturated acids and anhydrides.”®> Whereas Inanaga did not see any beneficial effects
from using HMPA as an additive, Alper found it to be an excellent promoter for the

reaction (scheme 1.31).

0
Hon\ Sml,, HMPA, HO N
THF, RT, (99 % OH
© 0" oH (99%) o

Scheme 1.31

Fukuzumi and Otera extended the study further still in 1997 by performing the reduction on
a number of unsaturated carbonyl compounds including o,B-unsaturated cyclic ketones and
lactones.** Ring size obviously plays an important role in this reaction as both
cyclohexenone and a,B-unsaturated valerolactone failed to undergo reduction with
essentially quantitative recovery of starting material being obtained. Larger, macrocyclic

ketones and lactones, however, underwent reduction in good yields (scheme 1.32).

0 o}
o Smly, HMPA,
l THF, RT, (88 %)
11 11
0 0
Sml,, DMA, THF,
'BuOH, RT, (89 %)
10 10
Scheme 1.32
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To summarise, Inanaga et al. showed that a number of a,B-unsaturated amides and esters
could be rapidly and selectively reduced in the presence of alkenes, alkynes and protected
amides.”” Alper and co-workers then extended this reaction to acids® whilst Fukuzumi and
Otera looked at cyclic systems.** The extensive functional group tolerance in the reaction

once again shows the chemoselective nature of the reagent.

More recently, Davies et al have performed a diastereoselective Sml, and D,O promoted
conjugate reduction to gain access to isotopically labelled a-amino acids.®> % Reduction of
diketopiperazine derived 46 gave a samarium(IIl) enolate intermediate which was then
diastereoselectively deuterated to give 47. Further synthetic steps yielded protected a-

amino acid 48 (scheme 1.33).

IIDMB E’MB
/I N 0 ) N. _O AcHN CO,Me
i K/ Sml,, THF, ; 0 , \ED
OPINTN Ph D,0,RT, (90%) 2~y Ph — " p
|
PMB PMB D
46 47 48
Scheme 1.33
1.6 Cyclisation reactions involving samarium(III) enolates

Imamoto and co-workers reported the one-pot synthesis of cyclopropanols from esters
using Sml,.” He envisaged that cyclopropanols could be synthesised from carboxylic acid
derivatives via a tandem one-carbon homologation route involving samarium(IIl) enolate

49 (scheme 1.34).
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Scheme 1.34

Imamoto’s best result was with ethyl benzoate 50, from which he obtained 1-phenyl
cyclopropanol 51 in 76 % yield (scheme 1.35). Other lanthanide metals were tried, though

none were as successful as samarium.

o CHl,-Sm, THF, j’%
)J\OEt 50 °C, (76 %) Ph
50 51

Scheme 1.35

Ph

In 2001, Namy et al. were investigating the Sml,-promoted reactions of a diphenyl a-
iminoketone 52.5% Initially hoping to prepare hydroxyaminoketones, 52 was treated with
Sml, followed by quenching with a ketone. However, this unexpectedly led to pyrroles 53
in good yields (scheme 1.36). Namy suggests that the initial step in the reaction mechanism
involves a two-electron transfer from two equivalents of Sml, to give samarium(III)

enolate intermediate 54.
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Scheme 1.36
Namy synthesised pyrroles from ketones bearing a single methylene unit as well as from

ketones bearing two non-equivalent methylene units and found that, in the latter case, a

mixture of products was generally formed as illustrated in scheme 1.37.

Ph Ph, R? Ph. R
(o) Smlz
LIPS L (P

Scheme 1.37
Figure 1.6 shows a number of varied pyrrole derivatives synthesised using Namy’s method.

He also attempted an analogous reaction aiming to assemble furan derivatives, but early

results were not encouraging.
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Figure 1.6

The indole unit is a core structure of many natural products and pharmaceutically important
compounds. In 2003, Reissig and co-workers published a novel stereoselective synthesis of
highly functionalised benzannulated pyrrolizidines and indolizidines through the Sml,-
induced cyclisations of indole derivatives.®* The cyclisation occurs through a samarium
ketyl radical 55. After cyclisation, a second one-electron transfer occurs to form the
samarium(III) enolate 56 which is subsequently quenched during work up by a proton

(scheme 1.38).

CO;Me CO,Me
AN o) Smi, AN \_-osm'"
N N
0] 0]
55

Smlllo

E_ _CO,Me OMe
E* /
OH . m
N OSm
N
O
O
56
Scheme 1.38
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Reissig introduced yet further functionality through quenching the enolate with an
electrophile other than a proton to create an efficient one-pot tandem reaction. These
cascade reactions selectively generate three continuous stereogenic centres including a
difficult to construct quaternary centre at the 3-position of the indole moiety, a structural
motif found in many indole alkaloids. Figure 1.7 contains some of the diverse N-

heterocycles prepared by Reissig.

Figure 1.7

1.7 Samarium(Il) iodide-mediated aldol reactions

The aldol reaction has long been recognised as one of the synthetic organic chemist’s most
versatile tools for the formation of carbon-carbon bonds. In recent years, Mukaiyama et al.
have investigated various aspects of this reaction. In 2000, they developed a new method
for the synthesis of unsymmetrical bis-aldols via a Sml,-mediated reaction between
aldehydes and aryl or alkyl oxiranyl ketones, an example of which is outlined in scheme
1.39.7° Only the anti,anti 57 and syn,syn 58 bis aldols were observed and it is important to
note that the optical purity of the starting material is preserved in the reaction. The
mechanism proceeds through an enolate intermediate which then attacks the carbonyl of

the aldehyde.
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Scheme 1.39

Substituted B-amino acids, particularly B’-hydroxy derivatives, have attracted considerable
attention in recent years as unnatural amino acid building blocks. In 2004, Mukaiyama
looked into the synthesis of B-amino-f’-hydroxy ketones via a similar method to that
illustrated above. In this case, it was a SrﬁIz-mediated aldol reaction between aldehydes and
aryl or alkyl aziridinyl ketones.”' Once again the reaction proposed proceeds through a
samarium(IIl) enolate intermediate. The reaction which gave the best results afforded
anti,syn-amino ketone 59 in high diastereoselectivity with a minor amount of syn,anti-

amino ketone 60 being formed (scheme 1.40).

i
e 7

O NHTs
N Ph
Ph Sml,, THF,
-78°C, (99 %) OH
60
<95 . >5

Scheme 1.40

Mukaiyama followed up this work by looking at the construction of 8-amino-f’-hydroxy-
B,y-unsaturated carbonyls using the Sml,-mediated aldol reaction between aldehydes and
v,8-aziridinyl-a,B-unsaturated carbonyls.” Firstly he investigated the reactions of esters
which led to reasonable syn/anti selectivity, in yields of 86 % and above. Mukaiyama then
turned his attention to reactions of the corresponding amides and found that the reaction

was also successful, obtaining similar yields and selectivities (scheme 1.41).
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Scheme 1.41

Whilst investigating the potential of the reaction with unsaturated amides, Mukaiyama
developed an asymmetric aldol reaction by incorporating an oxazolidinone chiral auxiliary
in the unsaturated aziridine. Using oxazolidinone 61, the reaction proceeded well in good
yield with high syn diastereoselectivity to give 62 and 63 (scheme 1.42). Simple removal of

the auxiliary using sodium methoxide in methanol released the unsaturated methyl ester.

—
(7]
unz

2L

<N M
'S Smlz, THF, /D /\/ij\ \—f
)—/ -78°C, (86 %) Ph OH

61 62 63
> 95 : <5

Scheme 1.42

It is interesting to note that in the first two cases, Mukaiyama exploited the well known
reduction of a-heteroatom substituted carbonyls in order to form the enolate which
subsequently facilitates the aldol reaction. In the latter two cases, he employed the
reduction of a carbon-heteroatom bond in the y-position of an a,B-unsaturated carbonyl
compound. In 2005, Mukaiyama proposed an enantioselective synthesis of the C11-C17
segment 64 of Mycinolide IV 65 using his novel method (scheme 1.43).”
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Scheme 1.43

Starting from unsaturated y,8-epoxide 66 bearing the chiral oxazolidinone auxiliary, and its
reaction with propanal, Mukaiyama was able to obtain the syn product as the major
diastereoisomer 67. The reaction went in good yield with the minor diastereoisomer being
easily removed using chromatography. Protection of the primary alcohol followed by

reductive cleavage of the auxiliary gave the segment C11-C17 64 (scheme 1.44).

