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Summary

Chiral non racemic terminal epoxides are among most the valuable building blocks available 

to an organic chemist. The Johnson-Corey-Chaykovksy epoxidation (JCC) of carbonyl 

compounds is a promising and complementary approach to the classic olefin oxidation 

methodologies. It represents an efficient and straightforward method for the synthesis of 

epoxides. However, the JCC enantioselective methylene transfer epoxidation benchmark 

literature protocols for the synthesis of optically active terminal epoxides are characterised by 

moderate product yields/enantioselectivity and the requirement for (super)stoichiometric 

catalyst loadings.

As our research group is highly experienced in hydrogen bonding-mediated organocatalysis, a 

strategy for the promotion of the methylene transfer via JCC epoxidation through the 

employment of a hydrogen-bonding donating catalyst was devised. The interesting results 

obtained prompted us to design and prepare a range of bifunctional catalysts capable of 

promoting the reaction by both activating the substrate {via H-bond donation) and 

simultaneously delivering the methylene group in a stereoselective manner. While the lack of 

a bifunctional process was proved, reactions conditions compatible with the use of 

substoichiometric amounts of catalysts were identified, allowing us to focus on the 

development of a catalytic JCC methylene transfer epoxidation.

An investigation into the low catalytic activity of a simple sulfide catalyst was then 

performed. This study led us to identify the problematic step that was impeding the catalytic 
turnover, allowing us to develop a modified procedure which involved the portion-wise 

addition of the reagents and the use of an additive to impede product decomposition. These 

modifications resulted in the development of a protocol for the promotion of the JCC 

methylene transfer epoxidation with the employment of a substoichiometric amount of sulfide 

catalyst. To demonstrate the potential of the newly developed catalytic process, the first 

catalytic enantioselective methylene transfer to aldehydes was performed with the 

employment of chiral sulfides. Finally, the catalytic protocol was successfully applied to the 

JCC methylene transfer epoxidation of ketone substrates.

The development of chiral sulfide catalysts capable of promoting the enantioselective 

methylene transfer has always represented the final target of our research. The design of a



new class of chiral catalysts resulted in the identification of highly hindered C2-symnnetrical 

sulfides as potential candidates. A range of sulfides characterised by different substitutions 

was prepared, followed by the evaluation of each sulfide catalyst in the synthesis of optically 

active terminal epoxides. This investigation led us to the identification of a chiral sulfide 

catalyst which was shown to be capable of promoting the highly enantioselective epoxidation 

of aldehydes in as high as 95% ee, a striking improvement over the literature benchmarks.
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Introduction

1.0

1.1

Introduction

Epoxides: general importance and reactivity

Epoxides are widely recognised as one of the most important and useful functional groups in 

organic chemistry.’ Chiral epoxides, for example, are useful building blocks in the synthesis 

of complex molecules and biologically active compounds.^'^’"' The ease with which these 

compounds can be ring-opened in the presence of nucleophiles, both in a regio- and 

stereocontrolled manner, has brought the epoxide functionality into many organic chemistry 

laboratories as an invaluable tool for a synthetic chemist.^’^ The strained heterocyclic nature 

explains their high reactivity as electrophiles, allowing a vast number of transformations 

(Figure 1.1).’'* Moreover, epoxides can be inserted adjacent to different functional groups 

(such as a,(3-epoxyketones,’ a,P-epoxysilanes,’ vinylepoxides^ and cyanoepoxides’°) giving 

rise, after nucleophilic ring opening, to a wide range of functionalised alcohols amenable to 

further elaboration.

Figure 1.1 Useful epoxide transformations: nucleophilic substitutions (A) and miscellaneous 

reactions (B)

C-nucleophiles .

O-nucleophiles

/ Nu' \

acids A/-nucleophiles

X = O, /V, S

S-nucleophiles

Rearrangement 
to carbonyl compound

Rearrangement 
to allylic alcohols

Deoxygenation 
to olefins

Oxyranil
anions

1.2 Ring-opening reactions

Unlike ethers, epoxides can undergo facile C-0 bond cleavage with ring opening under both 

acidic and basic conditions. It is generally accepted that acid catalysis favours the substitution 

at the centre which can better accommodate the developing positive charge (2, Scheme 1.1) in 

a SNl-type mechanism. Ring opening under basic conditions allows a pure Sn2 process with 

addition of the incoming nucleophile at the less hindered carbon with inversion of the 

configuration (3, Scheme 1.1).”
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Scheme 1.1 Regioselectivity in the acid- and base-catalysed epoxide ring opening of 1

OMe

Major product \

'acidic
conditions’
MeOH, H*

Sfjl

O

/ ’

'basic
conditions'
Med" Na^

Sn2

OH
OMe

Major product

Ring-opening reactions of epoxides with carbon- or heteroatom-based nucleophiles have been

exploited as efficient methodologies in the synthesis of 1,2-disubstituted products, where the

stereochemical outcome is governed by the epoxide configuration.The variety of

nucleophiles employed is astonishing: oxygen compounds (water, alcohols) affording 1,2-

diols, nitrogen compounds (amines, azide, isocyanate) for the preparation of 1,2-

aminoalcohols, acids (hydrogen halides, hydrogen cyanide) and sulfur compounds (thiols,
hydrogen sulfide) for the corresponding 1,2-mercaptoalcohols.’^ Moreover, carbon

compounds can act as nucleophiles {e.g., organomagnesium, organolithium and organocopper

compounds) for C-C bond formation.Examples of enzyme-catalysed ring opening

reactions {e.g., epoxide hydrolases) show the potential of biotransformations in the context of 
18organic synthesis.

1.2.1 Asymmetric ring opening of /neso-epoxides (ARO)

The asymmetric ring opening of me^o-epoxides and aziridines (ARO) consists of the 

desymmetrisation of a mejo-epoxide by nucleophilic addition, in order to afford a product 

with two contiguous defined stereocentres.The majority of nucleophiles that have been 

successfully employed are heteroatom-based, while the use of C-nucleophiles has been less 

thoroughly investigated. Nitrogen-based nucleophiles are useful candidates for the 

construction of 1,2-aminoalcohols, where azide nucleophiles are commonly used. Azides 

offer advantages such as high nucleophilicility, stability in a variety of conditions and low 

basicity. Moreover they can be reduced at a latter stage, serving as a useful synthon for 

ammonia. Among the various procedures reported, noteworthy is the desymmetrisation
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protocol reported by Jacobsen et al. with (salen)-CrCl complex using TMSN3 as the

azide source.'^ This resulted in a highly effective desymmetrisation protocol for a variety of 

substrates with excellent levels of product enantiomeric excess. For example, meso-5 was 

converted to the ring-opened azidoalcohol 6 in 80% yield and 88% ee (Scheme 1.2).

Scheme 1.2 Jacobsen’s (salen)-CrCl catalysed asymmetric azide ring opening of meso-5

O

meso-5

1, (R,/?)-4 (2 mol%) 
TMSN3(1.05 eq.) 
EtzO, rt, 18-36 h

2. CSA, MeOH

OH 

''Na

6 80%, 88% ee

This idea of employing a (salen)-metal complex for the ARO process was triggered by the 

observation made by Groves,based on his studies on porphyrin systems, of the similarity 

between the transition state of oxo-transfer from the metal centre to an olefin during the 

epoxidation (Figure 1.2, A), and the ground state complex of the epoxide with the metal 

(Figure 1.2, B). Kinetic experiments indicated that the catalytic cycle involves cooperative 

activation of both nucleophile and electrophile by distinct catalyst complexes.^^

Figure 1.2 Structural similarity between (salen)-metal catalysed epoxidation (A) and epoxide- 

(salen) complex (B)
R2

Rj

A
salen-complex

A

O

LMD
salen-complex

B

Sulfur nucleophiles have also been employed successfully. Hou^^ reported an in situ formed 

(salen)-titanium catalyst for the desymmetrisation of meso-5 with thiophenol (7) where
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moderate enantioselectivity levels were achieved (Scheme 1.3). Later Tang^"* developed a 

similar procedure where a dithiophosphoric acid (8) was employed as a nucleophile in the 

desymmetrisation of meso-5, resulting in improved enantioselectivity (e.g. 10 was formed in 

up to 73% ee, Scheme 1.3).

Scheme 1.3 (salen)-Titanium catalysed asymmetric ring opening of meso-5 with thiols by 

Hou^^ and Tang^'*

Hou:

meso-5

Tang:

SH

0
7(1.0eq.)

O

meso-5

(R,R)-7 (5.5 mol%) 
Ti(0/Pr)4 (5 mol%)

S
H3CO-P-SH 

OCHa 
9 (1.0 eq.)

{R,R)-7 (5.5 mol%) 
Ti(OPr)4 (5 mol%)

8 93%, 63% ee

^ 0CH3 

10 94%, 73% ee

Oxygen-centered nucleophiles have also been employed in the ARO. Jacobsen reported a 

(salen)-Co ligand (S,S)-11 for the enantioselective addition of benzoic acids to meso- 

epoxides^^ affording monoprotected Ci-symmetrical 1,2-diols in excellent ee (Scheme 1.4). 

The ARO with water as a nucleophile proved challenging, although the same process 

exhibited excellent efficiency when terminal epoxides were employed {vide infra).

Scheme 1.4 Jacobsen’s (S,S)-ll-catalysed asymmetric ring opening of 12 with benzoic acid
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Carbon-centered nucleophiles in the ARO represent an attractive, albeit challenging, C-C 

bond formation methodology. Cyanide is one of the nucleophiles that has proven more 

attractive. In this case, the generally efficient (salen)-metal complexes fail to afford highly 

enantioselective ARO reactions. Only when indoles were employed as nucleophiles were high 
levels of enantioselectivity achieved.^^ While lithium enolates represent an appealing class of 

carbon nucleophiles, their employment in conjunction with (salen)-metal complexes is 

problematic due to their incompatibility with the Schiff base ligand.^’ An important the C-C 

forming bond by ARO was reported by Pineschi et al.^^ who developed a copper-catalysed 

Sn2’ reaction involving a sp^-carbon nucleophile adding to activated epoxides. Using vinyl 

epoxides such as 15 (Scheme 1.5, A), a organocuprate species could be generated in situ by 

transmetalation from a dialkylzinc, followed by attack in a Sn2’ fashion, which exhibited a 

remarkable ligand-accelerated effect in the presence of catalytic amounts of phosphoramidite 

ligand {R,R,R)-14 in the synthesis of the allylic alcohol 16.^^ Moreover, the possibility of 

converting a racemic allylic alcohol to constitutionally different, enantiomerically enriched, 

ring-opened products 18 and 19 (Scheme 1.5, B) represents an example of regiodivergent 

kinetic resolution (RKR). This was demonstrated to occur when an excess of dialkylzinc

reagent was employed (Scheme 1.5). 17

Scheme 1.5 Asymmetric ring opening of vinyl epoxides by means of C-nucleophiles 

catalysed by phosphoramidite {R,R,R)-14

toluene,

15

O

Me2Zn (1.5 eq.) 
(/?,H,/?)-14 (3.0 mol%)

Cu{OTf)2 (1.5 mol%) 
toluene, - 78 °C, 1 h

17
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1.3 Nucleophilic epoxides

The synthetic utility of epoxides is not only limited to nucleophilic substitution chemistry; 

Lewis acid or base-catalysed isomerisation, rearrangements and deoxygenation reactions add 
further value to this functionality.^ An interesting feature of epoxide/aziridine reactivity is the 

possibility of further functionalisation by generating anions (commonly known as oxyranil 

and azirydil anion) that are able to react with electrophiles.^®'^' Since oxyranil anions are 

known to be relatively unstable, an anion-stabilising group is usually required: silicon- or 

sulfone-based stabilising groups represent the most common choices (20, Scheme 1.6). 

Stabilised oxyranil anions, such as 21, can be stable at very low temperature from minutes to 

hours, and trapping the anion 21 with an electrophile grants access to different substitution 

patterns on the epoxide (or aziridine) ring such as 22 (Scheme 1.6). Since the seminal work 

from Eisch and Galle demonstrated that lithiated epoxides were able to act as nucleophiles, 

although requiring specific functionalisation (electron-withdrawing groups for stabilisation of 

the anion), new procedures with increasing substrate scope have been reported, and 

predetermined structural functionalities are no longer required. For example, terminal

epoxides have become suitable substrates for assembling more substituted oxiranes. 33

Scheme 1.6 Generation of oxyranil and azirydil anions followed by trapping with 

electrophiles in the synthesis of substituted epoxides

ASG^R,

H Rg

n-BuLi ASG^R,

R2

E+ ASG Or,

-78 °C / \
E R2

20 21 22

E = IMS, D, CH;
ASG = Anion-Stabilising Group 

(e.g. SiPhg, SiMeg, S02Ph, P(0)0Et2 
CN, COOEt, Ph)

1.4 Enantioselective rearrangement reactions of epoxides

Synthetically useful ring opening transformations of meso and racemic epoxides can be 

performed by Lewis or Br0nsted-acid catalysis. Shi et reported the use of a chiral 

BINOL-Ti complex in the enantioselective rearrangement of racemic enol ester epoxide 23 

into the a-acyloxyketone 24 with the recovery of the unreacted starting material in excellent 

ee [(-t-)-23. Scheme 1.7]. Coupling this process with an achiral Brpnsted acid-catalysed step
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was used as a parallel resolution to convert the unreacted starting material to the same product 
enantiomer (Scheme 1.7).^^

Scheme 1.7 Enantioselective rearrangement of racemic enol ester epoxide 23 to 
acyloxyketone 24 catalysed by (f?)-BINOL-Ti complex

[{E)-BIN0L]2Ti(0'Pr)4 J np
5 (mol%) p.jsOH

(±)-23

EtzO. 0 'C CH2CI2

(+)-23 97% ee 24 90% ee 24 78%, 93% ee

Using the same BINOL-Ti catalytic system, a-hydroxyepoxides were shown to undergo 

kinetic resolution via semipinacol rearrangement to afford optically active (3-

hydroxyketones 36

Another useful transformation is the enantioselective deprotonation/rearrangement of meso- 

epoxides to enantioenriched allylic alcohols. Few chiral bases have been reported for the 
process since it appeared in 1980.^’ Notable examples have been reported by Asami,^* 

Malhotra^^ and Andersson'^® (Scheme 1.8), where excellent to complete levels of 

enantioselectivity were observed in the rearrangement of 5 to 25.

Scheme 1.8 Enantioselective deprotonation/rearrangement of meso-S promoted by chiral 

bases in the synthesis of enantioenriched allylic alcohols

O
Chiral base
THF/DBU '
0 °C, 24 h

,vOH

25

Asami

26
20 mol% 
89% yield 
94% ee

Malhotra
Li

I

Andersson

27
20 mol% 
77% yield 
95% ee 99% ee
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1.5 Epoxides in total synthesis

Epoxides are frequently occurring moieties in many natural products and they have attracted 

much interest from biologists and pharmacologists, together with synthetic chemists, for the 

biological properties they possess."* They have also found applications as useful intermediates 

in total synthesis. One synthetic application is represented by their employment as precursors 

for higher ring systems,"" as in the case of the intramolecular cyclisation for the formation of 

tetrahydrofuran (THE) and tetrahydropyran (THP) rings,"*^ since the epoxide moiety is easier 

to install (in a regio- and stereoselective manner) and is characterised by a predictable 

reactivity. An example is depicted in Scheme 1.9: a readily-prepared y-alcohol 29 undergoes 

stereoselective intramolecular ring opening with inversion of configuration to the favoured 5- 

exo-product 30."*^ However, if R is a group able to stabilise the developing positive charge and 

the reaction is carried out under acid catalysis, the formation of the 6-membered ring 31 will 

be favoured via a 6-cnrfo-cyclisation. A similar strategy can be applied to the homologous 5- 

alcohol 32 for the regioselective formation of either a 6- or a 7-membered ring (i.e., 33 and 34 

respectively. Scheme 1.9).

Scheme 1.9 Intramolecular ring opening cyclisation pathways in the synthesis of 

tetrahydrofuran (THE) and tetrahydropyran (THP) rings from y- and 5-epoxyalcohols

HQ
O’

30

R'
6-endo

29

R^O*^R’

31

OH
33

O,

6-exo

O' R'

7-endo

HO*^ R' 

32

HO/.

R ''O R'

34

An ingenious approach was reported by Kishi et for the construction of the

ini(tetrahydrofuran) core of isolasalocid A. TBHPA^O(acac)2-catalysed stereoselective 

epoxidation of bishomoallylic alcohol 35 followed by treatment with acetic acid afforded 36 

through a 5-exo-cyclisation with formation of a THE ring. A second TBHPA^O(acac)2- 

catalysed stereoselective epoxidation of 37, followed by elaboration to invert the epoxide
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stereochemistry afforded 38 which, again, underwent 5-ej:o-cyclisation to give 39, a precursor 

of isolasalocid A (Scheme 1.10).

Scheme 1.10 Kishi’s synthesis isolasalocid A precursor via intramolecular epoxide ring 

opening/THF ring formation

VO(acac)2

1. VO{acac)2/TBHP Me,
2. 0.1 N H2SO4, rt

3. TsCI/Py, rt
4. K2CO3, MeOH, n
5. AcOH, n

isolasalocid A

38

'°itA°Et 'OH 

39

An elegant synthesis of both THP and THF rings in the same structure during the construction 

of the core of (-)-mucocin was reported by Keinan et Regio- and stereoselective 

installation of both two epoxide and two diol functionalities on the prochiral substrate 40, 

exploiting both the Sharpless asymmetric dihydroxylation (SAD) and the Sharpless 

asymmetric epoxidation (SAE, vide infra) allowed the synthesis of 41, a precursor for the 

intramolecular acid-catalysed cyclisation process, leading to the formation of both the two 

stereodefmed THF and THP rings in 42, which is a useful intermediate in the synthesis of (-)- 

mucocin (Scheme 1.11).



Introduction

Scheme 1.11 Keinan’s intramolecular epoxide ring opening/THF-THP formation in the 
synthesis of (-)-mucocin

SAD SAE OH OH

40

CrHsr^l? OEMS

1.6

1.6.1

Terminal epoxides
Useful electrophilic transformations

Terminal epoxides are small and unhindered molecules that can therefore be used to generate 

a wide range of (enantiopure) building blocks.''^ Recent notable examples of their 

employment in organic synthesis {inter alia) have been reported by Jacobsen et al. in the 

direct one-step conversion of terminal epoxides, such as 43, to y-butanolides (y-lactones), 

such as 45, induced by the acetate enolate equivalent ynamine 44, where the stereochemistry 

is completely retained in the product (Scheme 1.12).

Scheme 1.12 Jacobsen’s y-butanolide synthesis from terminal epoxides

PhO,

43 >99% ee

10
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Biologically and synthetically relevant products, such as 5-substituted oxazolidinones,^* were 

synthesised from racemic terminal epoxides by Melchiorre et Aminolytic kinetic

resolution, with the employment of substoichiometric amounts of (salen)-Co complex {RJR)- 

11 afforded ring opening reaction of racemic 1 followed by base-catalysed internal 

cyclisation, leading to high yields (relative to the amine nucleophile) of 5- 

phenyloxazolidinone 46 (Scheme 1.13).

Scheme 1.13 Melchiorre’s approach to enantioenriched oxazolidinones from racemic terminal 

epoxides

O

1. (1.5 mol%) 
NHaCOOEt (1 eq.) 
4-nitrobenzoic acid 
MTBE, rt. 18h

2. NaH, THE, 3 h

O NH

(±)-1 
(2.1 eq.)

46 90%, 99% ee

50The aminolytic kinetic resolution has been demonstrated a useful process by Jacobsen et al. 

for the enantioselective interconversion of racemic terminal epoxides to the structurally 

related enantiopure terminal aziridines. For example, racemic 47 was converted to the 

corresponding terminal aziridine 48 in 86% yield (based on the amine) and >99% ee using the 

[(salen)-Co-OAc] complex (S,S)-49 followed by internal cyclisation (Scheme 1.14).

Scheme 1.14 Jacobsen’s aminolytic kinetic resolution process for the conversion of terminal 

epoxides to terminal aziridines

A growing interest in synthetic chemistry is directed towards the chemical fixation of carbon 

dioxide for the formation of useful compounds. For example, meso-5 can be coupled with 

carbon dioxide under metal catalysis with the formation of poly(cyclohexane carbonate) 50 

and cyclic carbonate 51 (Scheme 1.15, A). Terminal epoxides represent useful substrates for

11
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the conversion of CO2 to cyclic carbonates which can find many synthetic applications.^* 

While there is a plethora of procedures employing metal based catalysts/* an interesting 

procedure, based on the use of catalytic amounts of phenol and an organic base {i.e., DMAP), 
was reported by Shi et al.^^ where terminal epoxides, such as 52, were converted to the 

corresponding cyclic carbonate (53) in excellent yields under high pressure and temperature 
conditions (Scheme 1.15, B).

Scheme 1.15 Chemical fixation of CO2 onto epoxides for the formation of cyclic carbonates 

(A) and phenol/DMAP catalysed CO2 fixation onto terminal epoxides (B)

O

meso-5

CO,
catalyst

O
A,o o

51

H,C

O

52

CO,
phenol, DMAP

3.57 MPa, 120 °C 
48 h

O
oAo

53100%

1.6.2 Terminal epoxides in nucleophilic transformations

The employment of terminal epoxides in organic synthesis is not only limited to ring opening 

chemistry typically associated with the oxirane moiety but it has also been extended to the 

generation and subsequent reaction of nucleophilic epoxides generated by lithiation reactions 

(see Section 1.3). However, a-lithiated terminal epoxides have proved to be a greater 

challenge than their corresponding internal analogues (upon which this chemistry was 

developed), due to their reduced C-H acidity and higher propensity to undergo ring opening. 