0
0 0 | (0]
0 < ]
Q/\)J\N)J\O ST Ho/\i)\\\ J\NJJ\O 64
Bn) -78°C, (85 %) ”

66 67

Scheme 1.44

Branched-chain sugar nucleosides are biologically important targets in medicinal chemistry
and a number of different methods for their preparation have been reported. In 2002, Shuto
and Matsuda reported a highly stereoselective Sml,-promoted aldol reaction to construct
1’a-branched uridine derivatives.”® The reaction once again initially begins with the
reduction of an a-heteroatom substituted carbonyl to form an enolate. This is then

quenched with benzaldehyde to give 68 (scheme 1.45).
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In some cases the aldol product underwent a further Tischenko reaction to afford the
corresponding anti-1,3-diol monoesters through a chelation-controlled pathway. This Sml,-
promoted tandem aldol-Tischenko reaction of 2’-keto nucleoside 69 gives the 1’-branched
nucleoside 70. These “arabino-type” nucleosides are biologically important as a number of

them have shown potent antitumor and/or antiviral effects (scheme 1.46).

o)
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\ N}:g A ] H%kNBOM
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Scheme 1.46

Recently, Concellon and co-workers have reported a stereoselective method for the
formation of (E)-o,fB-unsaturated esters via a sequential aldol reaction followed by a
subsequent elimination reaction.” Dibromoacetate 71 reacts with a number of different
aldehydes to form samarium alkoxide 72 which undergoes two single-electron transfers to
give samarium(IIl) enolate intermediate 73. Collapse of the enolate and B-elimination

affords the (F)-o,B-unsaturated esters 74 (scheme 1.47).
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Concellén attempted the transformation using various aldehydes all with ethyl or methyl
dibromoacetate. The best result came from the reaction of ethyl dibromoacetate with
benzaldehyde which proceeded in good yield to give solely the (E)-a,B-unsaturated ester 75
(scheme 1.48).

0
Ph Sml,, THF o
+ Br 2 T,
E \;koa RT. 61 o\ okt
75
Scheme 1.48
1.8 Reformatsky-type reactions

Kagan et al documented the use of samarium for modified Reformatsky reactions in their
seminal paper in 1980, and in the mid 1980’s Inanaga reported the construction of medium
and large ring lactones through a Sml,-mediated intramolecular Reformatsky reaction.” In
1991, Inanaga then developed a general synthesis for both medium and large-sized
carbocycles by means of the Reformatsky reaction.”” The mechanism goes through
samarium(III) enolate intermediate 76 following two single-electron transfers from

samarium to the carbonyl (scheme 1.49). The final coupling step, believed to be aided by
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the large ionic radius, flexible co-ordination and high oxophilicity of samarium, gives

carbocycle 77 after work up.

o)
o [SHMe Sml,,  HO OMe
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THF, 0°C n__ vield(%)
" n 4 69
77 5 70
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11 82
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>0 Sm Q
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Oy ,~OMe Q OMe
n n
76
Scheme 1.49

The Sml,-mediated Reformatsky reaction has since been used as a key ring forming step in
the synthesis of a number of natural products and their precursors. In 1997, Tachibana and
co-workers reported its use in the formation of the fused oxonene ring F of ciguatoxin.”®
Structure 78, bearing a number of ether linkages as well as aldehyde and a-bromoketone
moieties, undergoes the intramolecular Sml,-promoted Reformatsky reaction to give 79.
The yield is given for three steps, namely an oxidation, Reformatsky cyclisation followed

by acetylation of the secondary alcohol (scheme 1.50).

o) o 1- Smiy, THF,

"' SO3-Pyr., DMSO, ““H -78°C _

NEt,, CHzClz, o°C 2. ACzo, DMAP,
OH \O o°cC

Br
79
62 % over 3 steps
Scheme 1.50
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In the late 1990’s, Mukaiyama et al. used this transformation in the stereocontrolled
synthesis of the B ring in Taxol.”” ¥ a-Bromoketo aldehyde 80 was treated with Sml, and
the cyclisation proceeded efficiently to give the eight-membered B ring in high yield with

good stereoselectivity as a mixture of aldol products at the B-carbon (scheme 1.51).

BhO O BhQ O
Br OBn OBn

: Ao _Smla, THF, TBSO +TBSO

: 0 °C, (70 %)
o) O\TBgPMB «_/ ~OH «_/ ""OH
PMBO OBn PMBO OBn

80 17 : 83
Scheme 1.51

More recently, Xu and co-workers have utilised this reaction to form a six-membered ring
during model studies on the total synthesis of clavulactone.®® Treatment of
bromopropionate 81 with Sml, gave cyclised product 82 in modest yield (scheme 1.52). Xu

found that Sml,, was superior to other reagents such as aluminium and activated zinc.

Sml,, THF,  HO
(o] 0,
ogn 0 °C: (66 %) OBn

SO, Tol SO, Tol

clavulactone

81 82
Scheme 1.52

In 2000, Skrydstrup et al. presented a mild and simple method for the selective introduction
of carbinol side chains onto glycine residues in peptides and showed its potential as a route
for the preparation of peptide libraries.®? A series of polypeptides were prepared according
to a modified Reformatsky-type reaction (scheme 1.53), where treatment of a peptide
backbone with N-bromosuccinimide followed by sulfide formation yielded a-sulfanyl

amides 83. These were then reduced at room temperature using Sml,, to give a
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samarium(III) enolate intermediate 84. The enolate was then quenched with different

aldehydes and ketones to give functionalised peptides 85.
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The low basicity of alkyl lanthanide species as well as the strong complexing abilities of
lanthanide(III) ions to oxygen led Skrydstrup to use Sml, as the reducing agent. The use of
strong bases to deprotonate a glycine residue could have led to competitive deprotonation
of the amide protons and the method would have depended upon the stability of the
intermediate enolate species and its ability to avoid protonation either inter- or
intramolecularly. This is another demonstration of the mild and chemoselective nature of
Sml,. A selection of peptides prepared via this methodology is illustrated below (figure
1.8).
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Figure 1.8

1.9 Samarium(Il) iodide-mediated coupling reactions

Fang and co-workers have reported the Sml,-mediated reductive cyclisations of 1,1’-

dicinnamoylferrocenes to give the corresponding [3]-ferrocenophane diol.*®

The reaction
utilises Sml, to effect the intramolecular coupling, aldol reaction and reduction in a one-pot
operation. The reaction pathway arises through a samarium chelated transition state having
both s-cis and (Z)-enolate character. In the best example, 86 undergoes the transformation

with Sml; to give diol 87 in good yield and with good selectivity (scheme 1.54).

Ar
~=<
Q(V Sml,,
0]
86 -
Ar = -CgH,OMe major isomer

97 % yield
ratio of isomers (86 : 14)

Scheme 1.54
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Recently, Zhang and co-workers have documented a facile synthesis of trisubstituted
alkenes via a Sml,-mediated coupling of two identical Baylis-Hillman substrates.®* The
reaction proceeds initially through a single electron transfer to furnish a samarium(IIl)
enolate intermediate 88 which then undergoes a radical coupling of one samarium species

to another to give 89. This collapses to form diene 90 (scheme 1.55).

H sm'!
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2 07 SAr OMe
H
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Scheme 1.55

The reaction is highly temperature dependant however. An example of the transformation
is outlined in scheme 1.56, which proceeded at - 20 °C to give aromatic diene 91 in 92 %
yield, with 7 % of the trisubstituted alkene 92. When the reaction was attempted under
reflux conditions though, only 11 % of the desired diene was observed with 83 % of the

trisubstituted alkene being isolated. In all cases, total (E)-selectivity was observed.

44



Cl

Cl
Sm|2, +
THF, -20 °C |
OH CO,Me
CO,Me
Temp. 91(%) 92(%)
-20°C 92 7
reflux 11 83
Scheme 1.56
1.10 Reductive deamination

In 1999, Honda et al. published their work on the reduction of a-amino carbonyl
compounds using Sml,.*’ The initial work was done on the reduction of acyclic a-amino
substituted esters. The results for the reaction were positive and Honda found that he was
able to reduce primary, secondary and tertiary amines using Sml, with HMPA and in the
presence of a proton source. He then turned his attention to cyclic systems, and in particular
the reductive deamination of proline derivatives. Proline derived isopropyl ester 93 was
reduced in the presence of HMPA and methanol to give acyclic ester 94 in good yield
(scheme 1.57)

TBDMSO, SO
& Sml,, HMPA, MeOH, 12D h
ipr _ THF, 0°C - RT, (99 %) i
E‘n CO,'Pr ° BnHN CO,'Pr
93 94

Scheme 1.57
Honda has applied his reductive deamination in the synthesis of a number of naturally

occurring alkaloids. Illustrated in figure 1.9 are two examples. He has reported a concise

enantioselective synthesis of (-)-adalinine 95, a coccinellied alkaloid, citing a regioselective
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samarium-mediated carbon-nitrogen bond cleavage as well as a stereoselective Michael
addition as key steps.®® (-)-Deoxynupharidine 96 has been shown to exhibited an
immunosuppressive effect as well as a central paralysis effect and weak anti-metastic
activity.!” Once again, a reductive carbon-nitrogen bond cleavage is one of the key steps in

Honda’s synthesis of this target.

H i

95

Figure 1.9

As stated above, one of the key steps in the synthesis of both these natural products is a
regioselective samarium-mediated carbon-nitrogen bond cleavage. Honda has utilised the
reduction of a-heterosubstituted carbonyls, in this case the reduction of an a-amino ester, to
gain access to the 06-lactam motif. Treatment of 97 with Sml, in the presence of pivalic
acid leads to samarium(IIl) enolate intermediate 98 (scheme 1.58). 98 then undergoes

cyclative ring closure to yield the protected precursor to (-)-adalinine 95.%

TBDMSO TBDMSO
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Scheme 1.58
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1.11 Conclusions

Throughout the course of this introduction, the formation of samarium(III) enolates and
their synthetic utility has been outlined. There is a vast amount in the literature concerning
samarium(III) enolates and their reactivity, and the aim of this introduction was to provide
an overview of the area. The next two chapters will be concerned with work undertaken
over the last three years, firstly towards a samarium-mediated cleavage strategy for phase-
tag assisted synthesis, and then the development of an asymmetric approach where
asymmetry is introduced in the cleavage step through: enantioselective protonation of a

samarium(III) enolate.
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Chapter 2: New applications of a linker system cleaved wusing

samarium (II) iodide
2.1 Linker systems

Phase tags have been used to assist the synthesis of molecules for over fifty years; firstly in

0
>

00 O0Q qn # #

peptide synthesis , then for small molecule synthesis and finally in nucleotide and

oligosaccharide synthesis.9 Since its introduction, a large number of transformations have
. . . 92,

been performed on substrates bound to resin with varying results. % Critical to the success

of any phase-tag assisted synthesis is the linker design.

The linker can be described as a structural motif which temporarily joins the support, be it
polymeric, fluorous, etc., and the substrate under manipulation. The two main requirements
for a good linker are that ideally it should allow facile attachment and cleavage, and
secondly it should not be adversely affected by any chemistry used to modify or extend the

attached compound.

One of the drawbacks of some early linkers was that, having undergone the final cleavage
step, there remained an undesirable indication of the site of attachment. On occasion an
additional step was necessary in order to remove the unwanted functional group. As a
result, many later linkers are termed ‘traceless’, the best definition of this being when an
aromatic or aliphatic proton is introduced at the point of cleavage.(IMy studies have been
concerned with the development of traceless linkers utilising an ether or sulfur link at the

position a-to a carbonyl group which are cleaved using Sml2 (scheme 2.1).

R
" OR
(additives)
NR2
X=0, S, S02
Scheme 2.1
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In recent years within the group, a new linker strategy has been developed that has been

3537 and fluorous phase®® organic synthesis where the link to the

applied in both solid phase
phase tag is cleaved using Sml,. We refer to this new class of linkers as a-Hetero-Atom
Substituted Carbonyl (HASC) linkers and their cleavage is based on the well known

reduction of a-heteroatom substituted carbonyl compounds using Sml,.
2.2 Related linker systems

In 1997, Janda and co-workers reported the cleavage of an amide from a PEG-based thiol
resin linked through a sulfur heteroatom (scheme 2.2).°* Reaction of thiol resin 99 with
bromide 100 gave sulfide 101. Oxidation to sulfone 102, followed by reductive cleavage
using a sodium amalgam gave 103. Janda reported only one such reductive cleavage and
unfortunately did not perform further modification on the supported amide before cleavage.

In addition, the use of a sodium-mercury amalgam is far from ideal.

o SH
PEG. o
MeO-PEG O\)]\NO/
H

PEG OMe
99 CsCO;, DMF,
Br H 20°C, 20 h, (95 %)
\/K”/N\©\ )/K
© OMe
100 101
KHSOs5, H,0,
20°C, 3 h, (94 %)
O
/©/°Me O~pEG-OMe
HN
_Na-Hg, Na,HPQO,, MeOH, OMe
0] -40 °C to 0 °C, (98 %) Os¢
8
103
102

Scheme 2.2
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In 1998, Ellman et al. reported the immobilisation of amides and ketones via an o-ether
linkage.” He immobilised a-hydroxy amide 104 using bromo-Wang resin to give
supported amide 105 (scheme 2.3). Subsequent Grignard addition to the carbonyl yielded
106, which was then reduced to give secondary alcohol 107. Further steps on resin were
performed to modify the substrate further to afford 108. Finally, simple cleavage of 109
from resin was executed using trifluoroacetic acid (TFA). Ellman used his methodology to

produce a range of aspartyl protease inhibitors.

Br

+

o
OH NaH, TBAI, 0o OMMT RMgX(;
o) OMMT 18-crown-6, THF,0°C o
THF, 45°C, 2 h N

(i? Q 105 106

OMMT

4.9

104 Zn(BHy),, Et;0,
THF, -20 °C

H R (0] (0]
1 2 TFA, H
RTN\(&N\H/R “CHCl, Nj/J\/ — HOW)\/OMMT
2\12
0 R
109 107
Scheme 2.3

:

Whilst SmI, had not previously been used for the cleavage of substrates from resin bound

3537 the reagent has been used to selectively

through a heteroatom a-to a carbonyl group,
cleave N-O bonds to release products from a polymer backbone. In 2000, Abell and co-
workers performed the reduction whilst developing a new oxime based linker for the

synthesis of amides and ureas (scheme 2.4).%
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0
Smi,, THF, 1
—_— R\
25°C, 3 h ”J\Rz

Scheme 2.4

Then, in 2003, De Clerq et al. reported the polymer-supported formation of carbon-carbon
bonds via application of the classical Julia-Lythgoe olefination reaction.’” Reductive
elimination of B-benzoyloxysulfones using Sml,, leads to the preferential formation of
trans alkenes in as high as 94:6 selectivity. Thiophenol resin 110 was deprotonated and the
resulting thiolate treated with a primary tosylate (scheme 2.5). Oxidation with meta-
chloroperoxybenzoic acid (mCPBA) led to sulfone 111. Following deprotonation of 111,
the a-sulfonyl carbanion reacts with benzaldehyde to give 112. The final cleavage step uses

Sml; as a replacement for the more traditional sodium amalgam.

1. KO'Bu, THF, DMSO,

O/\OTS

2. mCPBA, CH,Cl,, RT

110 111

1. "BuLi, 0°C - RT
2. p-methoxy benzaldehyde,
THF, RT
3. PhCOCI, THF, RT OMe
OMe

— Sml,, THF, DMPU

112

27 % over 4 steps
E:Z 94:6

Scheme 2.5
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More recently in 2004, Linhardt and co-workers used the reagent in a solid phase synthesis.
Instead of using Sm” as a cleavage reagent, Linhardt used it to mediate C-glycosylation on
a solid support.QOTreatment ofmethyl ester 113 with acetyl chloride in methanol and acetic
acid yielded the neuraminic acid chloride donor. C-glycosylation was then carried out using
SmL and dibenzyl ketone before cleavage under basic conditions afforded a-C-glycoside

114 in 61 % yield over 5 steps (scheme 2.6).

OH
° ' OH 1. AcCl, MeOH, AcOH COZM(e)H
2. dibenzyl ketone, Sml2, THF

A ¢cH * i”* C02Me~ AcHN
OH OH 3. NaOMe, MeOH
113
Scheme 2.6
2.3 Studies on an ether-based linker system

My initial goal was to develop conditions for efficient enolate alkylations at the point of
attachment to the solid support using our linker system (scheme 2.7). Such an approach
would allow the introduction of additional diversity and permit access to a wider range of

products using the linker system.