Recent studies have demonstrated how this class is now employable for the synthesis of 

polysubstituted epoxides. Direct stannylation of 54 was made possible by Hodgson and co

workers with the use of j-BuLi/DBB (DBB = dibutylbispidine. Scheme 1.16) followed by 

quenching with BuSnCl affording 55 in good yield. C-C bond formation was also possible 

with the same methodology where the electrophilic portion consisted of an aldehyde. 54 can 

be converted to the disubstituted epoxide 56 in 75% yield (Scheme 1.16). This protocol 

demonstrated that the lithiation of terminal epoxides is possible without the need for structural

12
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requirement typically required by this chemistry {i.e., anion stabilising groups, see Section 

1.3).

Scheme 1.16 Tandem lithiation/trapping of terminal epoxide 54 for the formation of 

substituted epoxides

O O

Stannylation

1. s-BuLi/DBB 
hexane, -90 °C

CioH21^ 2. BuaSnCI C10H21 SnBus

54 55 78%

C-C bond formation

Q 1. s-BuLi/DBB 
hexane, -90 °C O

C10H21 2 PhCHO

54

CinH?
OH

56 75%

Ph

Hodgson et al. has also demonstrated how unsaturated terminal epoxides can undergo 

stereoselective LTMP-induced cyclopropanation (LTMP = lithium tetramethyl piperidide). 

The unsaturated terminal epoxide 57 can be converted in good yields to 58 simply by 

treatment with LTMP in ether (Scheme 1.17, A). This process allows the construction of 

substituted bicyclic systems that can be further modified.^'* One example of the broad scope of 

the protocol is the synthesis of 60, a precursor in the total synthesis of (-(-)-P-cuparenone, from 

the unsaturated epoxide 59 with complete stereoselectivity (Scheme 1.17, B).

Scheme 1.17 Hodgson’s stereoselective LTMP-induced cyclopropanation of terminal 

epoxides
A

LTMP
OH

EtjO, 0 - 20 TD
57

..r
58 80%

O,

J '59 60 (-^)-p-cuparenone

Recently a novel Ni-catalysed cross coupling reaction between styrene oxide derivatives and a 

variety of aromatic boronic acids, for the preparation of secondary alcohols (although in a

13
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racemic fashion) through a benzylic Csp3-0 activation followed by an isomerisation/arylation 

process, has been reported (Scheme 1.18).^^ Styrene oxide 1 was converted to 61 in 77% yield 

by treatment with phenylboronic acid with catalytic amounts of Ni(cod)2 and BrettPhos 

(Scheme 1.18).

Scheme 1.18 Ni-catalysed cross-coupling of styrene oxide 1 with phenylboronic acid

O
PhB(OH)2(1.2 eq.) 
[Ni(cod)2] (10 mol%) 
BrettPhos (20 mol%)

K3P04,toluene/H20 
100 °C, 4 h

1.7 The asymmetric synthesis of epoxides by olefin epoxidation

The asymmetric synthesis of epoxides is traditionally associated with olefin oxidation 

reactions. These methodologies, which have been widely studied and developed, typically 

employ substoichiometric amounts of metal catalysts along with a variety of oxygen donors 

(e.g., H2O2, THBP, mCPBA) and have been known for more than a century.^^ However, 

asymmetric versions of these have started to appear in the literature only from the 1950s. 

Following is a brief review of the most representative (and successful) examples of olefin 

asymmetric epoxidation reactions, followed by their application in the synthesis of 

enantioenriched terminal epoxides.

1.7.1 Sharpless asymmetric epoxidation of allylic alcohols

The oxidation of olefins for the preparation of epoxides became a matter of great relevance in 

the early 1980s.^’’^* Pioneering studies by Sharpless^^ demonstrated that when the epoxidation 

of geraniol (62) was performed with either peracids {i.e., mCPBA) or dimethyldioxirane, the 

more reactive (electron rich) isolated double bond was epoxidised affording 63 (Scheme 1.19, 

A), while with the use of VO(OEt)3/THBP system, the least reactive allylic double bond, 

which is characterised by a lower HOMO due to the interaction between the 7i and a* of the 

CO bond, was selectively epoxidised, affording 64 (Scheme 1.19, A). Yamada^®'^’ and 

Sharpless independently demonstrated that moderate levels of enantioselectivity could be

14
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achieved in the epoxidation of allylic alcohols with the employment of an optically active 

ligand. While V02(acac)2/L*/THBP revealed to be a poor enantioselective epoxidation 

method for allylic alcohols (up to 35% ee. Scheme 1.19, B), it later found applicability in the 

synthesis of homoallylic alcohol-derived epoxides, where good to high levels of

enantioselectivity can be achieved with this methodolody. 62

Scheme 1.19 Vanadium catalysed (asymmetric) epoxidation of geraniol (62) reported by 

Sharpless

THBP, VO(OEt)3

OH

>99%

C-l

The breakthrough in this field was reported by Katsuki and Sharpless. They found that a 

catalytic system constituted of dialkyl tartrate, titanium isopropoxide and tert- 

butylhydroperoxide (THBP) was capable, efficiently and in a predictable manner, to produce 

epoxides from allylic alcohols with high enantioselectivity (Scheme 1.20). The optimum 

catalytic system was found after serendipitous discoveries. It was found that metal alkoxide 

bearing more than two alkoxy ligands could be used as a catalyst for the asymmetric 

epoxidation, and that tetra- or pentaalkoxide ligands were preferred for the formation of stable 

chelate complexes with optically active ligands (such as dialkyltartrate). More importantly, it 

was found that titanium complex bearing a multidentate ligand, such as dialkyl tartrate, 

exhibited a higher catalytic activity than the parent titanium tetraalkoxide, a phenomenon also 

known as ligand acceleration.^^ The same ligand acceleration was not detected when hafnium, 

vanadium, niobium, or tantalum were employed as the metal ion component.
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Scheme 1.20 Mnemonic for predicting product configuration in the Sharpless asymmetric 
epoxidation of allylic alcohols and the proposed catalytic complex

(S,S)-(-)-dialkyl tartrate 
oxygen transfer

Ti(0/Pr)4

66 ^oh/ THBP.CH2CI2

(fl,fl)-(+)-clialkyl tartrate 
oxygen transfer

R,

O

67

Rp

OH

R.
o'

ent-67
OH

The use of the chiral dialkyltartrate ligand is pivotal, and its configuration controls the sense 

of asymmetric induction. When the allylic alcohol 66 is described with the hydroxymethyl 

group on the bottom right (Scheme 1.20), the oxygen atom transfer will occur from the 

bottom face (as drawn) using (l?,7?)-(+)-DAT affording 67. The attack will occur from the top 

side if (5,S)-(-)-DAT is used and ent-67 will be produced. Typical product ee levels are in the 

region of >90%, while in contrast, when (Z)-bulky substituents are present the 

stereoselectivity is considerably lower. While the initial report was based on the use of a 

stoichiometric amount of titanium ion, due to the sensitivity of the metal towards water, a 
catalytic version was then developed involving the employment of molecular sieves.^^ 

However, even if the catalytic loading of catalyst is obviously preferred over the 

stoichiometric version for many reasons, including cost and practical considerations, the latter 

version is in use in many cases, thanks to the generally higher enantioselectivity achieved for 

almost all the substrates. The requirement for an allylic alcohol substrate is a great limitation 

associated with this methodology, however this procedure can be considered without any

doubt a milestone in this field. 65

1.7.1.1 Sharpless epoxidation: application to terminal olefins

The structural requirements for the Sharpless asymmetric epoxidation limit the protocol to 

allylic alcohol substrates. However, the synthesis of terminal epoxides can be accomplished in 

the case of terminal olefins such as 68. Sharpless reported that the oxidation of allylic alcohol 

68 afforded the synthetically useful glycidol 69 in moderate yield and high ee, despite

practical problems associated with the workup procedures (Scheme 1.21).

16
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Scheme 1.21 Glycidol synthesis by Sharpless asymmetric epoxidation

.OH

68

Ti(0/Pr)4 (5 mol%) 
(+)-DIPT (6 mol%)

TBHP, 3A MS 
CH2CI2, -20 °C 69 60%, 90%
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\.12 Katsuki-Jacobsen epoxidation: 

unfunctionalised olefin

asymmetric epoxidation of

The need for a system with no restrictions over the substrate structure was partly satisfied by 

the discovery, independently reported by Katsuki^® and Jacobsen,®’ of a process for the 

asymmetric epoxidation of unfunctionalised olefins catalysed by a chiral (salen)-manganese 

complex with simple oxidants such as PhIO, NaOCl, H2O2 and oxone.®* Easily accessible 

chiral salen ligands (general structure 72, Scheme 1.22) can be synthesised by coupling 

between 1,2-diamines 70 and substituted salicylaldehydes 71. This ease of preparation allows 

a catalyst design where steric and electronic properties can be finely and easily tuned, leading 

to a vast number of possibilities (they are also employed in industrial processes®^), generally 

speaking, to achieve high enantioselectivity levels the catalyst design must incorporate two 

simple, but necessary, structural properties: 1) a dissymmetric diimine bridge, which derives 

from a C2-symmetrical 1,2-diamine and 2) bulky substituents on the 3 and 3’ positions of the 

salicylaldehyde moiety.’° The highly enantioselective catalyst (S,S)-73 reported by Jacobsen” 

exhibited remarkable enantioselectivity for the epoxidation of (Z)-olefins (Scheme 1.22).
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Scheme 1.22 Generic synthesis of (salen)-Mn complex 72 and the application of (5,S)-73 to 

the asymmetric epoxidation of (Z)-olefin 74

R R

R R

HgN NH2

70

O/ \
PYT ^CHa 

75, 90% ee
CH2CI2, 4 °C, 4 h

These structural features cooperate during the approach of the olefin to the oxo-metal 

complex, impeding the access from the sides and the front (as drawn, Figure 1.3), leaving the 
backdoor open for the olefin to approach where the stereochemical communication between 

the catalyst and the substrate is at its maximum due to the chirality transfer from the 1,2-

diamine moiety (Figure 1.3). 72

Figure 1.3 Stereochemical rationale associated with the use of (salen)-Mn complex in the 

asymmetric epoxidation of (Z)-olefins

Ph

H

.CH3

H
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A mnemonic rationale for the (salen)-Mn-catalysed epoxidation of a generic olefin is depicted 

in Figure 1.4.

Figure 1.4 Mnemonic rationale for the Jacobsen-Katsuki epoxidation of unfunctionalised 

olefins
(S,S)-73
NaOCI O

(. /)
77

O
tIA

{R,R)-73
NaOCI

/ \
<x />

ent-77

Katsuki demonstrated that the presence of chiral axes on the aromatic portion could contribute 
to the enhancement of the enantiomeric induction.’^ He discovered that, even in the absence 

of a chiral diamine backbone, when the chiral information is located on the salicylaldehyde 

unit, good product ee could be achieved. He also demonstrated that when chiral diamines and 

chiral moieties on the salicyladehyde are present together in a synergistic combination of 

enantiomers (i.e., a “matched” scenario) as in the case of 80, excellent levels of 
enantioselectivity can be achieved (Scheme 1.23).^''

Scheme 1.23 Katsuki’s “double induction” catalyst (5,S)-80 for the epoxidation of (Z)-olefins

(S,S)-80 
(2.5 mol%)

PhIO
CH2CI2

78
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Catalyst (5,5)-80 afforded high yields and excellent enantioselectivity levels for a range of 

unfunctionalised olefins, as the asymmetric centres in the ligand are very close to the reaction

site. 75

(£)-01efins typically represent a challenging class of substrates for this procedure.^® Recently 

Jacobsen reported that the novel catalyst 83 afforded high enantioselectivity in the
77epoxidation of (£)-olefins (Scheme 1.24).

Scheme 1.24 Jacobsen’s catalyst 83 for the asymmetric epoxidation of (£)-stilbene

O
83 (5 mol%)

mCPBA
NMO

-78 “C, CH2CI2

(R,/?)-82 80%, 86% ee

Alternatively, the epoxidation catalysed by (S,S)-73 in the presence of an alkaloid-derived 

phase transfer catalyst 84 results in the formation of rran.r-products almost exclusively from
78(Z)-olefins, although the reason for this is not fully understood (Scheme 1.25).

Scheme 1.25 Jacobsen’s catalyst {S, S)-73 in conjunction with PTC 84 for the epoxidation of 

(Z)-olefins to tran^-stilbene oxide derivatives

Cl

Ph CH3 (S,S)-73 (4 mol%) Ph' 
NaOCI

O

CH,

74 75 90% ee 
27:1 dr

Given the difficulties associated with the enantioselective synthesis of rran5-epoxides, it is
56 79 80 81quite surprising that trisubstituted olefins react in a enantioselective manner. ' ' ’
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1.7.2.1 Katsuki-Jacobsen epoxidation: application to terminal olefins

Terminal olefins represent another challenging class of substrates for (salen)Mn-catalysed 

epoxidation. However, Jacobsen reported that the use of (5,S)-86 in conjunction with mCPBA 

and A-methylmorpholine-A-oxide, afforded good results for the epoxidation of styrene 85. 

Styrene oxide (1) was indeed recovered in 86% ee (Scheme 1.26), although in this case low 

temperature conditions were required.

Scheme 1.26 Jacobsen’s asymmetric epoxidation of terminal olefins catalysed by (S,5)-86

85

(S,S)-86 (4 mol%)

mCPBA
NMO

CH2CI2, -78 °C

More recently (salen)-titanium complexes, described by Katsuki, have been employed in the 

epoxidation of unfunctionalised olefins, including terminal alkenes. However, the levels of 

product ee obtained in the synthesis of 1 did not exceed those reported by Jacobsen with the

use of (5,5)-86. 84

1.7.3 Metal-porphyrin catalysts

The porphyrin-catalysed asymmetric epoxidation represents an interesting and growing
oc

research field. The reactive species is an oxo-metal intermediate (structurally similar to the 

oxo-metal species in the (salen)-metal catalysed epoxidation), inserted in a rigid planar 

macrocycle that carries pendant chiral groups on the outer sphere.*® The design of porphyrin 

catalysts has to deal with the problematics associated with creating a chiral environment able 

to influence the stereochemical course of the reaction from remote parts of the j'p^-hybridised 

coordination sphere in a flat porphyrin ring. Collman and co-workers have reported various 

examples of highly enantioselective porphyrin catalysts for olefin epoxidations. Mn-porphyrin 

catalyst 87 (Figure 1.5) was designed with a threitol-derived strap that involves only one of 

the two non equivalent faces. The oxo-metal moiety was suggested to reside within the

21



Introduction

asymmetric cavity (Figure 1.5), leading to a near perfect stereochemical communication 
between the catalyst and the substrate during the epoxidation.

Figure 1.5 Threitol-derived porphyrin catalyst 87

1.7.3.1 Application to terminal olefins

The same group reported a novel iron-porphyrin complex, synthesised by connecting 

binaphthyl moieties to a porphyrin ring, in which the threitol-derived strap ligand is replaced
go

by a pseudo-Cj axis of symmetry, bisecting the plane of the porphyrin. In this structure, 

which resembles a six-membered chair cyclohexane conformation, there is enough space for 

the olefin to approach the oxo-metal species, and at the same time a chiral environment in 

proximity of the active species is created. Using iodosylbenzene as the stoichiometric oxidant, 

low catalyst loadings were needed (as low as 0.1 mol%), exhibiting high turnover numbers 

and high enantioselectivity for the epoxidation of styrene derivatives (up to 88% ee, Scheme 

1.27).
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Scheme 1.27 Asymmetric synthesis of terminal epoxides catalysed by 88

A similar C2-symmetrical iron-porphyrin catalyst was later developed by Rose which was

able to achieve an enantioselectivity as high as 97% in the asymmetric epoxidation of 85.

1.7.4 Dioxirane-mediated olefin epoxidation

89

The oxidation of organic compounds by means of dioxiranes has emerged as a powerful

synthetic tool over the last 20 years.90,91,92 Dioxiranes can be generated in situ from ketones

(89, Scheme 1,28) by the action of oxone^^'^'^ (potassium peroxomonsulfate, 90) and they have 

been exploited for the oxidation of olefins, sulfides and amines. After formation of the 

dioxirane species 93 the oxygen atom is transferred to an incoming alkene 94 affording the 

epoxide 95, The ketone 89 is regenerated at the end of cycle, a feature that meets the criteria 

for a catalytic cycle. This mode of action has been debated intensively, as the orientation of 

the dioxirane while approaching the olefin has important implications for potential 

stereoinduction models. Proposed spiro and planar transitions states (Scheme 1,28) represent 

two completely opposite mechanistic proposals, A spiro transition state was initially proposed 

by Baumstark^^'^^ after the observation that (Z)-olefins reacted 7-9 times faster than the 

corresponding (£)-olefins with dimethyldioxirane. While in the case of a planar transition 

state unfavourable interactions can occur (98 and 99, Scheme 1,28), the absence of 

interactions between the methyl groups of the dioxirane and olefin substituent (97, Scheme 

1,28) was deemed as evidence for a spiro conformation transition state as the energetically 

favourite. Computational studies by Houk have confirmed the spiro as the most favourable

transition state due to being lower in energy.97
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Scheme 1.28 Proposed catalytic cycle for dioxirane catalysed epoxidation (A) and spiro vs 
planar activation modes (B).

P. R3

RjP Me

H-C/
Spiro-frans

96

Planar-frans
98

R̂2'iQ Me

H
Spiro-c/s

97

H .^Me

r,^^^r/

Planar-c/s
99

The design of highly enantioselective ketone-based catalysts has become a field of great 

interest since Curci first demonstrated the ability of chiral ketones to induce asymmetry.’* 

Examples of new chiral ketones have been reported in both catalytic”’and 
stoichiometric'°''’°^''°* amounts. In 1996 Yang’®'* reported her findings on the structural 

requirements for enantioselective ketone catalysts. She found that ketone catalysts bearing 

electron-withdrawing groups adjacent to the carbonyl moiety, such as halogens or acetates, 

exhibited superior enantioselectivity in the epoxidation of (£)-olefins. Her C2-symmetrical 

ketone 102, possessing an ester adjacent to the ketone functionality, was able to mediate 

epoxidations of (£)-stilbene derivatives with ee as high as 95%.'°^’''^

Scheme 1.29 Yang’s chiral ketone 102 for the asymmetric epoxidation of (£)-olefins
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Non C2-symmetrical ketones capable of promoting high enantioselective olefin epoxidation 

were reported by Shi.'°^ The fructose derived-catalyst 103 was able to induce excellent levels 

of enantioselectivity, particularly with substituted (£')-olefin substrates.Shi’s catalyst was 

also employed in catalytic amounts (30 mol%), after the discovery of the important effect of 

pH on the reaction outcome. It was proposed that higher pH could suppress the decomposition 

pathways associated with 103, while enhancing the nucleophilicity of oxone, resulting in an 

overall improved substrate conversion.Ketone 103 was later reported to be synthesised via 

an inexpensive route which can afford both enantiomers of the catalyst.103 has also been 

recently applied to the asymmetric epoxidation of enol esters and silyl enol ethers as 

substrates, affording optically active enol ester epoxides and a-hydroxy ketones 

respectively."’

Scheme 1.30 Shi’s fructose derived catalyst 103 in the asymmetric epoxidation of (£)-stilbene

103 (30 iTiol%) 

oxone
NaHCOa, MeCN 

-lOtoO “C

O

(R,R)-B2 85%, 98% ee

General rules have been postulated for the design of new ketone catalysts: a) stereogenic 

centres need to be close to the reaction centre in order to have an efficient stereochemical 

communication between substrate and catalyst, b) the presence of a fused ring (or quaternary 

centre) adjacent to the carbonyl group greatly reduces the possibility of epimerisation at the 

stereogenic centre, c) one face of the catalyst should be sterically blocked to impede the

substrate approach on from the undesired side. 107

1.7.4.1 Application to terminal olefins

Recently Shi reported that the use of 104 in catalytic loading (20 mol%) resulted in an
112excellent enantioselective epoxidation protocol compatible with terminal olefins. For 

instance, styrene (85) can be converted to styrene oxide (1) in moderate yield (63%) with high 

enantioselectivity (90% ee. Scheme 1.31).
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Scheme 1.31 Asymmetric synthesis of terminal epoxides catalysed by 104

85

o
104 (20 mol%) 

oxone (syring pump)

KjCOg-AcOH 
EDTA (aq. pH 8.0)

BU4NHSO4 (R)-1 63%, 90% ee 
DME, -10 °C

Proposed spiro transition state

Ar

1.7.5 Nucleophilic oxidation of electron-deficient oleHns

Nucleophilic oxidation of electron-deficient alkenes is another attractive route to epoxide 

synthesis. The typical reaction of enones with hydrogen peroxides and sodium hydroxide 

affords good yields of 2,3-epoxyketones. Early reports concerning an enantioselective version 

of this reaction employed the benzylchloride salt of quinine 105 as a phase transfer catalyst 
for the epoxidation of chalcone 106 (Scheme 1.31)."^’'''* Even though only moderate levels of 

enantioselectivity were achieved, modifications have later been applied to the process, thereby 
broadening both the reaction scope and enantioselectivity.''^’"^

Scheme 1.32 Asymmetric nucleophilic oxidation of chalcone with PTC 105

O

106 toluene 
25 48 h

{R,R)-^07 90%, 86% ee

The most famous procedure is probably the Julia-Colonna epoxidation 117,118 The use of

polyalanine employed as a phase-transfer catalyst in a triphasic system consisting of water, 

toluene and polyalanine (which does not dissolve in either solvents) resulted in very high
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enantioselectivity for the epoxidation of chalcone."*’"’ This process was scaled up and 

employed in the synthesis of leukotriene antagonist SK&F 104354."® Itsuno’^° later 

developed a polymer-supported polyaminoacid (alanine or leucine) that allowed for an easier 

work-up and efficient catalyst recovery. It has been recently demonstrated that this reaction 

could be used for a broader range of substrates, where enantioselectivity levels were high 

provided that the enone was substituted at the (3-position. ' ’ Recent developments by

Roberts demonstrated that the use of anhydrous urea-hydrogen peroxide with DBU in a 

biphasic system (polymer and solvent) avoids many practical problems associated with the 

original procedure, such as oxidant decomposition, long reaction times and inconvenient

work-up, resulting in a rapid and highly enantioselective epoxidation (Scheme 1.33) 124,125

Scheme 1.33 Asymmetric nucleophilic oxidation of chalcone using poly-L-Leucine

O

Ph Ph
Immobilised poly-L-Leucine 
---------------------------------- ^ Ph

106
Urea-HjOg, THF 

DBU, 0.5 h (S,S)-107 100%, >95% ee

Metal ion-catalysed nucleophilic epoxidation of enones represents an alternative approach to 

those previously mentioned. The ability of a chiral ligand-metal complex to produce the 

corresponding epoxides from (£)-enones in the presence of 4A molecular sieves in good 

yields and excellent ee was reported by Shibasaki'^® with the use of lanthanoid-BINOL 

complex 108 in conjunction with THBP (Scheme 1.34). While the lanthanide catalyst is 

believed to be oligomeric, the Ln-alkoxide moiety activates the hydroperoxide to form a Ln- 

peroxide which promotes the Michael addition, while the metal centre is believed to act as a

Lewis acid in the activation of the enone. 127
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Scheme 1.34 Shibasaki’s BINOL-Ln complex 108 in the asymmetric nucleophilic oxidation 
of chalcone

O

(/?,fl)-107 93%, 91% ee

Ln = La, Yb

More recently, a variety of methodologies has been developed for the asymmetric epoxidation 

of enones, including the oxidation of cyclic a,|3-unsaturated ketones using cinchona alkaloid- 

derived quaternary ammonium salt catalysts, ' stoichiometric chiral hydroperoxides ’ 

and phase-transfer catalysed epoxidation.'^^ To date there is no application for the 

enantioselective synthesis of terminal epoxides.

1.7.6 Darzens condensation

The Darzens condensation (or simply Darzens reaction) is a well known methodology for the 

formation of epoxides bearing electron-withdrawing groups, such as amides or esters. Upon 

deprotonation of an a-haloester (or amide) 109 the a-halo enolate 110 is formed. This is 

followed by the addition of the enolate to the carbonyl compound 111 forming the tetrahedral 

intermediate 112, followed by ring-closure of the alkoxide with the halide as the leaving 

group, affording the epoxyester (or epoxyamide) 113 (Scheme 1.35).

Scheme 1.35 Darzens condensation: reaction mechanism

O
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109
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O O
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Three main approaches to the asymmetric Darzens reaction have been developed: 1) use of 

chiral auxiliaries, such as Evans’ 2-oxazolidinone, have been employed, 2) exploitation of 

reagents chirality and 3) use of chiral catalysts.' The third approach is obviously the most 

desirable, as the employment of substoichiometric amounts of (usually relatively expensive) 

chiral materials can be aspired. Phase transfer catalysts have so far been the most exploited, as 

they can effectively provide the enolate formed in an asymmetric environment. 

However, only moderate levels of product ee have been obtained so far. A notable example is 

represented by the chiral ammonium PTC 114 derived from BINOL for the formation of 

epoxyamides (Scheme 1.36).'^^’'^^

Scheme 1.36 Catalytic asymmetric Darzens reaction for the epoxyamide formation

O

115

NPh, PhCHO 
RbOH-HjO 

CH2CI2, 42 h, rt

Ph'

O

CONPh,

116 81% (2.3:1 di) 
cis 58% ee 

trans 63% ee

Despite the improvements made over the last 30 years, the scope of the reaction remains quite 

limited. No application has been reported in the synthesis of terminal epoxides.

1.7.7 Kinetic resolution of terminal epoxides

The enantioselective synthesis of terminal epoxides from prochiral substrates is still an 

unsolved problem. To achieve high enantioselectivity, an approach based on a kinetic 

resolution of a racemate is employed, complementary to the aforementioned olefin oxidation, 

where only one of the enantiomers of the racemate is attacked by a nucleophile which is 

directed by a chiral catalyst. Following the studies on the (salen)-CrN3 complex catalysed 

epoxide ring opening for the kinetic resolution of terminal epoxides with azides, Jacobsen 

reported a development of the system based on a hydrolytic kinetic resolution'^^ process 

where a (salen)-Co catalyst was employed. It is worth noting that the advent of this famous 

process relies on two serendipitous discoveries.
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After the discovery of the potential of carboxylic acids as nucleophiles for the ARO of 

epoxides (see Section 1.2.1),^^ the application of the same process to terminal epoxides 

resulted in the undesired formation of a diol in high ee. This was surely due to the presence of 

adventitious water in the reaction mixture, but at the time origin of the product was still 

unclear, as the diol could have been produced by either an enantioselective epoxide hydrolysis 

or the simple hydrolysis of the benzoate ester ring-opened product expected from the reaction. 

To explore the possibility of a hydrolytic ring-opening process, a test substrate, 1-hexene 

oxide, was converted cleanly and in high ee to the ring-opened diol in the presence of {R,R)- 

11. The excitement did not last for long though, as other epoxides, such as propylene oxide or 

1-decene oxide were completely unreactive under the same conditions. These confusing 

results were later explained with the (lucky) presence of traces of acetic acid residual from the 

manufacturing process in the 1-hexene substrate. This was found to be necessary for the 

hydrolytic kinetic resolution as it promoted the aerobic oxidation of (i?,/?)-ll to the 

catalytically active Co(III) com.plex (i?,/?)-ll-OAc (Schem.e 1.37).

The catalytic system is able to catalyse the ring opening reaction of racemic 52 with water as 

a nucleophile, in the presence of benzoic acid as promoter, with concomitant production of a 

1,2-diol adduct and recovery of the unreacted epoxide in >99% ee and 40-45% yield. 

(/?,/?)-! 1-OAc is therefore able to direct the ring opening process towards one enantiomer and 

leave the other virtually untouched. Substrate scope has been broadened over the years to 

include aliphatic, a-halo, olefmic, carbonyl-containing, and aromatic terminal epoxides.

This kinetic resolution has become a milestone for the terminal epoxide synthesis, as they are 

readily available in a racemic fashion and the process employs water to open the oxirane. The 
catalyst is rather inexpensive and both the unreacted material and addition product are 

recovered in high yields and excellent enantioselectivity, results that none of the asymmetric 

olefin epoxidation procedure can afford. Developments of the protocol were reported later 

with the possibility of employing different nucleophiles, such as phenol.However, it is 

necessary to point out that this process is a kinetic resolution, so it is intrinsically low in yield 

as one enantiomer is destroyed (converted to another product) during the process.
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Scheme 1.37 Jacobsen’s kinetic resolution of propylene oxide with water catalysed by {R,R)-
11 1 (0.2 mol%)

AcOH (0.4 mol%)
n ui-O m cc \ r\ OH

H.-jC" R-1.S °C. HX" H3C
OH

(±)-52

5-15 °C 
12 h (S)-52, 48% (fl)-117, 50%

98.6% ee 98% ee
K,el=>400

(Bu
AcOH

O2 (air)
tBu

1.8 Synthesis of epoxides by sulfonium ylide-mediated epoxidation

The sulfonium ylide-mediated epoxidation represents a complementary approach to the 

alkene oxidation methodology (Scheme 1.38, A). If an epoxide has to be prepared fromi a 

carbonyl precursor, the oxidation pathway requires a Wittig (or related) olefination (to control 

the relative stereochemistry) removing an oxygen, followed by the asymmetric epoxidation 

(to control the absolute configuration) to reinstall the oxygen. On the other hand, the 

sulfonium ylide epoxidation can afford, in one regio- and stereocontrolled step, epoxides with

defined relative and absolute stereochemistry (Scheme 1.38, B). 143

Scheme 1.38 Retro- (A) and synthetic (B) analysis for epoxide formation via olefin oxidation 

and sulfonium ylide epoxidation

oxidising carbonyl
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In 1958 Johnson,during the search for a sulfonium ylide analogue of the phosphonium 

ylide-mediated Wittig reaction, reported that the reaction between 9-dimethylsulfonium 

fluorenylide 118 and 4-nitrobenzaldehyde 119 afforded the epoxide product 120 rather than 

the expected olefin, with evolution of dimethylsulfide 121. Only a few years later Corey and 
Chaykovsky'"^®’’'*^ developed two simple but powerful ylides that are still in use nowadays: 

sulfonium and sulfoxonium ylides 123 and 124. Since then the reaction has been known as 

Johson-Corey-Chaykovsky epoxidation (JCC, Scheme 1.39).'"'*

Scheme 1.39 Johnson’s findings concerning the reaction of 118 and Corey-Chaykovsky’s 
sulfonium and solfoxonium ylides 123 and 124

Johnson
(1958) O

M62S

121

Corey-Chaykovsky
(1962)

122

123
1 h, rt

or
124

1 h, 50 °C

Q

1 56%

0

123 124

The scope of the reaction includes the formation of aziridines (from imine precursors)'"*^ and 

the cyclopropanation of a,P-unsaturated carbonyl compounds (vide infra) 

Sulf(ox)onium ylide chemistry has been developed and found many applications over the last 
40 years, including reactions in ionic liquids,formation of oxetanes (and azetidines),'^"* 

cycloaddition reactions'^"' and has found application in total synthesis.The formation 

of the ylide by means of bases other than sodium hydride (initially reported by Corey'"*’) has 

also been developed, currently including guanidine,'^* phospazene base'^^ as well as ylide

formation under phase-transfer conditions. 160

The reaction mechanism starts from the alkylation of the sulfide 125 to form the sulfonium 

salt 126. Deprotonation of the sulfonium salt affords the ylide 127 (that is the reactive 

species). In the following, rate-determining step, the electrophilic carbon of the aldehyde is
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attacked by the ylide to form the tetrahedral intermediate betaine 128 which then undergoes 

ring-closure with displacement of the sulfide 125. The regeneration of 125 allows the 

repetition of the cycle as it can be re-alkylated and react in a similar way (Scheme 1.40).

Scheme 1.40 JCC reaction mechanism
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The ylide reactivity depends on the charge stabilisation: sulfonium ylide 123 possesses no 

group able to stabilise the negative charge, and by virtue of that fact is highly nucleophilic. 

Sulfoxonium ylide 124 possesses a negative charge stabilising group (sulfoxide). In the 

reaction with a Michael acceptor, such as 130, the outcome of the reaction is governed by the 

ylide stabilisation (Scheme 1.41). While sulfonium ylide 123 attacks the carbonyl group 

affording 132 as the only product, in the case of sulfoxonium ylide 124 the attack on the 

carbonyl is still the fastest reaction, but the barrier for reversal to starting material is low due 

to the high stability of the starting materials.'^' On the other side, the 1,4-conjugate addition is 

non reversible and energetically favoured (a C-C bond is formed at the expense of a C=C 

bond rather than a C=0 bond), thus leading to the isolation of 135 as the major product

(Scheme 1.41) 162,163,164

Scheme 1.41 Reactivity difference between non stabilised (A) and stabilised ylides (B) 

towards 130
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Ylides 123 and 124 also exhibit different reactivity patterns in the reaction with t- 
butylcyclohexanone (136).’^^ While the use of 123 results in a favoured axial attack affording 

(ax)-137 as the major product, in the case of 124 only the equatorial adduct {eq)-\il is 

formed. This is probably due to a high degree of reversibility of the attack of 124 leading to 

the thermodynamic product, while in the case of 123 the kinetic product is favoured for a 

kinetically preferential, non reversible, axial attack (Scheme 1.41).

Scheme 1.41 Reactivity of sulfonium (123) and solfoxonium (124) ylides towards A-tert- 

butylcyclohexanone 136

,0 O O

136 (ax)-137 (e<7)-137
+

—s—
THF

83 17
1

123
0 °C

0
+"—s—

1
THF

65 °C

not
formed

only
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124

1.8.1 The asymmetric Johnson-Corey-Chaykovsky epoxidation

Sulfonium salts (as well as their ylide counterparts) are known to be tetrahedral and therefore 

able to exhibit optical activity.Racemisation of sulfonium salts is possible, 

however the energy barrier for this process is relatively high and sulfonium ylides decompose 

at temperatures required for the racemisation. ’ ’ Seminal studies from Trost

demonstrated that the ylide derived from 138 was stable under epoxidation conditions and, 

when 138 was subjected to deprotonation and reprotonation with DBF4, the deuterated 

product 139 exhibited the same optical activity of 138, therefore excluding the possibility of 

racemisation during the process (Scheme 1.42). However, when this sulfonium ylide was used 

in the epoxidation of benzaldehyde, no optical activity was detected in the product: styrene 

oxide 1 was produced in 0% ee (Scheme 1.42). In retrospect, we can certainly admit that Trost 

chose an inappropriate class of ylide for his testings (asymmetric methylene transfer is much 

more difficult than the corresponding benzylidene transfer reaction, vide infra) and this 

unlucky choice was later described by Aggarwal with these words: ‘had Trost attempted to
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use sulfonium benzylides, asymmetric epoxidation using chiral sulfonium ylides may have
taken off much earlier’. 143

Scheme 1.42 Trost’s findings concerning potential adamantyl sulfonium salt racemisation and 

asymmetric epoxidation of benzaldehyde

BF4
+ .CH2D

CH2CH3
139

[alD=+16

The level of enantio- and diastereocontrol depends largely on the nature of the reacting ylide. 

To design new chiral sulfides for the enantioselective epoxidation, a detailed (experimental 

and computational) investigation on the reaction mechanism has been performed, as their 

ability to stabilise the negative charge divides the ylides into three groups; stabilised, 

semistabilised and non stabilised ylides.A brief account on the historical development 

of each class will be given in the subsequent sections, followed by a summary of the findings 

studies concerning the factors that govern the diastereo- and the enantioselectivity.

1.8.2 The asymmetric epoxidation with stabilised ylides

Stabilised ylides possess an additional group capable of stabilising the negative charge {e.g., 

esters, amides). Even though ester-stabilised sulfonium ylides are generally known for the 

lack of reactivity towards aldehydes (except for 1,2 dicarbonyl compounds under specific 
conditions'^^'*^^), Aggarwal and co-workers have recently demonstrated that carboxylate- 

substituted sulfonium ylides (thetin salts) can be used in the asymmetric epoxidation in the
178synthesis of glycidic acids, however only with moderate enantioselectivity (up to 67% ee). 

There are no reports of successful epoxidations with the use of phosphonate-, cyano or 

sulfone-stabilised ylides. In contrast, amide-stabilised sulfonium ylides are capable of reacting 

with both aliphatic and aromatic aldehydes affording rranj-epoxides exclusively (an account 
on the diastereoselectivity of these processes will be given in Section 1.8.3.!).’^^ Dai and co-
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workers have investigated the reactivity of the camphor-derived sulfonium salt 140 in the 

synthesis of glycidic amides.Moderate to excellent yields (49-94%) and enantioselectivity 

(up to 72% ee) were achieved for the epoxidation of a range of aldehyde substrates. Dai 

rationalise the stereochemical induction observed as an effect of the hydroxyl group in 140, 

which he supposed was capable of controlling the aldehyde approach by hydrogen bonding 

interaction.

Scheme 1.43 Dai’s epoxy-amide synthesis via a stabilised sulfonium ylide

Y Br^ o

140

PhCHO(1.0 eq.)

KOH, MeCN 
rt

O

Ph^ ''CONEt2 

141 61%, 72% ee

Aggarwal'*' reported three years later that the replacement of the hydroxyl group with a 

methyl ether substituent had a beneficial effect on the enantioselectivity (141, Scheme 1.44), a 

result that was not in accordance with Dai’s hypothesis, proving that the putative hydrogen

bonding interaction had little effect on the enantiomeric induction.

Scheme 1.44 Aggarwal’s epoxy-amide synthesis via a stabilised sulfonium ylide

Br, o
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142

NEtp
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O
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141 93%, 97% ee

Glycidic amide synthesis via stabilised ylides has been recently reported by Metzner using 

177 as a catalyst (177 had found application for semistabilised ylides, vide infra) by in situ 

alkylation using a-bromoacetamide 146, followed by deprotonation and addition to various 

isatins (such as 143).'*^ The reaction afforded high diastereoselectivity however the 

enantiomeric excess of 144 was found to be a moderate 30% (Scheme 1.45).
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Scheme 1.45 Metzner’s glycidic amide synthesis from isatin using catalyst 177
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L8.2.1 Stereochemical rationale: diastereoselecitvity

As the reaction mechanism involves the formation of the betaine intermediate (with adjacent 

charges), followed by bond rotation and ring closure, Aggarwal performed crossover 

experiments to determine whether the betaine formation was reversible or not (Scheme

1.46). 183

Scheme 1.46 Crossover experiments to elucidate the degree of reversibility of betaine 

formation for amide-stabilised sulfonium ylides
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To understand the reasons for the complete rrani-diastereoselectivity Aggarwal and co

workers treated both anti- and j'yn-sulfonium salts (anri-147 and sjn-147 respectively. 

Scheme 1.46) with a base in the presence of the highly reactive 4-nitrobenzaldehyde (119) 

and observed 148 as the only product formed in both cases (Scheme 1.46). These results 

clearly indicated that both the syn- and aun'-betaine formations were reversible, resulting in 

the conversion of the reactive 4-nitrobenzaldehyde to the product as a trani'-epoxide only. The 

authors speculated that, as the two betaines are reversible in their formation, the C-C bond 

rotation possesses different energy barriers. In the ^yn-betaine two large groups need to 

eclipse one another to separate the charge before the ring closure (from 152 to 153, Scheme 

1.47), and this step requires more energy than that required to revert to the starting materials. 

The tran^-betaine does not suffer from the same impediment (from 149 to 150, Scheme 1.47) 

and it is the only productive C-C bond rotation, thus the C-C bond rotation/ring closure
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sequence is faster for the rran^-diastereomer, leading to the rran^-epoxide exclusively (151, 

Scheme 1.47).

Scheme 1.47 Rationale used to explain the observed diastereoselectivity in the amide- 

stabilised sulfonium ylide-mediated epoxidation of benzaldehyde
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The factors that govern the enantioselectivity are less clear, however a general trend in the 

enantioinduction has been identified in the equilibrium ratio of the two diastereometic 

betaines and the relative bond rotation of the two species (Scheme 1.48). The almost perfect 

enantioselectivity observed using 142 can be explained by a substantial difference in energy 

between the two diastereomeric species and their relative bond rotation rates (Scheme 

1.48).‘*'

Scheme 1.48 Rationale used to explain the enantioselectivity in the amide-stabilised ylide 

epoxidation of benzaldehyde with 142
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1.8.3 The asymmetric epoxidation with semistabilised ylides

1.8.3.1 Asymmetric catalysis by conventional Johnson-Corey-Chaykovsky

epoxidation

Whereas the stabilised ylide chemistry has not been the target of intense studies {vide supra), 

semistabilised ylides have become the objects of thorough investigations and a field of great 

interest for a number of research groups. Benzylidene transfer from a generic achiral benzyl 

sulfonium salt to benzaldehyde (122) affords the corresponding trans- and cw-82 in a 

diastereomeric ratio in favour of the fraui-adduct (Scheme 1.49), however the 

diastereoselectivity depends largely on the nature of the ylide and the carbonyl compound (for 

a full account on the diastereoselectivity see Section 1.8.3.4). The search for sulfide catalysts 

for the preparation of optically active epoxides by benzylidene transfer (and to a lesser extent 

allyl transfer) has resulted in a wide range of chiral catalyst and protocols for the asymmetric 

synthesis of epoxides (and often for aziridines). A brief review of the most efficient 

methodologies will follow with particular emphasis on the synthesis of rramr-stilbene oxide 

(82) as the benchmark substrate for results comparison.

Scheme 1.49 Benzylidene transfer benzaldehyde epoxidation via semistabilised ylide: 

formation of trans- and cis-82
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Furukawa reported the first example of a catalytic asymmetric epoxidation.'*'*''^^ Sulfide 155 

is treated with benzyl bromide (156) to form the sulfonium salt 157. Deprotonation by KOH 

(solid/liquid interface, CH3CN) furnished the ylide 158 that undergoes a reaction with the 

aldehyde, affording the epoxide and regenerating 155, which is ready to react again with the 

alkyl halide to reform the sulfonium salt (Scheme 1.50).
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Scheme 1.50 Furukawa’s proposed catalytic asymmetric epoxidation of benzaldehyde

Using this methodology enantioselectivity levels up to 47% ee were obtained for a variety of 

trani'-stilbene oxide derivatives with high catalyst loadings of 50 moi% (Scheme 1.51).