X=0, S S02

Scheme 2.7

In order to evaluate the feasibility of any solid phase route, preliminary solution phase
model studies are generally carried out. In our case, these involved developing the potential
of one of the solid phase linker designs previously developed within the group. >  4-

Benzyloxyphenol 115 was used as an approximate model for phenol resin 116 (figure 2.1).
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o, - oY,

115 116

Figure 2.1

In order to begin the solution model studies we first reacted 115 with o-bromo-y-
butyrolactone in the presence of potassium carbonate. This led to the formation of 117, our
solution model for lactone 118, immobilised through an oxygen version of our linker

design (scheme 2.8).

RT, (67 %)

0]
Br BnO o
el O QL - O "1 !
op K2COs, DMF, 0 o o o
115 117 118

Scheme 2.8

We then began our investigation jof enolate generation and alkylation. We were able to
alkylate 117 using lithium diisopropylamide (LDA) at - 45 °C and either benzyl or allyl
bromide to give alkylated lactones 119 and 120 in reasonable yields (scheme 2.9). Using
these substrates, the feasibility of the key Sml, reduction could be assessed for the

‘cleavage’ of modified lactones.
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117

1. LDA, THF, -45°C 1. LDA, THF, -45°C
2. Benzyl bromide 2. Aliyl bromide
(68 %) (73 %)

Scheme 2.9

In the case of benzylated lactone 119, it was possible to reduce off, or ‘cleave’, the aryloxy
group using Sml, in THF with methanol as a co-solvent to give 121 in 84 % yield (scheme
2.10). However in the case of allylated lactone 120, we were unable to isolate much of the
desired lactone 122. However, a quantitative yield of benzyloxyphenol was recovered
which implied that the reduction proceeded well. It was assumed that 122 was lost during

work up due to volatility.

o)
Sml,, MeOH,
L T B"\< 0
(84 %)
121
Sml;, MeOH, 0
120 —F Tas°c, \/\&/o
(9 %)
122

Scheme 2.10

A route to prepare simple alkylated lactones, using our linker, therefore appeared feasible.

The next step was to transfer the solution studies onto solid phase.
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In order to apply this route on solid phase, phenol resin 116 was prepared using a route
previously developed within the group.®> *® Benzyloxyphenol 115 was treated first with
imidazole and TBDMSCI to protect the free phenol giving 123 in good yield. This was
followed by selective deprotection of the benzyl group to give 124 (scheme 2.11).

BnO BnO HO
\©\ imidazole, \©\ H,, Pd/C, EtOH, \©\
TBDMSCI, RT, (99 %)
OH TBDM OTBDMS
DMF, RT, (92 %) OTBDMS
115 123 124

Scheme 2.11

The next step in the process involved the immobilisation of 124 using commercially
available bromo-Wang resin 125. Treatment of 124 with sodium hydride in the presence of
125 afforded protected resin 126. Simple deprotection using TBAF gave the immobilised
phenol 116. Immobilisation of a-bromo-y-butyrolactone was achieved by stirring with
phenol resin 116 and potassium carbonate. Lactone 118, immobilised using our linker

system, displayed a characteristic carbonyl IR stretch at 1788 cm”’ (scheme 2.12).

Br NaH, 124, DMF, RT °\©\
OTBDMS

125 126
TBAF,
THF, RT
O
° O ¢
g - o
o K,CO3, DMF, RT
(0] OH
118 116
Scheme 2.12

We were now in a position to attempt the potentially difficult deprotonation and alkylation

of the immobilised lactone using LDA and suitable carbon electrophiles. The first attempts
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at alkylation to give the benzylated lactone 127 were assessed by subsequent cleavage with
Sml, in exactly the same manner as in the solution studies (scheme 2.13). This method
provided us with only a trace amount of the desired lactone 121 in less than 5 % overall
yield for the five step sequence. Despite the fact that our initial studies proved
disappointing, we believed our problem lay chiefly in not knowing whether it was the

alkylation or cleavage step that was not proceeding efficiently.

1. LDA, THF, - 45°C

0 Smi,,
18 — Benzyl bromide o %O THF, MeOH 121

5%
over 5 steps from 125
127

Scheme 2.13

In solution, the alkylation conditions had_to be optimised carefully. It was therefore
expected that completing this step on resin would also be difficult. To optimise the
reaction, an effective way to monitor the alkylation step was required. It was decided to
take advantage of the Wang-based support and its ability to be cleaved at a point remote
from the lactone through the use of TFA (figure 2.2). This would allow us to assess
whether or not alkylation was occurring, and if so, to what extent, thus determining
whether the problem with the overall sequence was arising through the alkylation or

cleavage step.

127

Figure 2.2
Cleavage of the linker using TFA would also circumvent any problems associated with the
volatility of the cleavage product. The TFA cleavage also involved a simple work up

procedure. The resin could be cleaved, filtered, and washed using dichloromethane before
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concentration. The crude 'H NMR spectrum allowed us to then assess the extent of
alkylation by simply comparing the ratio of protons from the unalkylated lactone 128 and
the alkylated lactone 129 (scheme 2.14).

HO HO
0 0
127 _TFA CHyClp, RT \©\ . \©\

¥ 1 >(p
Ph
128 129
Scheme 2.14
Entry Temp. (°C) Ti(h) Ta(h) eq.LDA 128 : 129
1 -45°Cto-20°C 0.5 1.5 3 4:1
2 -45°Cto-20°C 0.5 1.5 8 3:1
3 -45°Cto-20°C 1.0 4.5 3 5:1
4 -45°Cto-20°C 1.0 4.5 8 >33:1

T, : Time for enolate formation

T, : Time allowed for stirring with benzyl bromide

Table 2.1

From table 2.1 it can be seen that the alkylation was proceeding, although even in the best
case (table 2.1, entry 2), the reaction only went about 25 %. It can be deduced from the
table that allowing a longer period for the formation of the enolate (T;) does not have a
desirable effect on the reaction. Similarly, using eight equivalents of LDA did not improve
the reaction; indeed over a prolonged period of stirring with benzyl bromide it would
appear to have had an adverse effect. It should also be noted that following TFA cleavage
from the resin, the IR spectrum of the recovered resin showed no carbonyl stretches which
indicated that all immobilised lactone, both alkylated and unalkylated was being cleaved

from the resin.
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Another major problem encountered with this reaction and its transferral onto solid phase
was the difficulty involved in the addition of a pre-swollen polymer to a solution of LDA
under an inert atmosphere. It was therefore assumed that the alkylation, rather than the

cleavage, was problematic.

To summarise, a solid phase route to simple lactones has been developed using our linker
system. Solid phase alkylation and cleavage of benzylated lactone 121 was achieved
following a successful solution phase model study. Whilst the yield of 121 (5 % from a five
step sequence) was disappointing, we had made progress and this led us to next explore an

analogous linker system that would make the alkylation step more straightforward.

24 Studies on a sulfone-based linker system

Other members of the group have had success using sulfur as the heteroatom link a-to a
carbonyl group.’” The advantages of using a sulfide linker lie in the ability to adjust the
oxidation state of the linking sulfur atom. The different sulfide oxidation states allow
different types of process to be carried out. For example, in the case of the oxygen linker, a
strong base such as LDA was required to form the lithium enolate that was subsequently
quenched with the alkyl bromide. It was felt that the higher oxidation states of the linking
sulfur atom would allow alkylation to be carried out using milder bases under more solid-
phase-compatible conditions. The next logical step for us was to construct compounds of
generic structure 130 as mimics of the corresponding immobilised lactones 131 (figure
2.3).

©/\O
X =S8, SO, SO, \©\X 7
ﬁo
130

Figure 2.3
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The proton at the a-position in the sulfoxide and sulfone is more acidic. Deprotonation at
the a-position can therefore be achieved more easily with a weaker base and should not

require the use of harsher, more basic conditions.

Once again, our studies began with a solution phase model system. Using the procedure of
Routledge ef al,”® commercially available 4-mercaptophenol 132 was protected using trityl
chloride and pyridine to give 133 in good yield (scheme 2.15). The free phenol was then
protected as a benzyl ether using sodium hydride and benzyl bromide to give 134. Removal
of the trityl group with TFA afforded thiol 13S. Finally, treatment of 135 with
triethylamine and a-bromo-y-butyrolactone led to 136, the solution model for a lactone

immobilised through a sulfur version of our linker.