Scheme 1.51 Furukawa’s catalytic asymmetric benzylidene transfer to benzaldehyde and 4- 

chlorobenzaldehyde in the asymmetric synthesis of trans-82 and trans-160

CHO
155 (50 mol%) 
BnBr (1.0 eq.)
KOH, MeCN’

r1, 36 h

O

R = H 122 
R = Cl 159

R = H {2R,ZR)-82 
100%, 47% ee 
R = CI (2ft,3R)-160 
50%, 43% ee

The low level of enantioselectivity was probably due to the formation of a diastereomeric 

mixture of sulfonium salts upon alkylation. The ability of forming a single diastereomeric 

sulfonium salt (i.e., selective alkylation of one sulfur lone pair) is generally recognised as one 

of the key factors to achieve high enantioselectivity in the epoxidation reaction. A year later, 
Durst'*^ envisaged the possibility of avoiding the poor lone pair selectivity using a C2- 

symmetrical sulfide.^’ The group prepared three different C2-symmetrical sulfides. Once 

converted to their corresponding sulfonium salts (161, 162 and 163, Scheme 1.52), they were 

evaluated at stoichiometric loading under phase-transfer conditions and afforded high levels 

of enantioselectivity for benzylidene transfer {trans-82 was isolated in 64% ee. Scheme 1.52).
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Scheme 1.52 Durst’s Ca-symmetrical sulfide catalysts for the asymmetric epoxidation of 
benzaldehyde to trans-82 with stoichiometric loadings
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The same group reported a different class of sulfide catalysts.'®^ Interestingly, upon alkylation 

of the sulfur atom, only one diastereomer is formed (despite their non C2-symmetry), leading 

to only one ylide diastereomer after deprotonation and therefore high enantioselectivity for 

the benzylidene transfer (Scheme 1.53, A).

Scheme 1.53 Durst’s non C2-symmetrical sulfide catalysts in the asymmetric epoxidation of 

benzaldehyde to rran^-stilbene oxide (A) styrene oxide (B)
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It is noteworthy that when the same sulfide catalyst was applied to methylene transfer 

(catalyst 166, Scheme 1.53), styrene oxide (1) was produced in less than 50% yield and no 

asymmetric induction was observed (Scheme 1.53, B).
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188A different and successful sulfide catalyst design was reported by Solladie-Cavallo et al.

Derived from (+)-pulegone, 167 affords excellent enantioselectivity (up to 100%) when used

as a stoichiometric salt in benzylidene transfer reactions. As in the case of catalyst 165,

alkylation at the sulfur atom occurs on one lone pair only (as confirmed by X-ray

crystallography'^^). This could be due to steric either a clash with the neighbouring methyl

group or possibly to a 1,3 anomeric effect, as the equatorial lone pair may overlap with the C-
] 88O anti-bond orbital, therefore reducing its own nucleophilicity (Scheme 1.54).

Scheme 1.54 Solladie-Cavallo’s sulfonium salts 167-169 used in the formation of Irans- 

stilbene oxide (A) and styrene oxide synthesis (B) and proposed stereochemical rationale

PhCHO

122

HCHO

170

HCHO

170

167 {1.0 eq.) 

NaH, CH2CI2

168 (1.0 eq.)

O

(R,R)-B2 
80%, 99% ee

NaH, CH2CI2 Cr
(R)-171 73%, 98% ee

O
169 (1.0 eq.)

NaH, CH2CI2
{H)-172 55%, 92% ee

O------IS OTf
R'167 R' = CgHj

168 R’= 3,4-CI-C6H3
169 R' = naphthyl

O' '^Sh Na^O=^^

Catalysts 168 and 169 are also interesting from a terminal epoxidation standpoint: reaction of

168 with formaldehyde (170) afforded 171 in 73% yield and 98% ee, while the reaction of

169 with formaldehyde (170) afforded 172 in 55% yield and 92% ee.

The possibility of improving upon Furukawa’s system has attracted considerable attention. 

The late 1990s-early 2000s have been characterised by a growing number of different 

approaches. Dai and co-workers’^" prepared a range of chiral sulfides and evaluated them in 

both stoichiometric and catalytic amounts. The best results were obtained using exo-sulfide 

173, as trans-82 was formed as only one diastereomer in high ee (Scheme 1.55). Sulfide 174 

was then prepared and used in catalytic amounts affording trans-82 in good yield but only
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moderate levels of enantioselectivity (Scheme 1.55). The authors reported that when the 

hydroxyl group was replaced by an ether functionality the overall epoxidation (in both 

stoichiometric and catalytic loading) resulted in lower yields and ee, leading them to speculate 

that the hydroxyl group plays an active role in the face-selective addition to the aldehyde,

most likely involving a hydrogen-bonding interaction. 190

Scheme 1.55 Dai’s stoichiometric and catalytic asymmetric epoxidation of benzaldehyde 

using sulfide catalysts 173 and 174 under Furukawa’s conditions

PhCHO 

122 (1.2 eq.)

PhCHO 

122 (1.2 eq.)

Stoichiometric epoxidation 
O

173 (100 mol%)
Mel (2.0 eq.)

KOH (2.0 eq.)
MeCN, rt, 30 h {R,R).82 87%, 74% ee

Catalytic epoxidation

174 (20 mol%) 
PhCH2Br(1.2 eq.)

KOH (2.0 eq.) 
MeCN, rt, 15 h

O

{R,R)-82 97%, 42% ee

Metzner'^'’'^^ reported high enantioselectivity levels in the epoxidation of benzaldehyde with 

the employment of C2-symmetrical sulfide catalysts 175 and 176 in catalytic amounts (as low 

as 10 mol%, Scheme 1.56). In this case the enantioselectivity was found to be highly 

dependant on the solvent system used.'®^ A major drawback associated with this protocol is 

the long reaction times required with catalytic loadings (up to one month). Having identified 

the alkylation step as the rate-determining step of the cycle,further developments proved 

that BU4NI (and to a lesser extent Nal) had a beneficial effect in the acceleration of the 

alkylation of benzyl bromide by anion exchange (Scheme 1.56).
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Scheme 1.56 Metzner’s sulfide catalysts 175 and 176 used in the catalytic asymmetric 

epoxidation of benzaldehyde

PhCHO

122

Cat (10 mol%) 
BnBr (2.0 eq.) 

NaOH (2.0 eq.)

f-BuOH/HjO 9;1 
n-Bu4N+l‘ (1.0 eq.) 

rt, 6d

O

(S,S)-82
using 175; 82% (92:8 dr), 85% ee 
using 176: 90% (92:8 dr), 92% ee

175 R = Me
176 R = Et

The use of a stoichiometric amount of /i-Bu4NI, to generate benzyl iodide in situ, decreased 

the reaction time to 6 days (2 days were required using stoichiometric amounts of catalyst). 

The same group later reported a second generation of locked-conformation sulfides derived 

from D-mannitol.'®^ Two new sulfides 177 and 178 were designed to force the two methyl 

groups in C-2 and C-5 to occupy a pseudo-axitA position in 177 and a pseudo-tqudAondX 

position in the case of 178. The idea was to demonstrate the importance of the ring backbone 

conformation on the stereochemical outcome over the pure steric hindrance effects observed 

in the case of 175 and 176. Catalyst 177 afforded an impressive 96% ee in the synthesis of 

trans-82 in 24 h, however it was found to be poorly active towards different substrates (for 

example 4-chlorobenzaldehyde afforded the corresponding epoxide in 15% yield after 24 h). 

A new additive was found in BU4NHSO4, which was believed to speed up the reaction by 

acting as a phase transfer catalyst, extracting the base from the aqueous phase (Scheme 1.57).

Scheme 1.57 Metzner’s 2"'^ generation of locked-conformation sulfide catalysts 177 and 178 

used in the catalytic asymmetric epoxidation of benzaldehyde for the synthesis of trans-82

PhCHO

122

Cat (20 mol%) 
BnBr (2.0 eq.) 

NaOH (2.0 eq.)

MeCN/HgO 9:1 
n-Bu4NHS04 (0.2 eq.) 

rt, 24 h

O

(R,R)-82

using 177; 88% (83:17 dr), 96% ee 
using 178: 27% (82:18 dr), 50% ee (S,S)

Another interesting observation by Metzner involved the effect of the substituents on the C-3 

and C-4 positions. By changing the C-2 and C-5 configuration and keeping the configuration
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at C-3 and C-4 centres (from a cis- to a tran^'-junction, Scheme 1.57) a change in the sense of 

induction was observed, leading to the identification of the pivotal role of the C-2 and C-5 

configurations in determining the product stereochemical outcome.

Another general structural requirement for the design of sulfide catalysts capable of inducing 

high enantioselectivity was reported by Shimizu et Two structurally related sulfides 

were prepared and evaluated in the epoxidation of benzaldehyde. Catalyst 179 catalysed the 

formation of trans-Sl with complete rrani-diastereoselectivity and 78% ee (Scheme 1.58). In 

contrast catalyst 180, which bears the chiral moiety further from the reaction site, afforded 

marginal enantioselectivity (7% ee), proving that the chirality must be in close proximity with 

the reaction site (Scheme 1.58).

Scheme 1.58 Shimizu’s catalytic asymmetric epoxidation of benzaldehyde using sulfide 

catalysts 179 and 180 under Furukawa’s conditions

PhCHO

122

cat. (50 mol%) 
BnBr (2.0 eq.)

NaOH (2.8 eq.) 
MeCN

{R,R)-82
using 179: 52%, 78% ee 
using 180: 56%, 7% ee

Goodman and co-workers'®^ developed a highly hindered C2-symmetrical catalyst derived 

from D-mannitol. Under Furukawa’s conditions, catalytic loadings of 181 (10 mol%) resulted 

in an impressive 97% ee in the synthesis of trans-{R;R)-^2 (90:10 dr) after 4 days. However, 

product yields were only moderate (up to 59% for the stoichiometric process and 42% for the 

catalytic version) and the substrate scope was limited to highly reactive aldehydes, as the use 

of poorly reactive aldehydes {e.g., 4-anisaldehyde) did not afford products. Catalyst 181 could 

also be recovered at the end of the reaction in 70-90% yield (Scheme 1.59).
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Scheme 1.59 Goodman’s catalytic asymmetric epoxidation of benzaldehyde using sulfide 
catalyst 181 under Furukawa’s conditions

PhCHO

122

181 (10 mol%) 
BnBr (2.0 eq.) 

NaOH (2.0 eq.)

MeCN/HgO 9;1 
rt, 4 d

O

{R,R)-82
41% (90:10 dp, 97% ee

A number of sulfide catalysts has been reported for the preparation of trans-82 via 

benzylidene transfer epoxidation of benzaldehyde using Furukawa’s catalytic 

conditions.The most significant examples are depicted in Figure 1.5 with the 

corresponding results for the synthesis of trans-82.

Figure 1.5 Chiral sulfide catalysts employed in the catalytic asymmetric benzylidene transfer 

epoxidation of benzaldehyde for the synthesis of trans-82

Salto
63%, 56% ee 

91:9 dr 
50 mol%

96%, 32% ee 
100% dr 
10 mol%

78:22 dr 
10 mol%

OX
HN NH

•HH*

MeOOC
185

Metzner
50%, 70% ee 

70:30 dr 
10 mol%

66%, 83% ee 
76:24 dr 
20 mol%

YPh

Et

187
Aggarwal

97%, 90% ee 
87:13 dr 

100 mol%
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1.8.3.2 Ylide formation via carbene precursors

While other groups focused their attention to the modification and development of 

Furukawa’s catalytic cycle, Aggarwal and co-workers started their own investigation into a 

completely new approach for this reaction.^°^ In order to avoid the slow ylide formation by 

alkylation/deprotonation of a sulfonium salt precursor, the new approach for the ylide 

generation was based on a metal-catalysed decomposition of diazocompounds in the presence 

of a sulfide. By this method, the classic two-step ylide formation could be reduced to a single 

step and reaction conditions would be neutral, allowing application to base-sensitive 

substrates. The reaction of diazocompounds with sulfides in the presence of metal catalysts 

was already known for the preparation of sulfonium ylides and their subsequent conversion to

[2,3] sigmatropic rearrangement adducts.203,204,205 On the other hand, there was no data at the

time regarding the behaviour of diazocompounds in the presence of aldehydes. In particular, 

there were concerns about the possible side reactions known, such as homologation products 

of the aldehyde^®® (Scheme 1.60, A) or the reaction between the diazocompound and the

metal catalyst to form a dimer^*^' (Scheme 1.60, B).

Scheme 1.60 Possible side reactions: homologation of benzaldehyde (A) and dimerisation of 

the diazocompound (B)

PhCHO

122

PhCHNg
190

^hom

o o
Ph'

Ph Ph

188
Ph

189

Rh=CHPh

191

PhCHNg
190

Kw/m
Ph^

-Ph

81

Initial findings indicated that phenyldiazomethane (190) was a suitable diazocompound as it 

did not exhibit the high tendency to dimerise as diazomethane.^'’^ Rh2(OAc)4 was initially 

used as the metal salt, as it was already known for its ability to decompose diazocompounds 

in the presence of sulfides to form sulfonium ylides.The choice of the sulfide component 

moved from diphenylsulfide to the more nucleophilic dimethylsulfide,^'® in order to speed up 

the rate of ylide formation and avoid dimerisation processes (no homologation product such 

as 81 was ever observed though). Low concentration and slow injection of diazocompound

47



Introduction

190 (over 24 h) were found to maximise the epoxide yield. These conditions were indeed able 

to suppress the unwanted side reactions (Scheme 1.60, A and B) leading to a smooth catalysis 

(Scheme 1.61).

Scheme 1.61 Proposed catalytic cycle for the catalytic epoxidation of benzaldehyde using 

catalysed by Rh2(OAc)4-mediated decomposition of phenyldiazomethane and its application 

to base-sensitive aldehydes

General proposed catalytic cycle

RgS-CHAr
194

Rh2(OAc)4
193

AcO

CHO

Base-sensitive aldehydes employed 

O

X
XHO

EtO II
O o o

196 75% yield 197 73% yield 198 53% yield 199 80% yield 200 54% yield 
50:50 dr 33:33:33 dr 100:0 dr 90:10 dr 92:8 dr

Initial results were encouraging: a catalytic loading of dimethyl sulfide 121 (20 mol%) in the 

presence of phenyldiazomethane and Rh2(OAc)4 afforded trans-Sl in 76% yield (88:12 dr). A 

range of base-sensitive aldehydes was evaluated to prove the reliability of the process 

affording good yields of the corresponding epoxides.^” Following these initial findings, the 
protocol development was characterised by the employment of chiral sulfides,^'^ however low 

yields of trans-82 (and high yields of the undesired (£')-stilbene 81) were obtained when 

bulkier sulfides were employed (probably due to the lower reactivity with the rhodium salt). 

Changing the rhodium ligands had no effect in improving the yield, while switching to 

Cu(acac)2 resulted in higher yields (up to 97%) in the cases of all the sulfides evaluated. This 

was believed to be due to the ability of rhodium to retain the ligands during the 

diazocompound decomposition, resulting in a highly hindered complex where it is difficult 

for the sulfide to attack (193, Scheme 1.62). By contrast, in the case of the copper salt the
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diazocompound decomposition occurs with displacement of a ligand (201, Scheme 1.62). 
Ketone substrates were also found to be amenable under these conditions.

Scheme 1.62 Rhodium and copper complexes used in the decomposition of 

phenyldiazomethane

201 202

The optimised catalytic protocol was then evaluated with the employment of chiral sulfides. 

Sulfide catalysts 202 and 203 (previously reported by Durst) were initially evaluated as their

ability to promote asymmetric ylide-based epoxidation was already known (Scheme 1.63) 187

Scheme 1.63 Catalytic asymmetric epoxidation of benzaldehyde catalysed by Cu(acac)2- 

mediated phenyldiazomethane decomposition in the presence of sulfide catalysts 202 and 203

PhCHO + PhCHNp

cat. {20 mol%) 
Cu(acac)2

CH2CI2, ft

O

122 190 {R,R)-82
using 202: 58%, 11% ee 
using 203: 40%, 72% ee

While sulfide 202 afforded poor levels of enantioselectivity, good results were achieved with 

203, although the enantioselectivity levels achieved by Durst were never reached (Aggarwal 

also repeated the exact protocol reported by Durst using with 203, however he was only able
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213to detect only a 71% ee for trans-82 rather than the 96% ee reported by Durst). A new 

sulfide catalyst 208a, derived from (+)-(10)-camphorsulfony! chloride, was prepared and 

evaluated under optimised conditions. 208a afforded a 41% ee in the synthesis of trans-82 

(Scheme 1.64), however a large drop in yield was observed when it was employed in catalytic

amounts (20 mol% loading led to 12% isolated yield of trans-82. Scheme 1.64, entries 1-2).213

Scheme 1.64 Reaction concentration optimisation in the epoxidation of benzaldehyde 

catalysed by Cu(acac)2-mediated phenyldiazomethane decomposition in the presence of 

sulfide catalysts 208a for the synthesis of trans-82

PhCHO

122

PhCHNg

190

^ O

208a (x mol%)

Cu{acac)2 
CH2CI2 (cone.)

O

(R,R)-B2

entry loading (x %) cone. (M) yield (%) dr (trans.-cis) ee (%)

1 100 0.1 70 10:1 41
2 20 0.02 12 11:1 41
3 20 0.1 83 7:1 41

The slow formation of the ylide was probably responsible for the low yield observed with the. 

catalytic loading (entry 2). To solve this problem, the reaction concentration was raised in 

order to match the concentration of the stoichiometric process. The yield of trans-82 

increased to 83% while maintaining the 41% ee observed previously (Scheme 1.64, entry 
3).^'“* However, this result was inferior when compared to the enantiomeric excess obtained 

using Durst sulfide catalyst 203 under the same conditions. Once the preliminary studies on 

this catalyst structure were completed, the group moved forward on to design a new library of 

catalysts.

The design of new catalysts was based on the core structure of 208a. The catalyst 
development included two main features:

1) Selective lone pair alkylation of the sulfur in order to form a single diastereomer upon 

alkylation (as in the case of Durst’s sulfide 203, which possesses the ability of

50



Introduction

forming a single diastereomer upon alkylation), by shielding only one sulfur lone 
pair.

2) Ease of steric and electronic properties tuning, to allow structure modifications and 
test the ability of new sulfides to afford higher enantioselectivity.

A new sulfide catalyst library was therefore designed and prepared starting from (+)-(10)- 

camphorsulfonyl chloride 205 in a two-step synthesis (Scheme 1.65).

Scheme 1.65 Synthesis of chiral sulfide catalysts 208a-g from (-t-)-(10)-camforsulfonyl 
chloride

X/X-SZ-OH
BOjCI
205

-OH

0 °C
208a-g

208a R = H 
208b R = Me 
208c R = /Pr 
208d R = (Bu 
208e R = CH2Ph 
208f R = CH20Ph 
208g R = CH20Me

To render one sulfur lone pair more accessible, thus forming a single ylide diastereomer, the 

sulfur atom was incorporated into a cyclic structure (all of the best sulfide catalysts reported 
in the literature have this feature in common). To meet these criteria the axial lone pair in 

208a-g is shielded by the bridge moiety. A cyclic thioacetal was incorporated in order to 

control and vary the stereoelectronic properties by simply changing reagent used during the 

last step of the synthesis (Scheme 1.66).
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Scheme 1.66 Chiral catalyst screening in the catalytic asymmetric epoxidation of 

benzaldehyde catalysed by 208a-g

PhCHO + PhCHNa

Cat. (20 mol%) 
Cu(acac)2

CH2CI2, rt

O

122 190 {R,R)-82

entry catalyst yield (%) ee (%) dr (transrcis)

1 208a 83 41 >98:2
2 208b 73 93 >98:2
3 208c 45 93 >98:2
4 208d 0 - -

5 208e 56 88 >98:2
6 208f 43 83 >98:2
7 208g 70 92 >98:2

A library of catalysts was prepared and evaluated under optimised conditions. All of them 

afforded remarkable dr {i.e., dr >98:2) with moderate to excellent yield and ee in the synthesis 

of trans-82. A perfect balance in yield/e^ was found with 208b which furnished trans-82 in 

73% yield with an excellent 93% Further optimisation of the catalytic cycle included the 
screening of different metal salts that, however, were found to have no effect on the 

enantioselectivity of the process (proving that the metal does not participate in the epoxidation 

reaction). Solvent screening also confirmed CH2CI2 to be the optimal solvent (leading to the 

highest yield). The substrate scope was then evaluated with a range of aldehydes:^'^ while 

aromatic aldehydes afforded excellent ee, aliphatic aldehydes proved to be challenging 

substrates affording lower product yields and diastereoselectivity levels of the corresponding 
epoxides (Scheme 1.67).

Scheme 1.67 Catalytic asymmetric epoxidation of aliphatic aldehydes catalysed by 

Cu(acac)2-mediated phenyldiazomethane decomposition in the presence of 208b

RCHO + PhCHN2

190

208b (20 mol%) 
Cu(acac)2

CH2CI2

O

'Ph
R = n-CsHioO (2/7,3R)-209 

35%, 68% ee (92:8 dr)
R = Cy (2R,3R)-210 

32%, 90% ee (70:30 dr)
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The diastereoselectivity levels observed were higher than those obtained using a less hindered 

sulfide (for example the employment of tetrahydrothiophene resulted in a 84:16 dr in the 

synthesis of trans-82 under otherwise identical conditions). The greater diastereoselectivity 

observed was believed to be due to a higher degree of reversibility of the ^yn-betaine (increase 

of k.3 relative to Iq, Scheme 1.68), resulting in a preferential the formation of the /rauj'-adduct 

(see Section 1.8.3.4). The higher degree of reversibility can be explained by a greater ylide 

stability. This was justified by the presence of the oxygen and its ability to exert an anomeric 

effect so that the positive charge on the sulfur can be delocalised over the oxygen, 

contributing to the overall increase in the ylide stability (therefore increase of k.3). However, 

this contribution was obviously not powerful enough to afford a high dr in the case of

aliphatic aldehydes. 215

Scheme 1.68 The formation of trans- and c/5-82 via semistabilised sulfonium ylide-mediated 

epoxidation of benzaldehyde

O

'ph

trans-82

PhCHO +

?R2

A
Ph*^ ^Ph 

cis-82

The models used to explain the enantioselectivity of reactions involving 208b are based on
167 216 217 218 219the analysis of the conformation adopted by the ylide. NMR spectroscopic, ■ ■ ■ ■ X-

ray diffraction ’ and computational studies have demonstrated that the preferred 

conformation of an ylide is the one where the filled orbital on the ylide carbon is orthogonal 

to the lone pair of the sulfur atom. The barrier to rotation around the C-S bond (in the case of 

the semistabilised ylide dimethylsulfonium fluorenylide 118) was calculated to be around 42 

kJ mol ’,^^^ therefore it is reasonable to assume that the ylide derived from 208b will adopt 

two possible conformations (in rapid equilibrium at room temperature) as depicted in Figure 

1.6.
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Figure 1.6 Conformational equilibrium of the sulfoniiim ylide derived from 208b (A,A’) and 

proposed explanation for the observed face selectivity (B)

The conformation A (Figure 1.6) suffers from 1,3-diaxial interactions of the phenyl group 

with the axial H’s, therefore A’ will be the preferred conformation in solution. The aldehyde 

approach to the ylide will occur from the Re face as the Si is shielded by the methyl group (B, 

Figure 1.6). The possibility of partial attack from the Si face was initially deemed responsible 

for the erosion of ee. However, when the methyl moiety was replaced with bigger groups (i.e., 

iPr, /Bu, 208c-d), no improvement in ee was observed (Scheme 1.66). This was in part 

expected, as the sulfide bearing no substituent adjacent to the sulfur atom 208a led to 

moderate ee.

1.8.3.3 Ylide formation via carbene precursors generated from tosylhydrazone

salts

A serious limitation of the protocol developed by Aggarwal and co-workers involves the need 
to handle diazocompounds, which are known to be toxic and explosive^^^ (the group reported 

three different explosions during the preparation of diazophenylmethane),^^”* therefore 

precluding their use on larger scale. Obviously the possibility of generating diazocompounds 

in situ would became of great interest.

Tosylhydrazone salts were found to be optimal candidates as diazocompound precursors. The 

conversion of tosylhydrazones to diazocompounds can be performed via different methods; 

vacuum pyrolysis, photolysis, thermolysis of a suspension or in a biphasic medium in 

the presence of a phase-transfer catalyst. Initial studies (based on Bamford-Stevens 

reaction) revealed that warming a suspension of the tosylhydrazone salt 213 at 40 °C in the 

presence of BnEt3N'^Cr as a PTC in CH3CN allowed the generation of the corresponding 

diazocompound 190. When this transformation was coupled with the existing epoxidation
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methodology (see Section 1.8.3.2) the two processes were found to be compatible (Scheme 

1.70). The efficiency of this procedure was even higher than the previously reported protocol, 

as the decomposition of the tosylhydrazone salt slowly afforded lower concentrations of 

phenyldiazomethane and therefore minimised the unwanted side reactions between the 

diazocompound and the metal species.The proposed catalytic cycle is depicted in Scheme 

1.69.

Scheme 1.69 Proposed catalytic cycle for the catalytic epoxidation of benzaldehyde catalysed 

by Rh2(OAc)4-mediated decomposition of phenyldiazomethane derived from tosylhydrazone 

salt 213

RpS-CHAr Rh2(OAc)4

PhCHNg
190
+

Na Ts"

N2

192

PTC

40 °C

Na

Ph^^N Ts
214

NaH
H

Ph^^N'^'Ts + H20
213

1,4
dioxane

PhCHO
122

H
H2N''^"'Ts

212

The new protocol was evaluated in the catalytic epoxidation of a wide range of aldehyde 

substrates (imines also proved suitable substrates in the synthesis of aziridines^^’), exhibiting 

a general reactivity pattern similar to the previous methodology; aromatic aldehydes reacted 

in high yields (80-95%) and excellent dr (>98:2), while aliphatic aldehydes, such as 

cyclohexanecarboxaldehyde, reacted in lower yields and dr (Scheme 1.70).

Scheme 1.70 Catalytic epoxidation of aldehydes catalysed by Rh2(OAc)4-mediated 

decomposition of tosylhydrazone salt 213 in the presence of sulfide 215

RCHO

122 R = Ph 
47 R = Cy

Na

Ph^^N Ts

213

215 (20 mol%) 
Rh2{OAc)4 (1 mol%)

BnEt3N'"CI'(20 mol%) 
MeCN, 40 “C, 3 h

O
Pi 'Ph 

R = Ph (2R,3R)-82 
95% (>92:8 di)

R = Cy (2R,3fl)-210 
69% (65:35 di)
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It is noteworthy that the reaction with (para)formaldehyde afforded only traces of styrene 

oxide (1), and further attempts to increase the yield by raising the catalyst loading proved 

unsuccessful.^^'' When ketone substrates were evaluated under the same conditions, the 

formation of the catalyst-derived byproduct 2-tolyltetrahydrothiophene {via a Sommelet- 

Hauser rearrangement) was detected. This undesired rearrangement was caused by the low 

electrophilicity of ketones, which allowed the rearrangement process to occur faster than the 

benzylidene transfer epoxidation. The replacement of the 5-membered ring sulfide (215) with
233a 6-membered analogue resulted in moderate yields of epoxides from ketones (Fava et al. 

demonstrated that the deuterium exchange of protons adjacent the sulfur atom in 5-membered 

cyclic sulfonium salts is one order of magnitude faster than the corresponding 6-membered 

ring). The authors also reported that high reproducibility was achieved only when the 

tosylhydrazone salts were prepared with 1.03-1.07 equivalents of base from the corresponding 

tosylhydrazone (Scheme 1.69), and that an excess of base precluded a smooth catalysis. With 

a final modification, the group optimised a reliable procedure for the in situ generation of the 

tosylhydrazone, leading to moderate epoxide yields {trans-82 was produced in 70% yield) in a 

convenient one-pot procedure.The procedure also proved efficient for the homologation of 

aldehydes to ketones.

Unfortunately, when an enantioselective version of the catalytic cycle was attempted using 

208b, a very low yield of epoxide was obtained. In order to evaluate the optimised catalytic 

protocol for the promotion of enantioselective catalytic epoxidations, Aggarwal and co

workers designed and synthesised a new chiral sulfide. Catalyst 216, evaluated under the 

newly optimised conditions, afforded good yields and, more importantly, excellent ee in the 
formation of a wide range of stilbene oxide derivatives (Scheme 1.71).^^"

Scheme 1.71 Catalytic asymmetric epoxidation of aldehyde substrates catalysed by 

Rh2(OAc)4-mediated decomposition of tosylhydrazone salt 213 in the presence of sulfide 216

RCHO

122R= Ph 
47 R = Cy

Na

Ph 'Ts

213

216 (5 mol%) 
Rh2(OAc)4 (1 mol%)

BnEtaNXt (20 mol%) 
MeCN, 40 “C, 3 h

R

O

Ph
R = Ph (2ff,3fl)-82 

82%, 94% ee (>92:8 di) 
R = Cy (2/?,3/7)-210 

58%, 90% ee (88:12 di)
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Catalyst 216 also promoted the enantioselective epoxidation of a range of substituted 

aldehydes: aromatic, heteroaromatic, a-(3-unsaturated and aliphatic aldehydes were all 

amenable to epoxidation under these conditions in good yields with excellent levels of 

diastereo- and enantioselectivity.^^'*

However, the use of substrates such as 2-pyridinecarboxaldehyde (for which it was believed 

the pyridinium ylide was formed) and hindered aliphatic aldehydes {i.e., pivaldehyde) did not 

afford the corresponding epoxides. One interesting case was that of phenylacetaldehyde, 

which afforded the corresponding epoxide when the unhindered sulfide 215 was employed, 

but did not afford any product when sulfide 216 was employed. This was believed to occur 

because the bulky ylide was acting as a base rather than as a nucleophile.

An elegant solution to the issue represented by problematic substrates (i.e., 2-pyridine 

carboxaldehyde) was then found employing 217 (that is the isolated sulfonium salt derived 

from 216) in stoichiometric amounts under conventional Johnson-Corey-Chaykovsky 

epoxidation conditions (Scheme 1.72).^^^ This methodology afforded excellent yields and ee 

for a range of substrates, including aromatic and aliphatic aldehydes, pyridinecarboxaldehyde 

(no possibility of ammonium ylide formation), and also ketone substrates affording the 

corresponding epoxides in high yields. Moreover, two different base systems were provided 

(affording similar results) employing either KOH (a base highly suitable for industrial scale 

synthesis) or phosphazene P2-base (P2 = A,A,yV',A'-tetramethyl-A^''-[tris(dimethylamino)- 

phosphoranylidene]-phosphoric triamide ethylimine). A short synthesis of the anti-

flammatory agent CDP-840236,237,238 employing the sulfonium salt 217 was also

demonstrated 235
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Scheme 1.72 Synthesis of sulfonium salt 217 (A) and its application at stoichiometric loading 

in the asymmetric synthesis of fran^-stilbene oxide derivatives under conventional JCC 

reaction conditions (B)

O

122 R= Ph 
218 R = 3-Py

217 (1.0 eq.)
KOH, MeCN/HjO, rt

or
P2 base, CH2CI2, -78 °C

216 HO

HBF4
Et20

R

O

Ph

R = Ph (2R,3fl)-82 
75%, 98% ee (>98:2 df) 

R = 3-Py (2R,3R)-219 
59%, >99% ee (>99:1 dr)

Very recently, Aggarwal and co-workers introduced the new sulfide catalyst 222 derived from 

the reaction of elemental sulfur with limonene (220; addition of y-terpinene 221 was indicated 

to be essential to avoid erosion of product ee, although its role is not clear, Scheme 1.73).

Scheme 1.73 Synthesis of sulfide 222 from limonene and elemental sulfur

221

110 °C 
o/n

222 36%, 99:1 er 
after distillation

The benzyl sulfonium salt 223 was prepared by alkylation of 222 and evaluated (at 

stoichiometric loading) in the asymmetric epoxidation of aldehydes, ketones, a,P-unsaturated 

carbonyl compounds and imines, exhibiting in the majority of cases excellent yields and ee. 

For example, trans-82 could be prepared in 77% yield with an excellent 98% ee (Scheme 

1.74).
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Scheme 1.74 Employment of sulfonium salt 223 at stoichiometric loading in the asymmetric 

epoxidation of benzaldehyde (A) and in the asymmetric aziridination of 224

PhCHO
223 (1,0 eq.)

P

KOH
122 MeCN/^0 9:1 ^2/?.3fl).82

^ ^ 77%, 98% ee (>95:5 dr)

As

PIT
224

223 (1.0 eq.)

K2CO3 
MeCN, rt

Ts
I

N

p\r 'Ph

225
72%, 98% ee (85:15 dr)

To demonstrate the potential of catalyst 223 as a synthetically useful tool, the group reported 

a five-step synthesis of two cinchona alkaloids, quinine and quinidine, where the two different

enantiomers of 223 were employed in the enantiodifferentiating steps of the total synthesis. 239

1.8.3.4 Stereochemical rationale: origin of diastereo- and enantioselectivity

Semistabilised sulfonium ylides, bearing a weak anion stabilising group, predominantly afford 

rran^-epoxides in the reaction with aldehydes, however the diastereoselectivity is more 

balanced than in the case of stabilised sulfonium ylides (see Section 1.8.2.!).^'*° Preliminary 

crossover experiments to elucidate the degree of reversibility of betaine formation revealed 

that when the sulfonium salt anti-226 (anh'-betaine) was reacted with a base in the presence of 

4-nitrobenzaldehyde (119), no incorporation of the latter was observed in the product mixture. 

However, when the sulfonium salt syn-226 (jyn-betaine) was subjected to the same treatment 

a partial incorporation of 119 in the product was observed, as trans-221 was formed as the 

major product (78%) together with a 22% of m-82 (Scheme 1.75).
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Scheme 1.75 Crossover experiments to elucidate the degree of reversibility of betaine 

formation for semistabilised sulfonium ylides

Ph

OH

Ph

OH

Ph

*SMe2

anti-226

119 (3.0 eq.)

NaOH, CH2CI2

Ph 119 (3.0 eq.)

■^SMea _ NaOH, CH2CI2 3L 
' OjN"^

syn-226 trans-227 78%

These results led the authors to speculate that, as in the case of stabilised sulfonium ylides 

(Scheme 1.47), the formation of the ^yn-betaine is reversible, however in this case the anti

betaine is formed irreversibly.^'^ The degree of reversibility of the 5yn-betaine however is not 

total, leading to the partial formation of the czT-adduct which is not observed in the case of 

stabilised sulfonium ylides (Scheme 1.76). Thus, the high tranj-selectivity observed in the 

reaction of semistabilised sulfonium. ylides with aldehydes is a result of productive, non 

reversible formation of the anti-betaine together with the unproductive, partially reversible 

formation of the ^y/r-betaine.

Scheme 1.76 Rationale used to explain the observed diastereoselectivity in the semistabilised 

sulfonium ylide-mediated epoxidation of aldehydes
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O
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DFT calculations^'” (Scheme 1.77) support the experimental evidence for the non reversibility 

of the formation of the anh-betaine and reversibility of the formation of the ^yn-betaine. 

These calculations account for the energy barrier of the C-C bond rotation: while the 

activation barriers for each step are small, the highest activation barriers are represented by 

the C-C bond rotations for the two betaine intermediates. However, while in the case of the 

5yn-betaine, the C-C bond rotation has a higher energy barrier than the reversal to starting 

materials, in the case of the anh-betaine the barrier to C-C bond rotation from the gauche to 

the tran^-configuration is lower in energy than the reversal to starting materials (Scheme 

1.77). The formation of a reversible unproductive species (5yn-betaine) and the formation of a 

non reversible productive intermediate (anh-betaine) explains the diastereoselectivity 

observed in the case of semistabilised sulfonium ylide-mediated epoxidation of aldehydes.

Scheme 1.77 DFT calculations used to detect the energetic profile of the semistabilised 

sulfonium ylide-mediated epoxidation

O

PhCHO +

Ph*^ 'Ph 

trans-B2

O
/ \

Pir ^Ph 
c/s-82

Four main factors generally contribute to a low diasteroselectivity: 242

• Lower stability of the carbonyl group: when the carbonyl group is characterised by low 

stability (i.e., high reactivity), the iyn-betaine does not tend to revert back to starting material, 

resulting in an increase amount of cw-adduct (and low diastereoselectivity). For example, 

aliphatic aldehydes usually afford lower dr compared to their aromatic analogues.
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RCHO O

Ph'

O

CH3CN, 40 "C R*^ ''Ph

RCHO jj ^,..'^5:5^CH0
Ph"^

trans’.cis

CHO

98:2 98:2 65:35

.CHO

70:30

• Reduced stability of the ylide: electron-donating groups tend to destabilise the ylide. The 

j'yn-betaine is therefore more reactive and affords higher amounts of the corresponding cis- 

epoxide (and low diastereoselectivity).

Q A
PhCHO ^

CH3CN, 40 'C
Ph

R = CN H Me OMe

trans:cis >98:2 98:2 87:13 71:29

• Reduced steric hindrance of the aldehyde/ylide: a reduced steric hindrance (in respect to 

either the ylide or the aldehyde) allows an easier C-C bond rotation from the gauche to the 

fran^-conformation (Scheme 1.77) for the two betaine intermediates, reducing the degree of 

reversibility and the overall diastereoselectivity. More hindered substrates (or ylides) lead to 

increased barriers to bond rotation from the gauche to the tran^-conformation, increasing the 

^yn-betaine reversibility and therefore the overall diastereoselectivity.

o+s
J-

Ph

RCHO Me3Si—^^CHO PhCHO

Q
PhCHO

trans'.cis 50:50 50:50 96:4
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• Increased solvation of charges by either lithium salts or protic solvents; solvation by either 

lithium salts or protic solvents lowers the barrier for the C-C bond rotation for the i'yn-betaine, 

decreasing its degree of reversibility and therefore the diastereoselectivity.

Being that the diastereoselectivity is governed by the non reversible betaine formation in the 

case of the anr/-betaine, this is likely to be the enantiodifferentiating step of the reaction. 

Generally, the are four main factors that govern the enantioselectivity:^'’^

• Selective sulfur lone pair alkylation during the sulfonium salt formation: one lone pair must 

be blocked during the sulfur atom alkylation step in order to form a single diastereomer. An 

ingenious strategy is to exploit C2-symmetrical sulfide catalysts,as a single sulfonium salt 

diastereomer is always formed upon alkylation.

• Ylide conformation: steric interactions can be used to favour one catalyst conformation over 

the other possible conformations.

• Face selectivity of the ylide: this can be controlled by shielding one face of the ylide with a 

bulky group in order to force the approach of the incoming aldehyde from one face of the 

ylide only.

• Betaine reversibility: this becomes a factor when the anh-betaine is either reversible or 

partially reversible (for example in the case of a hindered or stable ylides). In this case the 

enantiodifferentiating step becomes either the C-C bond rotation or the ring-closing step, 

generally resulting in lower enantioselectivity levels. Lithium salts or protic solvents, capable 

of reducing the betaine reversibility have proven to be useful in this case, increasing the 

enantioselectivity.

The sulfide catalysts capable of promoting benzylidene transfer with the highest 

enantioselectivity levels have been shown to meet these criteria (mainly the first three 

factors): for example, in the case of catalyst 216 the three principles are met. Upon alkylation 

a single diastereomer is formed. Conformation A is the favoured due to steric interactions in 

A’ with the methylene bridge moiety, and face selectivity is directed by the sterically hindered 

portion of the catalyst (Scheme 1.78).
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Scheme 1.78 Proposed stereochemical rationale to explain the observed enantioselectivity in 

the asymmetric epoxidation of benzaldehyde using catalyst 216

{R,R)-82

control of the ylide 
conformation 

by steric interactions

face selectivity of the ylide 
controlled by shielding one face 

with a bulky group

A single diastereomer formed 
by blocking one sulfur lone pair 

with a bulky group

X- (S,S)-82

1.8.4 The asymmetric epoxidation using non stabilised ylides: methylene 

transfer

Non stabilised sulfonium ylides are the third kind of ylides used in the JCC epoxidation. They 

bear no group able to stabilise the negative charge on the ylide (e.g., an alkyl group or H). The 

asymmetric synthesis of terminal epoxides via methylene transfer epoxidation is however 

characterised by a limited number of procedures which often require (super)stoichiometric 

sulfide loadings and afford moderate yields/enantioselectivity. The most successful protocols 

involve a metal-mediated Simmons-Smith carbenoid transfer {vide infra). The lack of 

methodologies, relative to the plethora of examples reported for stabilised and semistabilised 

sulfonium ylide epoxidation, can be seen as indicative of the magnitude of difficulties 

associated with methylene transfer epoxidation. In this case the betaine formation is non 

reversible, and selectivity arises only from the face-selectivity on the carbonyl group.

1.8.4.1 Asymmetric terminal epoxidation using sulfoxonium ylides

Chiral aminoxysulfonium ylides, such as 228, have been investigated by Johnson and co- 

workers^'*^'^"*'*’^"'^ and later developed by Soman^'*^'^'*^ for the synthesis of enantioenriched 

terminal epoxides, resulting however in low enantioselectivity levels (Scheme 1.79, A). The 

intermediate betaine formation has been demonstrated to be reversible in this case,^'’^ 

therefore the low enantiomeric induction was attributed to either a low equilibrium ratio of the
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diastereomeric betaines or to a similar rate of ring-closure for the two betaines. A different 

approach has been proposed by Taylor with the use of chiral sulfimide anions, such as 229, 

used as ylide-like reagents.^'*® The epoxidation of carbonyl compounds using 229 resulted in 

moderate yields and good ee in the synthesis of 1 (Scheme 1.79, 6).^^“

Scheme 1.79 Chiral aminoxysulfoxonium (A) and sulfimide anion (B) catalysts for the 

asymmetric synthesis of terminal epoxides

PhCHO

122

PhCHO

122

NTs

O

(fl)-1 71%, 79% ee

Although chiral aminoxysulfonium and sulfimide chemistry have demonstrated their 

efficiency in the synthesis of optically active terminal oxiranes, the relative ease of 

preparation and versatility of sulfonium ylides has made the latter a more interesting target for 

the preparation of terminal epoxides.

1.8.4.2 Asymmetric terminal epoxidation using sulfonium ylides

2.S1 2S2Hiyama and Zhang’s studies have attracted considerable interest. Hiyama et al. found 

that the optically active ephedrine salt 230 promoted the enantioselective synthesis of styrene 

oxide (1) from benzaldehyde and trimethylsulfonium iodide in a biphasic medium 

(CH2Cl2/NaOH(aq.)) with excellent ee (Scheme 1.80). Enantioselectivity was found to be 

highly dependent on the catalyst loading (1 was produced in 35% ee using 1 mol%, while a 

97% ee was detected when the catalyst loading was raised to 20 mol%). Zhang et al. reported 

similar results using the more lipophilic catalysts 231-232 (with a curious dependence of the 

product ee on temperature, catalyst loading and reaction times).
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Scheme 1.80 Hiyama and Zhang’s biphasic catalytic asymmetric epoxidation of 

benzaldehyde using catalysts 230-232

Hiyama et at.

PhCHO

122

Zhang etal.

PhCHO

122

■| I
(1-12 eq.) 

CH2Cl2/NaOH,aq.,

230
38 °C 48 h

(1.12 eq.)

CH2Cl2/NaOH,(aq.)

231 or 232 (/7)-1
38 “O 48 h ^jsing 231: 61%, 42% ee 

using 232: 59%, 57% ee

Later studies revealed that the results obtained by Hiyama and Zhang were incorrect. The 

expected product (/?)-! was isolated with an impurity, a catalyst-derived decomposition 

product (75 , Scheme 1.81), presumably formed by base-mediated ring closure of 230-232. 