HO HO BnO
\©\ TrCl, pyr., \©\ NaH, BnBr, TBAl, \©\
H 0 or _ 0
sy CHzClz, (98 %) <7, THF. 0°C -RT, (85 %) -

132 133 134
Et;SiH, TFA, CH,Cl,,
o RT (67 %)
BnO Br
T ! Ae; "L
S o NEt;, DMF, RT (66 %) SH

136 135

Scheme 2.15

Oxidation of sulfide 136 using mCPBA led to sulfone 137 in an excellent 92 % yield
(scheme 2.16).

BnO BnO
\©\ O mCPBA, CH,Cly, \©\9 09
Py v
136
Scheme 2.16
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We also examined the transformation of sulfide 136 to the corresponding sulfoxide. Many
of the existing methods for this transformation require careful control of the stoichiometry
of the oxidant to prevent over-oxidation to sulfone 137. This is extremely difficult to
achieve on resin. In addition to this, the oxidation must also take place in a solvent that is
compatible with polymers. Many conventional methods for sulfoxidation, such as the use
of NalO4, require polar solvents such as methanol. As such solvents cause the resin to

shrink and contract, this would result in a slow, inefficient reaction.

We accomplished the transformation using the conditions originally developed by Bégué et
al, namely H,O,/HFIP (scheme 2.17).'00 Selective oxidation of 136 to sulfoxide 138 was
thus achieved using solid phase compatible conditions without over-oxidation to the

sulfone.

BnO BnO
D, g e g
S o CH,Cl,, (70 %) S o
136 138

Scheme 2.17

The rate of the oxidation of sulfur by H,O, is rapid and depends on the nucleophilicity of
the sulfur atom. Over oxidation can be prevented through the use of hexfluoroisopropanol
(HFIP) as co-solvent. It has been proposed that HFIP has two roles to play in the reaction
mechanism. Firstly, it is thought to accelerate the sulfoxidation step by forming a hydrogen
bond to the H,0,, thus activating the hydroxyl leaving group. Following this initial
oxidation, HFIP then prevents over-oxidation to the sulfone by forming a strong hydrogen
bond to the oxygen of the sulfoxide, thus decreasing the nucleophilicity of the sulfur atom
and preventing it from reacting further with the H,0,.'®

Initially, alkylation of 137 was carried out using potassium carbonate as the base and
benzyl bromide (scheme 2.18). However, despite heating the reaction to 60 °C, we never
obtained more than 21 % yield of benzylated lactone 139 with no starting material 137

recovered. When we switched to using sodium hydride as the base, the yield improved
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greatly to 96 %.'"!

Whilst the yield itself was good, we had concerns that the use of sodium
hydride would not be ideal for use on solid phase with a sulfone linker. Subsequent
‘cleavage’ of 139 with Sml, proceeded well with the ‘cleavage’ product 121 being formed

in a reasonable, unoptimised yield.

DMF, 60 °C, (21 % o 2. BnBr, (%6 %)

BnO
0o _©0
137 BnBr, K,CO5, K, ; O\é//o ~ 1. NaH, DMF, 0 °C 137
Bn /l\_L/

Sml,, THF,
MeOH, (52 %)

121
Scheme 2.18

Alkylation of sulfoxide 138 using sodium hydride led to desired sulfoxide 140 by crude 'H
NMR analysis, though the reaction was never clean (scheme 2.19). Due to the
diastereomeric nature of both starting material and desired product, isolation of 140 proved

problematic and was never achieved.

2. BnBr

BnO BnO
\©\ 0 Q  1.NaH,DMF,0°C \©\,/o 0
Re; e

Scheme 2.19

Thiol resin 141, previously described by Routledge, was prepared from bromo-Wang resin
125 and 133 in two steps (scheme 2.20).”° Treatment of 133 with sodium hydride and
heating in DMF with bromo-Wang resin gave trityl-protected thiol resin 142. Deprotection
was achieved using TFA and triethyl silane to remove the trityl group and give thiol 141
which showed an S-H band in the IR spectrum at 2599 cm™. The use of triethy] silane with

TFA 1is reported as acting as a carbocation scavenger in the acidic deblocking of protecting
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groups in peptide synthesis and is performing a similar role in this transformation.'® 141
was then reacted with triethylamine and a-bromo-y-butyrolactone to give immobilised
lactone 143. The success of the immobilisation step was monitored by IR — the product
showing a strong carbonyl stretch at 1787 cm™. Finally, oxidation of 143 to sulfone 144

was achieved using mCPBA.

1g5 133, NaH, _ @ _TFA EtSH, (O O
"DMF, 60°C TCH,Cl,, RT o

141

NEt, | 0
DMF, 60 °C \&/o
(o)
5

e

143

Q"
g !
4-0 ~ mCPBA, CH,Cl,, RT
0
144

Scheme 2.20

The final two steps in the solid phase synthesis were the alkylation and subsequent
cleavage reaction (scheme 2.21). Despite attempting these two steps numerous times, using

different conditions, we were never able to isolate any of desired lactone 121 from resin
145.

Scheme 2.21

In the case of the sulfur linker, we believe the problem may be less to do with the chemistry
used to modify the substrate and more to do with the nature of the linker itself. In order to

remove the trityl protecting group, Routledge reports the use of a strong acid such as
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TFA.”’ As mentioned in the previous section, TFA was used to cleave the Wang resin at a
point remote from the substrate (chapter 2.3). It seems possible that we were removing at

least some of linking unit from the support during the deprotection step.

2.5 Application of the HASC linker system in a synthesis of

azepinones

Azepinones are a common motif found in a number of natural products, drugs and their
precursors. Illustrated in figure 2.4 are three such structures. Azepinone 146 has been

13 whilst in

targeted and synthesised as a potential treatment for inflammatory diseases,
structure 147 the azepinone motif is being used as a conformational constraint in the design
of k-opioid receptor agonists.'” Another example is Bengamide E 148, a naturally
occurring azepinone isolated from a marine sponge from the genus Japus.'® This class of
azepinone has shown a useful array of biological activity, and 148 has shown particular
activity towards a human breast carcinoma cell line as well as significant anti-proliferative
effects. In order to evaluate our linker system further, we decided to undertake the solid

phase synthesis of a small library of functionalised azepinones using our technology.

s¢
eces
05

Figure 2.4

%,

Our projected route to azepinones began with the opening of an allylated lactone 149 with

oll.
OIIO

an allyl amine to give 150, the amide precursor for ring closing metathesis (RCM). RCM
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on this substrate would yield lactam 151 which could then be treated with Sml,, thus
releasing the modified azepinone 152 from the polymer backbone (scheme 2.22).

o e \©\ o
\©\ o} Ring opening X N’R3
X 3 1
0 N R ROz KWR“
150

4
149 R
R2
X =0, S(O), (n = 0-2) PCys
I'"Ru=- RCM
*
cl Loy, Ph
o)
o) :
R'O R Smi, S \Q Q
N - X N'R3
_ R'O
Rz R¢ =
152 151 R? R*

Scheme 2.22

Once again, our studies began by looking at a solution phase model system. Initially a route
to a simple lactam starting from five-membered lactone 120 bearing an a-ether link was
explored. The first step was ring opening of allylated lactone 120 (scheme 2.23). 120 was
treated with trimethyl aluminium and N-methylallylamine in hot toluene to give 153 in
good yield. Diallyl amide 153 underwent RCM readily with Grubbs’ first generation
catalyst in reasonable yield to afford lactam 154. The final step in the sequence was once
again a cleavage step using Sml,. ‘Cleavage’ of lactam 154 appeared to proceed well
according to TLC, however, upon work up none of desired product 155 was apparent in the

crude '"H NMR spectrum, despite there being an almost quantitative amount of 115.
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BnO
\[::]\ o ‘\N/A\//
H
O 0 AlMe;, toluene,
= 50 °C, (77 %) H

120 153
PC
CHchZ CI"R ﬁ
0 .
reflux, (62 %)| CI PCy Ph
BnO
T s
\©\ N~ <Ml THF, o) v
MeOH,RT 44 N
154
Scheme 2.23

This, we postulated, was a problem arising from 155 being lost during the aqueous work
up. In order to circumvent this problem the synthetic route was amended slightly by having
an additional step to protect the primary hydroxyl as a silyl ether (scheme 2.24). Diallyl
amide 153 bearing the primary hydroxyl group was protected using TBDPSCIl and
imidazole in 71 % yield to give protected amide 156. This then underwent RCM using
Grubbs’ first generation catalyst to give lactam 157. The final reductive step using Sml,
and methanol as a co-solvent proceeded to give 158 in moderate yield, though this step was

not optimised.