This impurity was unseparable from the desired reaction product by classic purification 

methods (Scheme 1.81) and was responsible for the optical activity detected (75 is 
characterised by a large specific rotation), misleading the authors during the analysis of the 

results.The incorrect assignment is therefore believed to be due to a combination of both 

the use of low field NMR instrumentation and the reliance on optical rotation data to 

determine the product enantiomeric excess.

Scheme 1.81 Catalyst decomposition product observed by Hiyama and Zhang

HO
\ / 
N-R Base Q

Ph

230 R = C2H5

231 R = n“C.|2H25
232 R = n-Ci0H33

75

Forbes et reported a procedure for the formation of the sulfonium ylide 235 by

decarboxylation of the carboxymethyl sulfonium betaine 234 (formed in a previous separate 

step). Reaction of 235 with benzaldehyde afforded 1 in 85% yield (Scheme 1.82). However,
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the method resulted in a poor yields and substrate scope. No enantioselective variants of this 

procedure has been reported by the group.

Scheme 1.82 Forbes decarboxylative non stabilised sulfonium ylide formation and its 

application to the synthesis of styrene oxide

O O
Br

+ o . ^
"CH3 CH3OH N<^CH3 60 °C

OH AggO
its.

0“ dce

233 234
CO,

CH2

"CH,

235

PhCHO
Q

1 85%

1.8.4.3 Application of Simmons-Smith carbenoids to the synthesis of terminal

epoxides

Aggarwal et al}^^ reported a novel procedure for the synthesis of terminal epoxides with a 

deviation from the classic JCC reaction conditions. Simmons-Smith reagents, commonly used 

in cyclopropanation chemistry, were applied for the first time for the generation of sulfonium 

ylides. Preliminary studies identified reaction conditions under which the sulfonium ylide was 

formed by treatment of Et2Zn with CICH2I in the presence of a superstoichiometric amount of 

sulfide 215 (200-300 mol%). When the sulfonium ylide formation was carried out in the 

presence of benzaldehyde, good yields of the corresponding terminal epoxide were observed 

(Scheme 1.83).

Scheme 1.83 Application of Simmons-Smith carbenoids to the synthesis of terminal epoxides 

(A) and proposed catalytic cycle (B)
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The protocol was then also applied to the fonnation of terminal aziridines from A'-tosyl
257aziridines. Five years later the same group reported an asymmetric version of the Simmons- 

Smith carbenoid-mediated epoxidation. Initial developments were aimed at lowering the 

sulfide catalyst loading. It was found that reducing the sulfide loading resulted in suppression 

of epoxide yield. Thus, the authors speculated that the sulfide was probably not available for 

the formation of the sulfonium ylide as it was complexed with the zinc ion. Ligands able to 

complex the zinc ion were found to have a beneficial effect in terms of loading/yield ratio 

when used as additives. Chiral zinc-complexing ligands were then employed as additives and 

non racemic styrene oxide was formed in many cases, albeit with low ee (Scheme 1.84). The 

observed enantiomeric excess (although low) served as a proof the active role of the zinc ion 

in the enantiodifferentiating step (betaine formation). However, the chiral information was 

likely to be too remote from the reaction site to induce high enantioselectivity.

Scheme 1.84 Chiral ligands screening in the Simmons-Smith carbenoid-mediated asymmetric 

synthesis of styrene oxide (1)

o
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215 (200 nnol%) 
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OH OH
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As the ligand screening approach failed to afford high enantioselectivity for the synthesis of 1, 

chiral sulfides (without the presence of chiral ligands) were then employed (Scheme 1.85).
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Scheme 1.85 Chiral catalyst screening in the Simmons-Smith carbenoid-mediated asymmetric 

synthesis of styrene oxide (1)
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It is noteworthy that catalysts capable of promoting highly enantioselective benzylidene 

transfer, such as 175 and 216 (85% and 94% ee respectively in the synthesis of trans-Sl, see 

Sections 1.8.3.1 and 1.8.3.2), afforded poor product ee, indicating the difficulties associated 

with methylene transfer epoxidation relative to benzylidene transfer. Interestingly, when 

sulfides 175 and 216 were evaluated under conventional JCC reaction conditions (sulfonium 

ylide formed by deprotonation of the sulfonium salt precursor), the enantiomeric excess was 

found to be 0%. These results confirmed the idea that the zinc is associated with the ylide 

prior to reaction and remains in close proximity during the course of the reaction. The catalyst 

development then progressed to the design of a chiral sulfide able to complex the zinc ion, in 

such a way to keep the metal close to the reaction site, as well as inducing enantioselectivity. 

By coupling zinc-complexation and aldehyde activation the process was speculated to be 

pi'CMt/o-intramolecular (257, Scheme 1.88) and, according to the authors, more capable of 

inducing high stereoselectivity (Scheme 1.86). 5iT(oxazolines) core structures were 

synthesised and evaluated in the epoxidation of benzaldehyde, and highest enantioselectivity 

levels were achieved with the use of sulfide 256 (Scheme 1.86).
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Scheme 1.86 Simmons-smith carbenoid-mediated asymmetric terminal epoxidation of 

benzaldehyde using the Z7;^(oxazoline)-based sulfide 256 and proposed stereochemical 

rationale
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The protocol involving the use of 256 was also applied to the synthesis of non racemic 

terminal aziridines, however only moderate enantioselectivity levels were obtained (up to 

19%). This was probably due to the poor ability of aziridines to coordinate the zinc ions.

Two years later Goodman et reported that sulfide 181 could be employed in the

asymmetric terminal epoxidation using the Simmons-Smith carbenoid reaction conditions 

optimised earlier by Aggarwal. The use of 181 in superstoichiometric amounts (200 mol%) 

resulted in moderate yields of styrene oxide (1) with a slightly higher 48% ee (Scheme 1.89). 

The highest product ee was obtained with the employment of 2,4- 

dichlorophenylbenzaldehyde which was converted to its corresponding epoxide in 76% ee.

Scheme 1.88 Simmons-Smith carbenoid-mediated asymmetric terminal epoxidation of 

benzaldehyde using sulfide 181

PhCHO

122

181 (200 mol%)

Et2Zn (2.0 eq.) 
CHgICI (2.0 eq.) 
CH2CI2, r1, 2 d

In the development of this procedure, Goodman reported that the use of diethylzinc solutions 

for the generation of the sulfonium ylide was problematic, as different batches of Et2Zn from 

the same supplier resulted in inconsistent results. The problem was solved with the
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preparation of a preformed t!i(chloromethyl)pyridyl complex 259 which proved to be 

effective in the generation of the sulfonium ylide. The use of 2 equivalents of 259 in 

conjunction with 1 equivalent of 215 resulted in a complete conversion of benzaldehyde in 14 

h. Attempts to render this procedure catalytic proved ineffective, as the employment of a 20 

mol% loading of 215 in the presence of 122 produced only a 18% yield of 1. With newly 

optimised conditions, 181 was evaluated in the enantioselective epoxidation of benzaldehyde, 

and a 56% product yield with 57% ee for (5)-l was obtained in 20 h (Scheme 1.89).

Scheme 1.89 Synthesis of i>A(chloromethyl)pyridyl complex 259 and Simmons-smith 

carbenoid-mediated asymmetric terminal epoxidation of benzaldehyde using sulfide 181 and 

the zinc complex 259

CHgICI/EtgZn 3:1
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CH2CI2, rt, 20 h

259

(S)-1 56%, 57% ee

The result achieved by Goodman and co-workers for the synthesis of styrene oxide (1, 57% 

ee) is remarkable considering the difficulties associated with this class of ylide. This is further 

demonstrated by the paucity of other examples in the literature. To date it represents the 

highest enantioselectivity achieved in the synthesis of 1 employing JCC chemistry reported in 

the literature.

In a last attempt to improve the reaction scope, Goodman and co-workers employed the newly 

optimised procedure in the synthesis of an intermediate of the synthesis of protease inhibitor 

amprenavir.^^^ The enantiomerically pure a-aminoacid derivative 260 was prepared and then 

evaluated under Aggarwal’s conditions. While the use of the achiral sulfide 215 resulted in a 

syn/anti ratio of 5:1 of the two diastereomers (an example of substrate controlled 

epoxidation), when 181 was employed the ratio improved to 12:1 in favour of the syn- 

diastereomer. This augmentation in dr could have been due to matched chirality between the 

substrate and the catalyst or simply due to the higher steric hindrance of 181. To fully 

understand the origins of the improved stereoselectivity, the opposite enantiomer of 260 was
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prepared and evaluated under the same conditions. In this case a lower dr (2.7:1) was 

observed. This was a clear indication of a ‘mismatched’ stereochemical induction between 

enf-260 and 181, where the stereoselectivity induced by the reagent overcomes the 

stereochemical induction of the catalyst 181 (Scheme 1.90).

Scheme 1.90 Goodman’s double asymmetric induction experiments concerning the synthesis 

of terminal epoxides using catalyst 181
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1.8.5 The asymmetric synthesis of terminal epoxides from ketones

Since the discovery of the JCC reaction, carbonyl compounds have become a target of interest 

for the synthesis of epoxides. Although ketones were reported from the very beginning as 

suitable substrates for the epoxidation with sulfonium and sulfoxonium ylides, the 

development of catalytic asymmetric protocols has been focused mainly on aldehyde 

substrates. The reason for this might be the reduced electrophilicity of ketones (relative to 

their counterpart aldehydes) and the difficult discrimination between the two ketone 

hemispheres by a chiral catalyst {i.e., the difficulty in discriminating between two alkyl 

groups flanking the carbonyl moiety). Nevertheless, there are numerous reported examples of 

epoxide formation using ketone substrates, however almost no examples of catalytic 

asymmetric methylene transfer to ketones for the formation of 1,1-disubstituted terminal 

oxiranes have been disclosed. One notable exception is represented by the work carried out by 

Shibasaki^^” who, very recently, has reported the formation of 1,1-disubstituted epoxides from
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ketones in high yields with excellent enantioselectivity levels. In contrast to the classic 

approach to sulfonium ylide-mediated terminal epoxidation, in this case the chiral information 

is located on the transition metal complex 262 and not on the sulfide. Acetophenone 264 can 

be converted to the corresponding 1,1-disubstituted terminal epoxide 265 in 98% yield and 

96% ee (Scheme 1.91). The authors however reported that the process is not compatible with

the use of aldehydes 260

Scheme 1.91 Shibasaki’s La-Binol-catalysed ketone epoxidation for the synthesis of 1,1- 

disubstituted epoxides using sulfoxonium ylide 123

O
.91,PK CH3
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Results and discussion

2.0 Urea-catalysed Johnson-Corey-Chaykovsky terminal epoxidation

The dearth of methodologies for the methylene transfer epoxidation via sulfonium ylides can 

be considered a direct consequence of the difficulties associated with the chemistry of non 

stabilised ylides. When we embarked on this project only two asymmetric procedures were 

reported in the literature. These protocols, reported by Aggarwal et and Goodman et 

al., require a modification of the classic JCC reaction conditions, involving the use of 

Simmons-Smith carbenoids, and the need of (super)stoichiometric catalyst loading. Moreover 

these procedures afford only moderate product yields and ee (see Section 1.8.4). Since our 

group has always been interested in the design and development of organocatalysts, we 

became intrigued by the possibility of developing an alternative approach based on the use of 

hydrogen-bonding donating catalysts.

2.1 Brief introduction to organocatalysis

The term organocatalysis^^’ describes the acceleration of a chemical reaction in the presence 

of substoichiometric amounts of small metal-free organic molecules.The rapid rise 

of organocatalysis has been made possible by a combination of interesting features:^^ 

organocatalyst structural templates are usually available in enantiomerically pure form 
directly from nature (e.g., aminoacids, carbohydrates) and therefore quite inexpensive.^^’ 

They are generally stable, non-toxic and environmentally friendly.’®* Their lower oxophilicity 

(if compared to several metal ions) often avoids the need for ultra-dry solvents and exclusion 
of oxygen and moisture.’®® Nevertheless, one of the most important achievements for the field 

has been the conceptualisation of organocatalysis not only as a term, but also, in the words of 

Prof David MacMillan, “as an economic, environmental and scientific benefit for the 
community”.’®' This was made possible by the delineation of generic modes catalyst 

activation, induction and reactivity. The identification of a generic activation mode for the 

desired transformation allows the catalyst design and development process to be a relatively 

straightforward task. For the purpose of this project, only a brief account on hydrogen

bonding mediated organocatalysis will be given in the following section.
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2.1.1 Hydrogen-bonding mediated organocatalysis

Hydrogen-bonding (H-bond) catalysis is a widespread activation mode based on non-covalent 

interactions. Small organic molecules have been found particularly useful in the promotion of 

reactions accompanied by a change in heteroatom basicity (e.g., additions to C=0 and C=N 

bonds) by stabilising the transition state (TS) through weak acid-base interactions.The 

idea that small molecules might be capable of creating a H-bond network and, consequently, 

catalyse processes similarly to metal catalysts, finds its roots and inspiration in enzymatic 

systems.^’^ Early reports date H-bond catalysis back to 1984 when acidic phenols, such as 266 

(Figure 2.1), were employed in the acceleration of epoxide aminolysis and the acceleration of 

the Diels-Alder reaction.^^’’^^^ These findings established the basis for the future 

employments of metal-free diprotic acids in general acid catalysis.Urea-based catalysts 

have emerged over the last 10 years as powerful H-bond donors for a variety of organic 

transformations. Etter et found that A-A^’-diarylureas, such as 267 (Figure 2.1),

underwent hydrogen-bonding directed co-crystallysation with a variety of Lewis basic 

functionalities, including carbonyl compounds.^^^ The investigation led to the discovery of the 

implication of the donation of two hydrogen bonds to the Lewis base by the relatively 

conformationally rigid urea moiety. Thiourea catalysts, such as 268 (Figure 2.1), were first

reported by Schreiner et al.nkXii They are generally preferred to their oxygenated

counterparts for their higher solubility in organic solvents, ease of preparation and lower self

association properties due to the inferiority of the thiocarbonyl group to act as a Lewis base 

(when compared to a carbonyl group). The higher acidity of thioureas, thus their higher ability 

as H-bond donors, is another important feature in favour of thioureas over ureas [pAia (DMSO)

urea = 26.9, thiourea 21.0]. 278

Figure 2.1 Evolution of H-bond catalysts: Kelly’s biphenyldiol (266), Etter’s urea (267) and 

Schreiner’s thiourea (268)
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Our group has historically been interested in the exploitation of H-bond catalysis using 

(thio)urea-based catalysts. Successful examples have been reported since 2004 with the
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promotion of the Baylis-Hiliman reaction between aromatic aldehydes, such as 122 (Scheme 

2.1), and methyl acrylate (a poor Michael acceptor) in conjunction with a nucleophilic tertiary 
amme (DABCO).“’^ In this case the urea derivative 269 exhibited superior activity than the 

corresponding thiourea analogue. A 7-fold acceleration in the reaction rate was observed 

when a substoichiometric amount of 269 (20 mot%) was added, leading to the recovery of the 

Baylis-Hillman adduct 270 in 88% yield. The proposed mode of action was based on the 

hydrogen-bonding stabilisation of the zwitterionic ammonium species, where the addition of 

benzaldehyde was proposed to be the rate determining step (Scheme 2.1).

Scheme 2.1 Acceleration of the Baylis-Hillman reaction catalysed by 269 in the presence of 

DABCO
o

''OMe ®9') Possible activation mode

269 (20 mol%)
PhCHO ----- :-----------------— phA

OH O

A,OMe

122 /nV 270 88%
rt, neat, 20 h ^a/^uncai = 6.7

O
Ar-,, ,A., ,Ar 

N N
I I

H H

“O^ ^O.

2.1.2 Hydrogen-bonding mediated bifunctional organocatalysis

Recently, a new generation of (thio)urea-based bifunctional organocatalysts has been reported 

and has quickly found application in a variety of organic transformations. In the search for a 

higher degree of control over the reaction course and stereoselectivity, the idea of activating 

both the electrophilic and the nucleophilic reaction components of the reaction at the same 

time in a simultaneous process, taking inspiration directly from natural enzymatic systems, 
triggered the interest of many research groups.^*® Following Takemoto’s findings in the 

asymmetric Michael addition of pronucleophiles (malonate esters) to nitroolefins catalysed by 

a bifunctional thiourea catalyst (where the thiourea and the tertiary amine were demonstrated 

to collaborate in a bifunctional fashion),^*' our group (and others) reported the employment of 

a new class of alkaloid-derived (thio)urea catalysts for the same transformation. Since the 

cinchona alkaloids quinine and quinidine had already been demonstrated to possess the ability
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to catalyse the asymmetric addition of thiols to a,P-unsaturated carbonyl compounds (albeit 

with modest levels of enantioselectivity) where a bifunctional deprotonation/H-bond- 

activation process was implicated,our group reported the modification of dihydroquinine 

(DHQ) and dihydroquinidine (DHQD) by installing a A^-arylthiourea moiety, as well as the 

epimerising the C-9 position (affording 9-epi-DHQT and 9-e/7i-DHQDT respectively), 

resulting in the formation of two pseudoe,nmi\om&nc catalysts for the enantioselective 

addition of malonate esters to nitroolefins. A 5-10 mol% catalyst loading afforded excellent 

yields and ee for a range of substituted olefins. For example, nitroolefin 271 was converted to 

the corresponding Michael-adduct 273 by the reaction with methyl malonate in the presence 

of 0.5 mol% of 272 in excellent yield and enantioselectivity (Scheme 2.2).^^^

Scheme 2.2 Highly enantioselective bifunctional Michael addition catalysed by cinchona 

alkaloid derivative 272

NO,

271 273 92%, 94% ee

More recently, our group reported the development of a new bifunctional catalyst (i.e., an 

artificial ketoreductase) for the hydride transfer reduction of dicarbonyl compounds. In the 

reduction of benzyl (274) to benzoin (275), the hydride donor BNA (//-benzylnicotinamide) 

afforded poor levels of conversion. Interestingly, the addition of a substoichiometric amount 

of thiourea 276 resulted in a significant conversion increase, proving the beneficial effect of 

the thiourea-catalysed carbonyl activation on the overall reduction process. More importantly, 

when the two functionalities (thiourea 276 and BNA) were incorporated into a single structure 

{i.e., 278), higher levels of conversion were detected (Scheme 2.3). This could only be
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explained by a bifunctional mode of action of the catalyst 278 (i.e., an intramolecular 

carbonyl activation/hydride-donation from the in situ generated hydropyridine). An 

asymmetric version of the reaction was then investigated, however a racemisation process was

found to occur under the reaction conditions. 284

Scheme 2.3 Catalytic reduction of benzyl (274) to benzoin (275) catalysed by bifunctional 

catalyst 278
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Given these precedents, together with the plethora of successful reports of H-bond catalysed 

transformations from both the literature and from our own research group, we posited that a 

(thio)urea derivative could accelerate the JCC methylene transfer epoxidation reaction 

through the stabilisation of the developing negative charge on the oxygen atom in the rate

determining methylide addition step transition state. If the H-bond activation strategy were 

successful, the incorporation of a chiral sulfonium ylide moiety on the same catalyst structure 

was considered an ideal development for the construction of a bifunctional catalyst (as in the 

case of 278) for the enantioselective terminal epoxidation of carbonyl compounds.

2.2 Investigation on the urea-catalysed epoxidation

Initially, we set out to try to establish if the JCC reaction could be accelerated by the use of a 

H-bond donating organocatalysts. The lack of activity of the readily available and inexpensive
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trimethylsulfonium iodide 279 (Scheme 2.4) as methylene transfer agent in JCC reactions 

under liquid/liquid conditions (NaOH(aq,)/CH2Cl2, rt) was initially taken into account. 

Appreciable product yields were reported only on heating in the presence of a phase-transfer 

catalyst, ' ’ ’ conditions not conducive to hydrogen-bonding mediated catalysis. We

therefore considered the ability to promote efficient JCC reactions between 279 and 

benzaldehyde at room temperature under phase-transfer conditions to be the benchmark 

against which catalyst efficacy could be judged. The paucity of examples involving (thio)urea 

catalysts in this reaction was speculated to be due to the alkaline nature of the reaction 

conditions, therefore precluding the use of strong-medium acidic (thio)urea catalysts. 

However, we were pleased to find that pK^ (DMSO) of diarylurea 280, diarylthiourea 281 and 

trimethylsulfonium iodide 279 were 19.55, 13.4 and 18.2 respectively.^^^ Thus, from merely 

an acidity standpoint, compatibility between the deprotonated sulfonium methylide and the 

urea catalyst 280 was expected. In addition, as a proof of concept, precatalyst 278 (Scheme 

2.3) was known to be able to survive in the presence of an aqueous base under biphasic 

conditions without any decomposition. Given these facts, the idea of employing a (thio)urea 

catalyst under liquid/liquid conditions seemed more and more appealing. Since under the 

reaction conditions the uncatalysed reaction was found to be inefficient (Scheme 2.4), the 

activation of the carbonyl functionality by means of a H-bond interaction, capable of 

stabilising the developing negative charge during the transition state, was expected (at least in 

theory) to lead to an increase in the reaction efficiency (Figure 2.2).

Figure 2.2 Rational underpinning catalyst design: stabilisation of the developing negative 

charge at the oxygen by hydrogen bond donation in the transition state of the addition step of 

the JCC reaction

O

I I
H H 

0 6‘ .4^ Hydrogen bond 
stabilising the developing 

negative charge

,s
-12 Ha JCC reaction
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Initial investigation/optimisation experiments were performed by Dr. Eimear Fleming. A 

screening study involving bases, solvents and reaction concentrations was performed leading 

to the identification of two sets of reaction conditions: solid/liquid (KOH/CH2CI2) and 

liquid/liquid (NaOH(aqyCH2Cl2). Interestingly under these reaction conditions the background 

uncatalysed reaction was completely suppressed and both diphenylurea and diphenylthiourea 

catalysts 280 and 281 proved to be efficient catalysts, affording 1 in moderate yields (Scheme 

2.4).

Scheme 2.4 Preliminary studies concerning the terminal epoxidation catalysed by 280-281 

under solid/liquid (A) and liquid/liquid conditions (B) performed by Dr. Eimear Fleming
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O
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cat. (10 nnol%)
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(93.0 eq.)
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Subsequent to these results, Ms. Sarah Kavanagh determined that 60 equivalents of base 

represented the optimum for the liquid/liquid reaction conditions. A wide range of substituted 

urea catalysts was evaluated under these optimised conditions, resulting in the identification 

of 269 as the most efficient catalyst. It was found that, while the uncatalysed reaction was still 

inefficient, the addition of substoichiometric amounts (5 mol%) of 269 led to a 97% 

conversion of 122 to 1 (Scheme 2.5).

Scheme 2.5 Optimised conditions in the terminal epoxidation of benzaldehyde catalysed by 

269 under liquid/liquid conditions determined by Ms. Sarah Kavanagh
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Urea 269 was then evaluated as a catalyst for methylene transfer epoxidation for a variety of 

substrates in order to evaluate the reaction substrate scope (Table 2.1).

Table 2.1 Evaluation of the substrate scope of the methylene transfer epoxidation catalysed 

by 269

O
J

279 (1.1 eq.) 
269 (5 mol%)

CHjClj/SOyo NaOH(aq, 

rt, time

O

entry substrate time (h) product yield (%T

O

122

Cl
159 

OMe O

287

MeO’
289

O

20

15

40

92

40'^

Cl
jO"

282

O

93

91

57(95f

75(98f

199 294

“Isolated yield. ’’Crude decomposes during chromatography, the figure in parentheses 
represents the crude yield of the spectroscopically pure product. “Time for complete 
consumption of 199.

The procedure confirmed the high potential demonstrated in the preliminary studies: 

benzaldehyde (entry 1), electron-deficient (entries 2) and electron-rich (entries 3-4) aldehydes 

afforded the corresponding epoxides in excellent yields. Unfortunately, the unbranched
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aliphatic aldehyde 199 (entry 5) was demonstrated not to be a suitable substrate as a 

competing aldol reaction occurred. In addition, during the purification process by column 

chromatography, we noticed that epoxide products derived from electron-rich aldehydes 
underwent rearrangement reaction (Meinwald rearrangement^*®) to the corresponding 

homologated aldehydes. We decided to exploit this process for the development of a tandem 

organocatalytic-transition metal catalysed ring opening/homologation process. The 

combination of the epoxidation process with the Cu(II) ion-catalysed Meinwald 

rearrangement led to a convenient and potentially useful protocol for the homologation of 

aldehydes: organocatalysed epoxidation of 285, followed by separation of the organic phase 

and addition of Cu(BF4)2 resulted in the conversion of 285 to the chain extended 295 in 69%

overall yield (Scheme 2.6) 287

Scheme 2.6 Tandem catalytic epoxidation-Meinwald rearrangement for the homologation of 

aldehydes

1.279 (1.1 eq.) 
CH2CI2
50% NaOH(aq) 
269 (5 mol%)

2. phase separation
3. Cu(BF4)2

285

2.3 Design and synthesis of bifunctional catalysts for the enantioselective JCC 

methylene transfer

The remarkable activity of urea 269 in the catalysis of the JCC reaction prompted us to take 

the next logical step up in complexity through the design of a chiral bifunctional catalyst for 

the synthesis of optically active terminal epoxides. The design of a catalyst where a chiral 

ylide precursor (i.e., a sulfonium salt) is incorporated in a urea-based structure, which was 

known for its ability of activating the aldehyde component through a H-bond interaction, 

represented in our opinion an excellent strategy for the construction of a bifunctional catalyst. 

Such a catalyst would possess the potential of being capable of activating both the 

electrophile and simultaneously delivering the methylene group in a face selective manner.

82



2.3.1

Results and discussion

Design of bifunctional catalysts for the asymmetric methylene transfer 

epoxidation

In our proposed system the enantioselectivity derives from the addition of the sulfonium ylide 

to one face of the urea-bound aldehyde in an intramolecular process. A design incorporating a 

relatively unhindered chiral sulfonium salt and a urea component, in order to generate a 

structure characterised by a considerable steric discrepancy between the two catalyst 

hemispheres (divided by the urea carbonyl moiety) was therefore decided upon. This was 

envisaged to be the key factor in allowing the aldehyde aromatic portion to occupy the less 

hindered hemisphere during the transition state {i.e., the catalyst would bind the aldehyde in 

such a way that a single face only would be exposed to the ylide, as drawn in Figure 2.3). 

Moreover if the sulfide moiety is relatively unhindered, once the reaction takes place and the 

sulfide precursor is regenerated, a fast sulfur atom re-alkylation can be facilitated, thereby 

reforming the sulfonium salt allowing to aspire towards a scenario where the sulfide catalyst 

could be used in substoichiometric amounts (Figure 2.3).

Figure 2.3 Proposed intramolecular mode of action for bifunctional catalysis in the terminal 

epoxidation of aldehydes
R" group determines the 

acidity of the urea
R O

chirai backbone: 
the yiide is generated 

in situ and the methyiene = 
is selectively delivered to one 

aldehyde face

nlk+ K
/ \ 'o

hydrogen bonding 
activation

Ar

An analysis of models indicated that, in order to allow a hydrogen-bonding donation to the 

bound aldehyde and the simultaneous delivery of the methylene group by the sulfonium ylide 

at the Biirgi-Dunitz angle, a reasonably long chain linker was needed. We realised that a 

catalyst based on the aminoacid methionine met the structural criteria imposed by the model. 

In nature, the y-aminoacid methionine takes part in many alkylation reactions. We were 

intrigued by the activity and specificity of the sulfonium salt SAM (S-adenosyl methionine), 

formed by the reaction of L-methionine with Adenosine TriPhosphate (ATP), which is 

involved in many biological transmethylation reactions where there is a complete preference 

for nucleophiles to attack the methyl group rather than the other electrophilic centres (Figure 

2.4).^** Methionine also caught our attention for its low cost, commercial availability in both
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enantiomeric forms, the presence of a relatively unhindered sulfur atom and a suitable chain 
length containing the sulfide moiety.

Figure 2.4 5-adenosyl adenosine as methylene transfer agent

NH,

Finally, coupling the chiral methionine backbone with urea moieties characterised by different 

steric and electronic properties was expected to furnish different degrees of control over the 

epoxidation reaction. We reasoned we could have been able to tune both catalyst acidity (Id- 

bond donation) and steric hindrance properties (to enhance the aldehyde face-selectivity) just 

by changing the urea moiety (Figure 2.5).

Figure 2.5 Incorporation of a L-methionine backbone and urea moiety into a single 

bifunctional catalyst

H^N h
HO.Y - -

o

2.3.2 Synthesis and evaluation of urea-based bifunctional catalysts

Once L-methionine was chosen as the chiral backbone for our model catalyst, the synthesis 

was planned in order to accommodate different hydrogen-bonding donors without major 

modifications to the synthetic pathway. To build the core of the catalyst L-methionine (297) 

was ^protected by treatment with BOC anhydride to give 298 in 98% yield. Protection of the 

carboxylic acid moiety was initially performed by DCC-mediated coupling of 298 with 

pyrrolidine (299). However, after amide formation, a degree of racemisation was detected. To
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prevent this, two similar approaches were attempted; substoichiometric amounts (20 mol%) of 

HOBt (yV-hydroxybenzotriazole) were added to the reaction mixture (as HOBt is known to be 

able to intercept the coupling intermediate and impede racemisation), or alternately HBl U 

(0-benzotriazole A?,A^,A^’,N’-tetramethyl uronium hexafluorophosphate) was used as the 

coupling agent (without the need for DCC). Both methods proved to be successful affording 

300 in 75% (method A) and 78% yield (method B) without any racemisation.The use of 

HOBt-DCC coupling methodology was then preferred for larger reaction scales as HBTU is 

highly expensive and must be used in stoichiometric amounts.

Scheme 2.7 Synthesis of 300 by Boc-protection followed by HOBt/HBTU-catalysed 

pyrrolidine coupling

o
HOOC

BOCgO (1.1 eg.)
Na2C03 

MeOH/HoO HOOC

N
H

O

A.299 (1.2 eg.) HN O

method A
or

method B
297 298 98%

O
300

method A: 75% 
method B: 78%

Method A: DCC (1.1 eq.), HOBt (20 mol%) CH2CI2, 0 °C - rt 
Method B: HBTU (1.1 eq.l.CHzClg, 0 “C - rt

Boc-pyrrolidinamide 300 was then deprotected under acidic conditions (TFA/CH2CI2), 

affording 301 in 80% yield as the free amine after basic work-up. The catalyst chiral 

backbone was then ready for the installation of the H-bond donating group (see Figure 2.5) by 

reaction with an isocyanate. As catalyst 269 demonstrated the highest efficiency in the 

biphasic urea-catalysed epoxidation (see Section 2.2), the 3,5-fcw-trifluoromethylphenyl 

moiety was the first chosen for the use in our bifunctional catalyst. Treatment of 301 with bis- 

3,5-trifluoromethylphenyl isocyanate (302) afforded urea 303 in 72% yield (Scheme 2.8).
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Scheme 2.8 Deprotection of 300 followed by coupling with 3,5-i'w-trifluoroinethylisocyanate 

(302)
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CH2CI2, rt

NH,

O
301 80%
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CF,
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In the ideal catalytic process the sulfide is regenerated during the reaction, catalysing the 

reaction in substoichiometric amounts. However, in order to identify the desired synergistic 

cooperation between the urea and the chiral sulfonium ylide moieties, the isolation and 

evaluation of the corresponding sulfonium salt was decided. Thus, the last step involved the 

formation of the sulfonium salt by methylation of the sulfur atom using trimethyloxonium 

tetrafluoroborate (Meerwein’s salt) in CH2CI2. Evaporation of the solvent followed by 

recrystallisation (ethanol) afforded the tetrafluoroborate salt 304 in 90% yield (Scheme 2.9).

Scheme 2.9 Sulfur alkylation of sulfide 303 in the synthesis of sulfonium salt 304

(CH3)30BF4
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CF,
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Two alternative bifunctional catalysts were also prepared using the same strategy. The idea 

behind this endeavour was that by changing the catalyst non-aminoacid-derived component, 

the steric and electronic properties of the catalyst would change dramatically, allowing us to 

determine their influence on catalyst efficiency. Specifically we designed and prepared the 

less acidic A^-phenyl urea 306 and the more hindered //-cyclohexyl urea 309 along with the
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corresponding sulfonium salts (307 and 310 respectively). The syntheses of sulfonium salts 

307 and 310 were performed using the strategy employed for 304 (Scheme 2.10).

Scheme 2.10 Synthesis of sulfonium salt 307 and 310 from 301
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The free amine 301 was reacted with both phenylisocyanate (305) and cyclohexylisocyanate 

(308), affording 306 and 309 in 70% and 85% yield respectively (Seheme 2.10). Both 306 and 

309 were isolated and then reacted with trimethyloxonium tetrafluoroborate, affording the 

corresponding sulfonium salts 307 and 310 in 89% and 60% yield respectively (Scheme 

2.10). At this point we were ready to evaluate the efficacy of the three different bifunctional 

catalysts at stoichiometric loading in the epoxidation of benzaldehyde. Initial experiments 

were performed under the optimised liquid/liquid conditions (NaOH(aq.)/CH2Cl2).
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Table 2.2 Evaluation of bifunctional catalysts 304-307-310 at stoichiometric loading under 

liquid/liquid biphasic conditions in the epoxidation of benzaldehyde

O
U cat. (100 mol%)

O

122

CHgClg/ 
50% NaOH 

rt, 16 h
(aq)

entry catalyst yield (%)“ ee (%)"

1 304 0
2 307 35 0
3 310 54 0

“Determined by 'H NMR spectroscopy using (£)- 
stilbene as an internal standard. ’’Determined by CSP- 
HPLC.

The parallel evaluation of the three bifunctional catalysts unexpectedly exhibited low product 

yields, leading to the recovery of only moderate (if any) yields of 1. Surprisingly, urea 

catalyst 304, bearing the highly acidic 3,5-trifluoromethylphenyl moiety, did not afford any 

product (Table 2.2, entry 1). Moderate yields of 1 were obtained using the less acidic (and 

therefore less capable of H-bond donation) catalysts 307 and 310, which afforded 35% and 
54% yield of 1 respectively (Table 2.2, entries 2-3). Unfortunately, the epoxide product 1 

obtained from the reaction with 307 and 310 was found to be racemic after CSP-HPLC 

analysis.

While low yields were at least partially unexpected, the reactivity pattern was more striking. 

H-bond donation ability speculations, based on the results and lessons learned from the 

epoxidation process catalysed by 269 (see Section 2.2), would suggest the reverse reactivity 

order for the three catalysts. The analysis of the ’H-NMR spectrum of the crude material 

served to us to elucidate an important difference in behaviour among the three catalysts. 

While the ’H-NMR spectrum of the epoxidation using 307 and 310 indicated the generation 

of the corresponding sulfide precursor 306 and 309 (complete in the case of 306, only partial 

for 309), in the case of 304 the conversion to a different major product was detected at the end 

of the reaction. Catalyst 304 was found to be susceptible to hydroxide-mediated deprotonation 

and underwent subsequent ring closure to form 312 (Scheme 2.11).
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Scheme 2.11 Proposed mechanism for hydroxide-mediated cyclisation of 304 under 

liquid/liquid reaction conditions
,Ar 

N
A

HN O,Ar oro
312

Ar = 3,5-(CF 3)2-051-15

Once we established that 304 was not compatible with the liquid/liquid reaction conditions, 

the three catalysts 304, 307 and 310 were then evaluated under solid/liquid conditions 

(Scheme 2.4, A), using powdered KOH as the base and CH2CI2 or CH3CN as solvent. The 

results of these experiments are shown in Table 2.3.

Table 2.3 Evaluation of bifunctional catalysts 304, 307 and 310 at stoichiometric loading 

under solid/liquid conditions in the epoxidation of benzaldehyde
O
II

O

122

cat. (100 mol%.)

KOH (1.0 eq.) 
rt, 1 h 

solvent

entry catalyst solvent yield (%)’ ee (%)*’

1 304 CHzCIj 0
2 307 CH2CI2 0 -

3 310 CH2CI2 60 3%
4 304 CH3CN 0 -

5 307 CHjCN 0 -

6 310

^—r;—rrrTTT

CH3CN 42 4%

standard. ‘’Determined by CSP-HPLC.

The employment of 304 and 307 under solid/liquid conditions did not lead to the formation of 

any product (entries 1-2 and 4-5). The only successful experiment was that which involved 

the use of the least acidic urea catalyst 310, affording a 60% yield of 1 in CH2CI2 (entry 3). A 

slightly lower yield was obtained when the reaction was carried in CH3CN (entry 6). 

However, the product obtained was found to have low enantiomeric excess (<4% ee). We 

speculated that perhaps the deprotonated sulfonium ylide and highly acidic H-bond donors 

were not compatible when incorporated in a single structure. However, in the case of 310 the
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simultaneous presence of the methylide and the weakly acidic cyclohexyl-derived urea was 

found to be compatible, leading to moderate epoxide yields. Having demonstrated the 

feasibility of incorporating a ylide moiety into a urea catalyst core, we focused our efforts on 

finding further evidence for our proposed bifunctional epoxidation model.

In order to determine if the epoxidation was controlled by an intramolecular bifunctional 

process, we first needed to demonstrate whether an effective H-bond donation was occurring 

during the reaction. A case of concern was the poor activity of the cyclohexylurea-substituted 

catalyst 313 in the epoxidation of benzaldehyde, especially when compared to the highly 

acidic catalyst 269, demonstrated by Ms. Sarah Kavanagh during her catalyst screening study
287in the biphasic urea-catalysed epoxidation (Scheme 2.12).

Scheme 2.12 Terminal epoxidation of benzaldehyde catalysed by 269 and 313 under 

liquiddiquid conditions performed by Ms. Sarah Kavanagh

O

122

279 (1.1 eq.) 
cat. (5 mol%)

CHgClj/
50% NaOH(ap) 

rt, 24 h

On this basis we revised our original bifunctional activation model (Figuree 2.6, A). We 

reasoned that, if the H-bond activation was not effective (or only partially effective), the 

epoxidation reaction was likely to occur in a non-controlled, intermolecular rather than 

intramolecular, manner (Figure 2.6, B). This was obviously a major concern, as in this case no 

stereoselective control is possible over the approaching aldehyde. Another possible case of 

concern was represented by the chain length of the sulfonium ylide backbone. We envisaged 

that in the case of an efficient H-bond activation by the cyclohexylurea moiety, the sulfonium 

ylide chain backbone could have represented the problem. It could have consisted of the 

wrong number of atoms, rendering it either too long or too short (or too flexible), therefore 

precluding the efficient intramolecular collaboration between the two hemispheres as we 

predicted in our model (Figure 2.6, C).
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Figure 2.6 Bifunctional catalysis in the epoxidation of benzaldehyde; proposed 

intramolecular model (A) and non-controlled intermolecular models (B-C)
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In an attempt to demonstrate unequivocally that both the urea and the sulfonium ylide 

components were involved in the catalysis (Figure 2.3), we carried out two parallel sets of 

experiments to evaluate the contribution of each individual component to the overall catalyst 

efficacy: a) keeping the L-methionine based backbone, the urea moiety was replaced by 

groups with weaker H-bond donation ability in order to evaluate the relative reaction rate and 

probe a possible correlation between H-bond strength and epoxidation rate, and b) the 

cyclohexylurea moiety was left untouched and tethers between the sulfonium salt and the urea 

moiety of different length were evaluated. The experiments with the employment of different 

chain lengths were performed by Ms. Sarah Kavanagh.

2.3.3.1 Synthesis of L-methionine-based catalysts characterised by weaker H-

bond donation ability

To test our hypothesis, we decided to prepare two structurally related catalysts characterised 

by weaker H-bond donation abilities: A-Boc pyrrolidinamide salt 314 and A-methyl-Boc 

pyrrolidinamide salt 316, which possess the same methionine-derived backbone (their 

syntheses start from intermediate 300), while they differ in the H-bond donating capabilities 

(a weaker hydrogen bond donor in 314 and its complete absence in 316, Scheme 2.13). We 

reasoned that, if the process is governed by the H-bond activation, the reduced H-bond 

donation ability would be reflected in a lower epoxidation rate. However, if the process is not 

susceptible to H-bond activation, the employment of 314 and 316 would reveal no change in 

the epoxidation rate from 310.
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Scheme 2.13 Synthesis of weaker H-bond donating catalysts 314 and 316

o^ -S.

300

1. NaH(1.0 eq.)
2. Mel (1.0 eq.)

THF 
0 °C- rt

Cv°o
(CH,

315 87%

(CH3)30BF4 
(10 eq.)
CH2CI2 
0 °C - rt

{CH3)30BF4 
(10 eq.)
CH2CI2 
0 °C-rt

A^-BOC protected pyrrolidinamide 300 was treated with NaH (1.0 eq.) and then added of Mel 

(1.0 eq.) 315 in 87% yield. Alkylation with (CH3)30^BF4' afforded the sulfonium salt 316. 

The corresponding salt 314 was prepared by direct alkylation of 300 with (CH3)30BF4 

(Scheme 2.13). The three catalysts (310, 314 and 316) were then evaluated in the promotion 

of the JCC epoxidation of benzaldehyde under solid/liquid conditions (Table 2.4).
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Table 2.4 Evaluation of catalyst 310-314-316 at stoichiometric loading under solid/liquid 

biphasic conditions in the epoxidation of benzaldehyde
O

cat. (100 mol%)

KOH (x eq.)
CH2CI2

122 rt, time

O

entry catalyst KOH (eq.) time (h) yield (%)“

1 310 1 20 56
2 314 1 20 28
3 316 1 20 64
4 310 2 20 60
5 314 2 20 65
6 316 2 20 90
7 310 3 3 70
8 314 3 3 60
9 316

1 1 Ux VTX

3 3 88

Unfortunately, none of the reactions evaluated exhibited a clear bifunctional catalysis mode of 

action. Catalyst 316 (possessing no H-bond donation ability) proved to be even more effective 

than the H-bond donors 310 and 314 in the epoxidation of benzaldehyde, leading to moderate 

to good yields of 1 (Table 2.4, entries 1,6,9). However, clean regeneration of the sulfide 

precursor 315 from 316 was never observed. Urea 310 afforded moderate yields (entries 4,7, 

Table 2.4) allowing the full recovery of the sulfide 309. To further investigate the issue of the 

bifunctional mode of action, a X-ray analysis of 310 was performed (Figure 2.7).

Figure 2.7 X-ray crystal structure of 310
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The X-ray crystallographic analysis demonstrated that the counterion BF4'is bound to the urea 

moiety occupying the area destined to the aldehyde activation. Moreover, the sulfide chain is 

pointing away from the active site. While this is of interest, the solid state structure is not 

necessarily indicative of the conformational preferences of 310 in solution.