65



BnO BnO
L g L ¢
o N _ TBDPSCI, imidazole, o N _
HO H DMF, RT, (71%)  TBDPSO H
I e ||

153
PCY3
CH2C|2, Cles |
Ru=-
0, *
reflux, (84 %) | CI"LC “Ph
o BnO
TBDPSO. N/ Sml,, THF, Q
MeOH, RT, (47 %) 0o N
. TBDPSO
158 157

Scheme 2.24

Confident that a viable route to azepinones had been developed, the proposed route was
then transferred to solid phase (scheme 2.25). As discussed in section 2.3, difficulties were

immediately encountered in the alkylation of immobilised lactone 118.

; (0]
118 .-J;_Nét*;_f?M_F_'_Q?_% O 0
2. Allyl bromide o ]
=
SCheme 2.25

Our attention turned once again to the use of an analogous sulfur linker. It was felt that this
might lead to a more facile method for allylation with the linking sulfur atom in the sulfone
oxidation state. Whilst this did not occur satisfactorily with benzyl bromide as the
electrophile (chapter 2.4), it was found that alkylation of sulfone 137 using allyl bromide
and potassium carbonate was possible in good yield to give allylated lactone 159 (scheme
2.26). We had therefore developed a way to successfully allylate our model system using
milder conditions than those needed with the ether linker, which should be transferable to a

solid phase synthesis.
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BnO BnO
\©\9 o 0o Allyl bromide, K,COs, KiI, \©\9 o) o
s’/\éo DMF 60 °C, (71 %) S3

Scheme 2.26

The next step in our route involved the opening of the lactone ring using trimethyl

aluminium and N-methylallylamine (scheme 2.27).

X=0, S, SO,
Scheme 2.27
En Reaction conditions Linke Outcome
‘ N-methylallylamine, AlMes, tol., 50 * O Desired product, 153, 779
z N-methylallylamine, AlMe3, tol., 50 % SO, Starting material, 159
2 morpholine, AlMe;, tol., 50 °C SO, Starting material, 159

¢ N-methylallylamine, AICIl3, CH,Cl;, R SO, Cleavage of Bn, 162, 69 9

£ N-methylallylamine, tol., reflux SO, Starting material, 159

€ N-methylallylamine, CH,Cl,, reflux SO, Unknown product

7 N-methylallylamine, LIHMDS, THF, F SO, Starting material, 159

¢  N-methylallylamine, NaHMDS, THF, | SO,  Poor mass balance of cruc

¢ morpholine, LIHMDS, THF, RT SO, Poor mass balance of cruc

1 N-methylallylamine, AlMe;, tol., 50 ° S Starting material, 163
Table 2.2
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Unfortunately, all attempts to open up the lactone ring of sulfone 159 with amines met with
failure (table 2.2). It was postulated that the nature of the amine may have an effect on the
reaction and in order to simplify things in the '"H NMR spectrum of products and by-
products, we opted for a symmetrical amine and employed morpholine (table 2.2, entry 3).

However, once again no reaction occurred.

A search of the literature led us to attempt the reaction using trichloroaluminium as
opposed to trimethyl aluminium. Shuto and co-workers had reported the opening of a
lactone ring in a system extremely similar to ours. Butyrolactone 160 bearing a sulfone

group at a quaternary centre a-to the carbonyl was opened using trichloroaluminium to

afford amide 161 in excellent yield (scheme 2.28).'%% 197
0 O
PhO,S., EtNH, ACl, __ PhOsS., “ypy
A O  CH,Cl, (97 %)
OH
160 161
97 % yield
98 % ee
Scheme 2.28

This time complete consumption of starting material was observed and phenol 162 was
isolated in which the benzyl group had been removed (table 2.2, entry 4, and figure 2.5).

The deprotection of benzyl ethers using a similar method has previously been reported.108

162

Figure 2.5
We heated starting material 159 at reflux with the amine. With toluene (table 2.2, entry 5),

this gave unreacted starting material. However when the same reaction was tried in
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refluxing dichloromethane (table 2.2, entry 6), the formation of an unknown product was

observed.

Our attention then turned to the use of lithium or sodium hexamethyldisilazide and N-
methylallylamine in order to generate a reactive lithium or sodium amide (table 2.2, entries
7 - 9). However none of the desired product was obtained and complete decomposition of

the starting material was observed.

Our final attempt involved the ring opening of the lactone using our original conditions
though this time on the corresponding sulfide substrate. It was believed that the sulfide
substrate would have less of a tendency to sequester trimethyl aluminium (table 2.2, entry
10). Alkylation of the sulfide was carried out via the conversion of 136, using the LDA
conditions optimised for analogous ether lactone 120, into 163 in 80 % yield (scheme
2.29). However, this substrate once again led to the formation of an unknown compound

and unreacted starting material.

BnO BnO
\©\ 0 1.LDA, THF, -45°C \©\ Q
S. fo 2. Allyl bromide (80 %) /\S)éo
Z
136 163
Scheme 2.29

We decided to abandon this route at this stage and looked at developing an alternative route
to the lactam motif which would be amenable to transfer onto solid phase. It was proposed
to by-pass the problematic ring opening step by attaching amides such as 164 onto resin
141 in the initial immobilisation step to give 165 (scheme 2.30). Oxidation of the linking
sulfur atom in 165 to the sulfone oxidation state followed by allylation using potassium
carbonate would lead us to the precursor for RCM as before. Formation of the lactam ring
followed by a second alkylation would then lead to functionalised lactam 166. A final
cleavage using the mild conditions afforded by Sml,, should allow us access to a range of

functionalised azepinones 167.
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QD °
o\©\ S \©\s\)OLN,R1
SH Br\)LN,FU k{rRz

141 , 165
R
164 K[r 1. Oxidation

2. 18t Alkylation
3. RCM
4. 2" Alkylation

Sm|2

Scheme 2.30

We chose to work with three amines for our solution phase studies. Firstly, reaction of N-
methylallylamine with a-bromoacetyl bromide led to o-bromoamide 168 in 87 % yield
(scheme 2.31). The same reaction was also completed using N-diallylamine and N-
allylaniline, both of which led to their respective a-bromoamides 169 and 170 in near

quantitative yields.

O
.R 0 _ ,
HN Br\)J\Br - Br\/U\N’R 168, R = Me, 87 %

169, R = allyl, > 99 %
NEts, CH;Cly, 0°C - RT : :
H » e s’ 170, R=phenyl, > 99 %

Scheme 2.31

Treatment of thiol 135 with a-bromoamides 168, 169 and 170, under basic conditions,
afforded the corresponding allyl amides 171, 172 and 173 in moderate yields (scheme
2.32). The next step was oxidation of the sulfide to the sulfone which was initially
attempted using mCPBA. This led to sulfones 174, 175 and 176 in yields of 53 — 70 %. A

later attempt at the same transformation, this time using oxone gave sulfones 174, 175 and
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176 in much improved yields of 94 % and above. Finally, efficient alkylation at the a-
position to give diallyl amides 177, 178 and 179 using allyl bromide and potassium
carbonate was accomplished. It was believed these conditions would be transferable to

solid phase.

BnO
BnO \©\ Q
168, 169 or 170, NEt;, DMF, RT .
SH 171, R=Me, 55 %

135 172, R = allyl, 66 % ﬁ
173, R = phenyl, 55 %

174, R = Me, 99 %

175, R = allyl, 96 %
176, R = phenyl, 94 %

BnO BnO
\©\9 00 allyl bromide, \©\<“) 09
g7 K,COs, KI, DMF, 60 °C // .
R . N\2 3 S\/U\N R

177, R=Me, 89 %
| | 178, R = allyl, 63 % |

179, R = phenyl, 91 %

oxone, DMF,
H,O, RT

Scheme 2.32

In the case of N-methylallylamine-derived substrate 177, RCM was completed using
Grubbs’ first generation catalyst, to give lactam 180 in reasonable yield (scheme 2.33). At
this stage the second alkylation step was attempted, and pleasingly, it went in excellent
yield with the use of potassium carbonate and benzyl bromide as the electrophile to give
benzylated lactam 181. The final cleavage step using Sml, was successful and gave desired
lactam 182 in 81 % yield. Additives such as DMPU and HMPA are often added to Sml,
reactions to increase the reduction potential of the reagent. The use of additives was
necessary with the ether linker system but it is interesting to note that in the case of the

sulfone the ‘cleavage’ worked well without the need for an additive.
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CI“RIUA BnO
c 'IDCY:; o \©\(')'/,0 Q
S ~

177 —CR,Ch,, reflux, (76 %) N
180

benzyl bromide,
K,CO3, KI, DMF,
60 °C, (93 %)

0 BnO o

Bn N~ <Smiz, THF, MeOH, ro
RT, (81 %) S N~
_ Bn
182 181
Scheme 2.33

Our main reason for attempting the sequence with diallyl amine was to see which product
would result from RCM on 178 (scheme 2.34). As expected a mixture of both the five
(183) and seven (184) -membered rings was obtained, in an approximately 3:1 ratio in
favour of the seven-membered ring. It is possible these may be kinetic and thermodynamic

products although there was insufficient time to pursue this.

PCys BnO
Clig BnO
CI’TIDL::APh @\9/0 Q 0 0
178 Ys S + 220

CH,Cly, reflux D NTNF

20 % 57 %
183 184

Scheme 2.34

We were now at a stage to attempt RCM on substrate 179 (scheme 2.35). However, despite
the presence of some of the expected product 185 present in the crude 'H NMR spectrum, it

was a messy reaction and none of the desired product was ever isolated. We believe this is
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due to 179 existing largely as the wrong rotamer normally, and even heating it in refluxing

dichloromethane does not allow it to interconvert readily to the appropriate rotamer.

PCY3
CI"R|U—\ BnO
cr Ph 0 _o0
179 PCYs.___. §7° Ph
CH,Cl,, reflux N’

185
Scheme 2.35

Solid phase studies were then undertaken. Initially, the synthesis of azepinone 182 was
attempted (scheme 2.36). However, although the IR spectra of intermediates in the
sequence often looked satisfactory, no trace of product was obtained from the final
cleavage step. Intermediate 186, obtained after the first alkylation step, was then cleaved

from resin 187.

Qo 1,168, NEt, DMF,60°C_ (O ©
SH 2. oxone, DMF, H,O, RT 9 0

141
Allyl bromide, K>,CO,, H‘
Kl, DMF, 60 °C !

Bn N~ 1. Benzylation

2. Cleavage

182
Scheme 2.36
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At this stage, amide 186 would be the expected product following cleavage from the resin.
An authentic example of 186 was independently prepared to help monitor the cleavage
reaction by TLC (scheme 2.37). Amide 186 however was not detected upon the attempted
cleavage of 186 from 187. Suspicions once again turned to the nature of the thiol resin and

in particular to the difficulties in deprotecting the trityl-protected thiol resin.

Cl |
= NEt3, CHzClg, N
+ - \/\

| 0

HN™

186
Scheme 2.37

In order to overcome this, the sequence was also followed using benzyl thiol resin 188
(scheme 2.38).!% Sadly, no trace of the desired product 186 was found following the

attempted cleavage from immobilised 189.

%0

o 1. 168, NEts, DMF,60°C_ () S~>n~

________________________ -

2. oxone, DMF, H,0, RT

allyl bromide, K,CO3,
Kl, DMF, 60 °C

O O
| oy s~
N\/\ ‘S_mlg,_ Me_.oj-_l’_ - N
NN TRERT

(0]
| |

- -

186 189
Scheme 2.38

Following the attempted application of both ether and thiol linker sequences on solid phase,
and the lack of a successful outcome, we turned our attention to the use of a soluble phase
tag in place of an insoluble polymer tag. We chose to look at the use of a fluorous phase

tag.
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2.6 Fluorous-phase synthesis

Whilst polymer supported chemistry has advanced greatly over the last fifty years,
limitations on reaction scope and scale have limited further development. As a result,
solution phase methods have once again become more popular, particularly fluorous-tagged
synthesis.''*''? Initially pioneered by Curran in the mid 1990’s,'"® fluorous phase synthesis
has quickly become a useful tool for organic synthesis. One of its main advantages lies in
the ease with which fluorinated components from a reaction can be separated from non-
fluorinated organic molecules or reagents. Additionally, reactions can be monitored by
more traditional methods such as TLC and 'H NMR spectroscopy making development and
optimisation of a given route much quicker than its solid phase equivalent. It also enables

the characterisation of intermediates by 'H and '*C NMR spectroscopy.

There are a number of ways in which fluorous phase synthesis can be employed. The first
is in fluorous biphasic systems (FBS), where the immiscibility of fluorous solvents with
conventional organic solvents is exploited. As an example, a fluorous catalyst may be
present in the fluorous phase; whilst the substrate to be modified will be in the organic
phase. Both fluorous and non-fluorous layers are allowed to combine upon heating to
create a homogenous mixture thus allowing catalyst and substrate to come together.
Separate layers are regained upon cooling allowing for easy separation and extraction. This
affords the modified substrate in high purity from the organic phase whilst the catalyst can

be isolated from the fluorous phase and then reused.

An example of such a system, reported by Bannwarth et al, is outlined below (scheme
2.39).""* A fluorous bis-triphenylphosphine palladium complex was constructed and
engaged for use in the palladium-catalysed Suzuki cross-coupling of aryl bromide 190 and
phenyl boronic acid to yield biaryl 191. The reaction medium was a mixture of
perfluoromethylcyclohexane (PFMC) and dimethoxyethane (DME), and the catalyst was
recovered and reused up to six times without significant deterioration in the yield of the

reaction.
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Br °> LoPdCly, PhB(OH),, Na,COs, ‘ o
5 PFMC/DME, 75 °C, (95 %) O >
o
CgF17 CgF17
R < W sl
P

L=

CgFy7
Scheme 2.39

As a continuation, the separation of fluorous and non-fluorous molecules was carried out
using a technique called fluorous-liquid, liquid extraction (FLLE). Fluorous alkenes, ethers
and amines are generally immiscible in organic solvents. Fluorous reagents are soluble in
fluorous solvents due to favourable fluorine-fluorine interactions. This property of fluorous
solvents can be employed for the extraction of fluorous reaction components from an

organic phase into a fluorous phase.

This system has been used to good effect by Curran and co-workers in the purification of
allyl alcohols.'”” Aldehyde 192 was heated with a fluorous allylstannane reagent to give
alcohol 193 (scheme 2.40). However, various tin by-products were also created during the
reaction and FLLE was used to purify the product. Following the reaction, the crude
mixture was partitioned between acetonitrile and perfluoroalkanes (FC-72), with the

product being extracted into the acetonitrile layer and later isolated in high purity.

Ox HO =
A~ SN(CHCH,CeF 13)3 92 % yield
OO FLLE, 140 °C OO 85 % purity
192 193
Scheme 2.40
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More recently, attention has switched to the use of a technique which allows separation of
fluorous-tagged compounds from non-fluorous ones using fluorous reverse phase silica gel.
It is known as fluorous solid phase extraction (FSPE) and involves loading a crude mixture
onto a fluorous silica column. Elution with a fluorophobic solvent, commonly 80 %
methanol/water, removes the non-fluorinated compounds from the mixture. Fluorous-
tagged compounds remain on the column due to the strong fluorine-fluorine interactions
with the fluorous silica and can later be removed using a fluorophilic solvent such as (100

%) methanol.

Ilustrated below is the use of fluorous phosphine in the Staudinger reaction on azide 194
(scheme 2.41).'"S Normally, the triphenylphosphine oxide generated as a by-product in this
reaction is difficult to remove. Here it can be removed simply through FSPE to allow

isolation of amine 195 in high purity.

PPh,
Cl
“ N3 N@ NH,
1_C6F13 , THF, RT

2. H,0
o FSPE O
194 195
88 % yield
> 95 % purity
Scheme 2.41
2.7 Application of the linker system in a fluorous-phase

synthesis of azepinones

Various fluorous thiols with different length perfluoroalkyl chains are commercially
available. These fluorous thiols consist of a perfluoroalkyl chain and a thiol functional
group separated by a saturated two carbon spacer unit. The spacer unit ensures
nucleophilicity at the sulfur is maintained by minimising the strong electron withdrawing

effect of the perfluoroalkyl chain.
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Our studies began with the immobilisation of a-bromoamide 168 using perfluorodecyl thiol
196 to give 197 in good yield (scheme 2.42). Oxidation of the sulfide with oxone led to
formation of sulfone 198. However, problems were encountered isolating 198 using FSPE
and the low yield of 198 following oxidation reflects this. Alkylation was attempted to
construct diallyl amide 199 using allyl bromide and potassium carbonate. Whilst some 199
was detected in the crude "H NMR spectrum, it was the minor product. This coupled with
time constraints and the problems experienced in the extraction of fluorous-tagged

compounds, led us to discontinue work into our fluorous linker system.

0 O
sH , Br L FSPE _ A~ S -
CaF N + N CgF47 N
gF 17 K/ NEts, DMF, RT, (86 %) v
S
196 168 197
oxone, DMF, FSPE

H,0, RT, (33 %)

0
0. .0
allyl bromide, K,COs, N’
C8F17/\/S N/ 4----.y ___________ 2V M3 C<F /\/S\/[LN/

v KI, DMF, 60 °C 8717 v

199 I 198

Scheme 2.42
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2.8 Conclusions

In chapter 2 studies into the feasibility of phase-tag assisted routes to heterocycles using
our linker system have been discussed. Initially, studies were made into the alkylation of
various lactones and the reduction of the products using Sml,. A simple lactone substrate
was successfully cleaved from an ether linkage to a polymer tag using the reagent, though

low overall yields were obtained (scheme 2.45).

Smlz,

THF, MeOH 121
0

5%
over 5 steps from 125

Scheme 2.45

A route toward simple azepinones that went via a key ring opening step as well as a crucial
RCM step has been devised and carried out in solution phase studies into an ether-based

link to a phase tag (scheme 2.46).

BnO BnO o
\©\ 0 0 TBDPSO ~
o — 0O - N

% Y TBDPSO

120 157 158
Scheme 2.46

In addition to this, after initial problems finding a route to azepinones whilst investigating
the feasibility of a sulfone linker, we devised a route beginning from a-bromoamides that
also utilised a key RCM step (scheme 2.47). Cleavage of the lactam from the resin model
proceeded in an excellent 81 % yield, without the need for additives to increase the

reduction potential of the reagent.
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H Bn _
174 | 181 182

Scheme 2.47

In summary, although my studies have failed to result in a solid or fluorous phase synthesis
of azepinones using our linker system, several important observations have been made that
highlight the strengths and weaknesses of the linker system. A future ring closing
metathesis, solid phase route to functionalised azepinones based on my successful solution

phase studies should be possible, but further optimisation is clearly needed.
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Chapter 3: Developing a cleavage-enantioselective protonation

strategy

3.1 Introduction

One of the goals of my PhD project was the development of a new strategy for the phase
tag assisted synthesis of enantiomerically enriched carbonyl compounds using our linker
system. It was proposed that cleavage of the linker in the presence of a chiral protonating
agent (CPA) would allow asymmetry to be introduced in the final step of a phase-tag
assisted synthesis. This would release non-racemic products from the phase tag via the
asymmetric protonation of the samarium(III) enolate formed upon cleavage of the substrate

from the phase tag (scheme 3.1).

chiral proton

source
X=0, S, S02 enantiomerically
enriched
Scheme 3.1
3.2 Enantioselective protonation of samarium (III) enolates

First introduced in 1976 as a means of deracemisation, the concept of enantioselective
protonation of a prostereogenic centre is, in principle, a simple one.l17 Since a prochiral
enol derivative has two enantiotopic faces, the proton transfer from a chiral, non-racemic
proton source to the enol derivative will be kinetically favoured from either the top or
bottom face, thus constructing enantiomerically enriched carbonyl compounds (scheme

3.2).
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Scheme 3.2

With the increased knowledge of enolate structure and reactivity, and new methods for
their regio- and stereoselective formation, enantioselective protonation has become a more
viable option for the production of enantiomerically enriched compounds.'*'?° An
additional advantage is that, upon normal aqueous work up of the reaction, reprotonation of

the CPA occurs. This renders the CPA both recoverable and reusable.

During the last three years, we have been involved only in the generation of samarium(III)
enolates and their enantioselective protonation. Our work has been inspired by the work of
Takeuchi et al. which was covered in more detail in section 1.3.*® We were first attracted to
the proton sources constructed by Takeuchi in his work on the reduction of a-hetero-
substituted lactones. In the example shown, a-brominated lactone 200 is reduced in the

presence of CPA 35 to give lactone 201 in good yield and in 72 % ee (scheme 3.3).

o O

Sml,, THF, - 45°C
o Br 2 - 0 Ph
Ph Ph
200 0] OH 201
@[O OH 88 % yield
\ ( 72 % ee

35 Ph

Scheme 3.3
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Another example from Takeuchi’s work that bears a similarity to our proposed linker
system is the reduction of a-methoxy cyclohexanone 202 in the presence of CPA 203 to
give a-benzylated cyclohexanone 204 once again in good yield and this time in 81 % ee
(scheme 3.4).

o] 0]
OMe Smil,, THF, -45°C N Bn
Bn Ph
/ \\
202 (@] OH 204
Q (OH 72 % yield
Ph 81 % ee
203
Scheme 3.4

We chose to adopt lactones of generic structure 205 as the model system for the
development of a cleavage-asymmetric protonation sequence (scheme 3.5). Because of the
similarity of the model system to Takeuchi’s substrates, we decided to begin our studies

using proton sources used in his work in addition to other chiral proton sources.

< o 0
X N0 "M CRA” B o
Bn miz,

205 121
Scheme 3.5

33 Preparation of chiral protonating agents

A number of different CPA’s were used during our studies into the development of a

sequential cleavage-enantioselective protonation strategy. As mentioned above, we focused

initially on the use of CPA’s developed by Takeuchi and co-workers,® 4> 43 44 46 121

122, 123 .
J122 123

although we also examined the use of related CPA’s reported by Pedrosa et a in

addition to some commercially available chiral alcohols (figure 3.1).
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camphorsultam (R)-(+)-BINOL (S)-(+)-pantolactone

o® i
OH HO..,

@)

Figure 3.1

Takeuchi and co-workers have prepared a number of C,-symmetrical diol-based proton
sources and we chose to synthesise the enantiomers of those that looked the most

promising for our system, diols 35 and 203 (figure 3.2).

g’h !illl Ph
(0] OH 0 OH

X
O OH
_ (U
: Ph
35 Ph 203

Figure 3.2

Takeuchis’ synthesis followed Stephenson’s method as far as alcohol 206.'** The route to
206 began with the conversion of R-(-)-mandelic acid 207 into R-(-)-methyl mandelate,
which was achieved in 78 % yield using thionyl chloride and methanol (scheme 3.6). The
next step was to protect the secondary alcohol as a tetrahydropyranyl (THP) group, which
is stable to basic conditions but which could later be deprotected easily under acidic
conditions. This step afforded THP ether 208 in excellent yield. The methyl ester was then
reduced using lithium aluminium hydride, to give 206 in 77 % yield. Primary alcohol 206
was then converted into tosylate 209 using tosyl chloride and pyridine in 68 % yield.
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OH OTHP

1. SOCl,, MeOH, -10 °C to RT, (78 %)
COH 2. PPTS, dihydropyran, CO,Me
CH,Cl,, 0 °C to RT, (97 %)

207 208

LiAIH,, THF,
0°C to RT, (77 %)

o OTHP
CH,OTs p-TsCl, pyridine, RT, (68 %) CHaOn
209 206
Scheme 3.6

Our first two attempts to construct 210 failed to give yields close to the 78 % reported by
Takeuchi. However, by leaving the reaction to stir for longer than reported in the literature,
we were able to complete the synthesis of CPA 210 by first coupling tosylate 209 with
catechol to give the THP-protected chiral ligand. Deprotection under acidic conditions then

gave 210 in 76 % yield over two steps (scheme 3.7).

Ph

~

OH O OH
©: 1. CsCOs, 209, DMF, 80 °C @
2. p-TSA, MeOH, RT
OH (76 % over 2 steps) O\ ’/OH
210 Ph

Scheme 3.7
Tosylate 209 could also be used