2.3.4 Synthesis of bifunctional catalysts with modified counterions

As the crystallographic analysis indicated that the presence of the tetrafluoroborate ion may 

be problematic, we decided to further investigate and modify our catalyst. We decided to 

synthesise analogues of 310 bearing different counterions and to evaluate them under the 

same conditions. This modification could be simply made by. using a different alkylating 

agent during the last synthetic step. We initially chose a triflate (trifluoromethylsulfonate) 

counterion. Reaction of 309 with 1 equivalent of methyl triflate afforded the corresponding 

salt 317 in 80% yield. The iodide counterion was also employed: alkylation of 309 with 

methyl iodide afforded the salt 318 in 90% yield, however excess of alkylating agent (10 

equivalents) was required.

Scheme 2.14 Synthesis of sulfonium salts 317 and 318 by alkylation of sulfide 309

oV°o
A

k. +
S-

OTf

MeOTf 
(1 0 eg.)

CH2CI2 
rt, 24 h

Mel
(10.0 eq.)

thf’
rt, 24 h

317 80% 309 318 90%

The two sulfonium salts 317 and 318 were evaluated under identical solid/liquid reaction 

conditions (KOH/CH2CI2) in the JCC epoxidation of benzaldehyde. We were pleased to 

observe that the employment of both of the salts resulted in the complete conversion of the 

starting material and complete regeneration of the common precursor 309 in both cases 

(Scheme 2.15).
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Scheme 2.15 Evaluation of catalysts 317-318 at stoichiometric loading in the terminal 
epoxidation of benzaldehyde under solid/liquid conditions

122

O
cat. (100 mol%)

CH2CI2 
KOH (2.0 eq.) 

rt, 16 h
using 317: 92% 
using 318: 90%

We hoped that the excellent yield obtained with the use of 317 and 318 could be explained by 

the behaviour of the counterion. We reasoned that, if the different counterions employed were 

not binding to the urea moiety (as in the case of the tetrafluoroborate ion), thus leaving an 

empty space for the aldehyde to occupy, we should have detected elevated enantiomeric 

excess in the product (see proposed model. Figure 2.3). Unfortunately the CSP-HPLC 

analysis of the product for both the reactions indicated the formation of 1 as a racemic 

mixture. Parallel to this study, Ms. Sarah Kavanagh demonstrated that cyclohexylurea-derived 

catalysts possessing different sulfide backbone chain length did not exhibit different 

epoxidation rates or product enantioselectivity. These results proved, in a definitive manner, 

that our catalyst design was not likely to lead to high enantioselectivity in the JCC methylene 
transfer epoxidation.

2.3.5 Preliminary studies for the development of a substoichiometric process

When we embarked on the design of new bifunctional catalysts for the JCC terminal 

epoxidation, our main target was the possibility of inducing high enantioselectivity, as the 

previously reported methodologies are only able to afford moderate product ee. On the other 
hand, the reported literature protocols share the requirement for (super)stoichiometric catalyst 

loading {i.e., these methodologies are characterised by no catalyst turnover, see Section 1.8.4). 

In our proposed model, the catalyst was designed with a relatively unhindered sulfur atom to 

allow a fast sulfonium salt formation, a feature that could in principle make a catalyst 

turnover possible (as the alkylation step is often the slow step in processes involving 

turnover).

During the repetition of an epoxidation experiment of benzaldehyde with 318 in the presence 

of 2 equivalents of KOH, the analysis of the 'H-NMR spectrum of the crude material
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exhibited the complete conversion of benzaldehyde with the formation of 1 in 92% yield and 

clean regeneration of the precursor 309. A further addition of an excess Mel (10 equivalents) 

to the same reaction vessel, followed after 3 h by another equivalent of benzaldehyde led to 

the formation of 1 in an overall 140% yield (determined by ’H NMR using an internal 

standard, Scheme 2.16).

Scheme 2.16 First evidence for a catalytic turnover in the JCC terminal epoxidation of 

benzaldehyde

122

318
(100 mol%)

CH2CI2 
KOH (2.0 eq.) 

rt. 16 h

Q

1 92%

1. Mel (10.0 eq.)
3 h

2. PhCHO (I.Oeq.) 
16 h

O

1 140%

This result could only be explained in terms of in situ regeneration of the sulfonium salt, 

followed by sulfonium ylide formation (by the reaction with the second KOH equivalent) and 

subsequent methylene transfer leading to an overall increased yield of 1. This observation 

allowed us to assume that the sulfur alkylation step was compatible with the epoxidation 

reaction conditions. This was the first indication that catalytic methylene transfer could be 

feasible.

The regeneration of the sulfide and the possibility of catalytic turnover immediately caught 

our attention. The possibility of avoiding the isolation of the preformed sulfonium salt, after 

the demonstration of the compatibility of the alkylation step with the epoxidation conditions 

(Scheme 2.16), was also appealing. Thus, experiments using substoichiometric amounts of 

sulfide 309 were immediately performed in order to determine if a protocol involving the use 

of substoichiometric amounts of sulfide catalyst could be engineered.

When a catalytic loading of sulfide catalyst 309 was employed (20 mol%) in the presence of 

KOH (2 equivalents), Mel (10 equivalents) and benzaldehyde, only low yields of epoxide 

were generated (up to 15%). No catalyst turnover was observed (the yield was lower than the 

catalyst loading. Scheme 2.17).
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Scheme 2.17 Evaluation of sulfide 309 at substoichiometric loading in the epoxidation of 

benzaldehyde in the presence of methyl iodide

122

309 (20 mol%) 
Mel (10.0 eq.)

CH2CI2 
KOH (2.0 eq.)

rt, 16 h

O

1 15%

We envisaged that the volatile nature of Mel (b.p. 42 °C) was somehow involved, as it was 

probably consumed as well as lost during the course of the reaction. In contrast, methyl 

triflate is characterised by a higher boiling point (100 °C), and the triflate sulfonium salt 318 

proved successful in the stoichiometric epoxidation of benzaldehyde (Scheme 2.15).

Sulfide 309 was again evaluated in catalytic loading (20 mol%) under the same conditions 

with the use of methyl triflate (1 equivalent) as the in situ sulfur alkylating agent. 

Unfortunately, we were not able to identify any catalytic turnover in the reaction. Further 

additions of methyl triflate to the reaction mixture led to inconsistent and non reproducible 

epoxide yields, none of which exceeded the catalyst loading.

Scheme 2.18 Evaluation of sulfide 309 at substoichiometric loading in the epoxidation of 

benzaldehyde in the presence of methyl triflate

122

O 309 (20 mol%) 
MeOTf (1.0 eq.)

CH2CI2 
KOH (2.0 eq.) 

rt, 16 h

O

1 8-14%

The nature of the electrophile (substrate) was thought to be part of the reason for the low 

yields. A more reactive electrophile, 4-chlorobenzaldehyde (159), was therefore evaluated in 

place of benzaldehyde. Liquid/liquid (CH2Cl2/50% NaOH(aq)) reaction conditions were 

evaluated. As methyl triflate is known to be unstable in the presence of water, it was slowly 

added in small portions over 7 days to the reaction mixture in order to maximise the 

alkylation of 309 in the CH2CI2 layer (upper phase) while avoiding (as much as possible) the 

decomposition by contact with water, which is the lower phase (Table 2.5).
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Table 2.5 Epoxidation of 4-chlorobenzaldehyde using sulfide 309 at substoichiometric 

loading under liquid/liquid reaction conditions in the presence of methyl triflate

° 309 (20 mol%)
MeOTf (1.0 eq.)

Cl
159

CHaClj/ 
50% NaOH,

Cl
(aq.) 282

entry CH2Cl2/50% NaOH(aq.) time (h) yield (%)“

1 5:1.5 120 55
2 3:1

^—r;—It, --—

168 56

standard.

For the first time we were able to detect catalyst turnover, as a 20 mol% sulfide loading 

resulted into the formation of 1 in 56% yield. This result proved that the sulfide could be 

regenerated in situ, and was able to react almost three times. This represented the first 

example of a catalytic turnover for methylene transfer JCC epoxidation.

Given these exciting results, a full investigation and development of the first efficient 
catalytic methylene transfer via non stabilised sulfonium ylides was planned. However, we 

had reached a situation in which the urea-based catalysts had become no longer useful for the 

purpose of developing such a protocol. Being that the catalyst turnover is strictly related to the 

sulfide portion of the catalyst, the presence of a urea moiety was likely to interfere with the 

process development. For these reasons the development of urea-based catalysts was 

abandoned. We decided to start a thorough investigation into the low catalytic efficiency of 

terminal epoxidation via JCC epoxidation using a simpler sulfide catalyst (see Chapter 3).

2.3.6 Conclusions for Chapter 2

In conclusion, an investigation into the H-bond catalysed terminal epoxidation of aldehydes 

has been performed. Starting from investigations performed by other members of our group, 

the identification of simple urea catalysts as being able of accelerating the JCC epoxidation 

was possible. The urea-catalysed JCC methylene transfer proved to be a successful and 

reliable procedure, affording high epoxide yields for a variety of substrates. The identification
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of a side-reaction due to a deleterious Meinwald rearrangement was exploited to produce a 
useful one-pot aldehyde homologation process.

The excellent results obtained by the urea activation study prompted us to expand the scope of 

the urea-catalysed epoxidation to the design of an enantioselective variant. Our design was 

based on the exploitation of the H-bond carbonyl activation and a simultaneous 

stereoselective ylide delivery by incorporating the two moieties in a single structure and 

having them working in tandem. We found that the use of highly acidic urea functionality led 

to catalyst decomposition, while less acidic analogues proved capable of mediating the 

reaction in stoichiometric amounts. Experiments aimed at the identification of the active role 

of the urea in the activation of the carbonyl compound by lowering or eliminating the H-bond 

donation ability were however unsuccessful. In all the cases the epoxidation reactions were 

proceeding in a non-controlled manner leading to racemic products. No evidence that the urea 

moiety was serving any useful purpose in the bifunctional system v.'as found.

When we realised that the asymmetric induction was beyond the potential of our catalyst 

system, we identified the possibility for the development of a substoichiometric process for 

the methylene transfer epoxidation. Preliminary experiments demonstrated the feasibility of 

this process which warranted further investigation (see Chapter 3).
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3.0

3.1

Catalytic methylene transfer epoxidation
Investigation into the poor catalytic activity of the Johnson-Corey- 
Chaykovsky methylene transfer epoxidation

The two major breakthroughs in the field of non stabilised sulfonium ylide epoxidation have 

been reported by Aggarwal and Goodman. In 2002 Aggarwal et proposed a modification 

of the conventional JCC reaction conditions with the employment of Simmons-Smith type 

carbenoids for the generation of the sulfonium ylide. The application of this methodology in 

the asymmetric epoxidation of benzaldehyde using chiral sulfide 256 resulted in the formation 

of 1 in 56% yield and 47% ee (Scheme 1.88). The same protocol was exploited by Goodman 

et in conjunction with sulfide catalyst 180 affording 1 in 56% yield and 57% ee 

(Scheme 1.90). To date this is the highest enantioselectivity achieved in the synthesis of 1 

employing JCC chemistry reported in the literature.

The low level of stereoselective induction observed is typical of the class of non stabilised 

sulfonium ylides, as betaine formation is non reversible and the enantioselectivity arises only 

from control over which face of the aldehyde is attacked. However, these protocols also 

exhibit poor efficacy from a catalytic turnover standpoint: (super)stoichiometric sulfide 

catalyst loadings (100-200 mol%) are required to afford only moderate yields. The reasons for 

the lack of a catalytic turnover remain unclear.

Chapter 2 described the employment urea-based organocatalysts for the methylene transfer 
epoxidation of aldehydes (see Sections 2.3.3 and 2.3.4).^*’ This investigation led to the 

identification of reaction conditions compatible with the employment of substoichiometric 

amounts of sulfide catalyst in the methylene transfer epoxidation. The possibility of 

performing such a protocol is a target of great interest. We therefore decided to embark on a 

thorough investigation into the low efficiency of the catalytic turnover in the methylene 

transfer epoxidation. We were confident that, if such a protocol could be optimised with the 

use of a simple achiral sulfide catalyst, it could be then applied to a catalytic asymmetric 

variant with the employment of a chiral catalyst, as examples of catalytic asymmetric terminal 

epoxidation via JCC reaction have never been reported in the literature. As previously 

mentioned, the urea moiety was discarded and a simple achiral sulfide, such as 

tetrahydrothiophene (215), was chosen as a benchmark catalyst for our experiments.
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3.1.1 An insight into the reaction mechanism

In contrast to stabilised and semistabilised sulfonium ylides, non stabilised sulfonium ylides 

are believed to react through non-reversible betaine formation. The reaction mechanism for a 

catalytic epoxidation involves four distinct steps: 1) alkylation of sulfide 121 to form the 

sulfonium salt 319, 2) deprotonation to generate the sulfonium ylide 320, 3) betaine (321) 

formation derived from the attack of the sulfonium ylide to the carbonyl compound and 4) 

ring-closure to form the epoxide 322 with regeneration of the sulfide 121 (Scheme 3.1).

Scheme 3.1 Reaction mechanism for the JCC epoxidation
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.LG
R, base \+ Ri r„-

O

/

121 319 320

O

321

\
S/

121

O

Rf R2 

322

We initially focused on the identification of the step (or steps) responsible for the overall low 

efficiency of the catalytic cycle. While each of the four steps could in principle be held 

responsible for the inefficient catalysis, we presumed that betaine formation and the ring- 

closure steps would work efficiently due to two assumptions:

1) betaine formation: while for semistabilised sulfonium ylides (benzylidene transfer, Ri = 

Bn) the addition of the sulfonium ylide to the carbonyl group to form the betaine intermediate 

can be a reversible process (see Section 1.8.3.4), in the case of non-stabilised sulfonium ylides 

(methylene transfer, Ri = H) which are highly nucleophilic, this step is non reversible (see 

Section 1.8.4).^^' Thus it seemed likely to us that the betaine formation involving a non- 

stabilised sulfonium ylide should have been more efficient than the corresponding 

semistabilised analogue, as unstabilised ylides are better nucleophiles.

2) Ring-closure: a methylide-derived betaine is less hindered than the benzylide-derived 

analogue, therefore if the latter undergoes C-C bond rotation and subsequent ring-closure it 

seemed difficult to imagine a scenario where the ring-closure for 321 would fail.
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We therefore reasoned that the slow formation of the sulfonium ylide was the most plausible 

underlying cause of the observed inefficient catalysis. In order to determine which step {i.e., 

the alkylation or the deprotonation) was responsible for the lack of the catalytic turnover, we 

carried out two simple experiments. In the first experiment benzaldehyde (122) was treated 

with substoichiometric amounts of tetrahydrothiophene (215, 20 mol%) in the presence of 

Mel (I equivalent) and KOH (1 equivalent) in CH2CI2 (Scheme 3.2, A). In the second 

experiment the sulfonium salt 323a (prepared by alkylation of 215 with an excess of Mel) was 

employed at stoichiometric loading in the epoxidation of benzaldehyde under otherwise 

identical conditions (Scheme 3.2, B).

Scheme 3.2 Preliminary experiments in the terminal epoxidation of benzaldehyde using 215 

at substoichiometric loading (A) and 323a at stoichiometric loading (B)
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u
1 18%

323a (100 mol%)
0 a

1 '
KOH (1.0 eq.) 

CH2CI2 (0.315 M) u 323a

20 h, rt 1 90%

While the use of catalytic amounts of 215 in the presence of methyl iodide resulted in the 

formation of 1 in 18% yield, when a stoichiometric amount of sulfonium salt 323a was 

employed 1 was produced in 90%. These results demonstrated that, while the ylide formation 

from the sulfonium salt 323a was occurring smoothly leading to a high epoxide yield, in the 

case of the employment of substoichiometric loadings of 215, slow alkylation was impeding 

catalytic turnover. This was clear evidence for the identification of the alkylation rate as the 

problematic step of the overall process.
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3.1.2 Catalytic cycle development: identification of the rate of alkylation to form 

the sulfonium salt

As the alkylation represented the rate-limiting step of the catalytic cycle, the use of a highly 

reactive alkylating agent was envisaged to be required. A screening study aimed at the 

identification of the most reactive alkylating agent compatible with the reaction conditions 

was therefore performed at a concentration compatible with JCC chemistry (0.063 M for 215). 

The alkylating agents were evaluated in the reaction with 215 using CDCI3 as the solvent 

(which was stored over K2CO3 to eliminate any trace of acid) to allow precise monitoring of 

the formation of the corresponding sulfonium salt by ‘H-NMR spectroscopy (using an internal 

standard) in samples taken directly from the reaction mixture. The alkylation screening was 

carried out at a concentration of 0.063 M (the concentration of the sulfide when employed at 

20 mol% in a reaction with a concentration of 0.315 M relative to benzaldehyde).

Table 3.1 Screening study aimed at the identification of the most reactive alkylating agent in 

the reaction with 215 in CDCI3
alkylating agent

(1.0 eq.)

1 ^CDCI3 (0.063 M) 
time

215 rt 323a-f

entry alkylating agent product time (h) yield (%)"

1 324 323a 24 25
2 325 323b 24 0
3 326 323c 24 0
4 327 323d 24 36
5 328 323e 24 33
6 329 323f 24 100
7 329 323f 0.25 100

“Determined by H NMR spectroscopy using an internal standard

Alkylating agents; 
O

H3C-I

324

(CH3)30BF4

327

H3C-O-S6 //
325

O. .0
H3C..^A^^ch3o o

328
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While the use of methyl iodide (324) afforded 25% yield of the corresponding sulfonium salt 

in 24 h (entry 1), excellent electrophiles such as methyl tosylate and methyl mesylate (325- 

326, entries 2-3) failed to alkylate 215 under the same conditions. Powerful methylating 

agents such as Meerwein’s salt (327, entry 4) and dimethyl sulfate (328, entry 5) led to 

moderate yields of the corresponding salts (36% and 33% respectively after 24 h). More 

pleasingly, when methyl triflate (329) was employed, complete conversion of starting material 

was observed, leading to a 100% yield of the sulfonium salt 323f. Subsequent experiments 

demonstrated that, at the same concentration, the alkylation of the sulfide using methyl triflate 

(329) was complete in 15 minutes.

A solvent screening study aimed at the identification of the optimal non deuterated solvent for 

the reaction of 215 with methyl triflate was then performed (Table 3.2).

Table 3.2 Screening study aimed at the identification of the optimal solvent for the alkylation 

of 215 using methyl triflate

Q 329(1.0 eq.) Q-1 OTfsolvent (0.063 M) 
15 minutes

215 rl 323f

entry solvent yield (%)”

1 CHCI3 100
2 CH2CI2 100
3 CH3CN 100
4 THF 0
5 MTBE 0
6 toluene 0
7 Et20 0
8 hexane 0

internal standard.

The alkylation of 215 in CHCI3, CH2CI2 and CH3CN led to the formation of 323f in 100% 

yield. In the search for the optimal solvent for the alkylation step (a Sn2 reaction), THF was 

judged to be a good potential candidate. However, when methyl triflate was added to a 

solution of 215 in THF, the formation of a black polymer was observed within 5 minutes. 

Repetitions of the experiment with different batches of 215 and anhydrous THF exhibited the 

same polymer formation.
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It was only after a literature search that we discovered that methyl triflate is able to catalyse 

the ring opening polymerisation of THF, leading to the black polymer observed.^^^'^^^’^^'^ 

Interestingly, the same process was occurring diethyl ether and MTBE (Table 3.2, entries 5 

and 7). The alkylation of the sulfide did not occur in hexane and toluene (entries 6 and 8). 

CH2CI2 became our solvent choice due its ready availability as an anhydrous solvent in the 

laboratory.

Intrigued by the high reactivity demonstrated by methyl triflate in the reaction with 215, we 

considered the possibility of performing a catalytic JCC ethylene transfer epoxidation using 

ethyl triflate as the alkylating agent. The major concern associated with this process was 

obviously the rate of alkylation of 215 using ethyl triflate (which is a weaker electrophile than 

methyl triflate). Commercially available ethyl triflate was evaluated in the reaction with 215 

in CH2CI2 at different concentrations (Table 3.3).

Table 3.3 Experiments aimed at the determination of suitable conditions for the alkylation of 

215 using ethyl trillate for the formation of sulfonium salt 330

o
215

EtOTf (1.0 eq.)

CH2CI2 (cone.) 
time, rt

o
OTf

330

entry concentration time (h) yield (%)“

1 0.063 0.5 20
2 0.125 0.5 39
3 0.190 0.5 58
4 0.250 0.5 70
5 0.380 0.5 75
6 O.OOO*"

1, ixT

1 81

an internal standard. ’’Using CH3CN as solvent

Unfortunately the use of ethyl triflate resulted in slower alkylation (when compared to the use 

of methyl triflate under otherwise identical conditions; Table 3.3, entry 1). Alkylation 

experiments carried out at higher concentrations resulted in only partial formation of 330 in 

30 minutes (entries 2-5). As this rate of alkylation was not compatible with our catalytic 

protocol, we decided to abandon the development of a catalytic ethylene transfer epoxidation.
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The idea of broadening the scope of the catalytic protocol was however still alive. We 

identified the allyl group as a potential candidate for the process, since allyl groups are highl) 

reactive electrophiles in Sn2 reactions. The rate of allylation of 215 was initially evaluatec 

using methallyl chloride (332, being readily available in the laboratory) and methallyl iodide 
(333, prepared by Finkelstein reaction^^^ from 332) for the synthesis of the sulfonium salt 331 

(Table 3.4).

Table 3.4 Experiments aimed at the determination of suitable conditions for the alkylation of 

215 using methallyl chloride (332) and methallyl iodide (333) for the formation of sulfoniurr. 

salt 331

o
215

alkylating agent 
(1.0 eq.) Q

Y^c,
solvent (1 M) 

time, rt V'"
331

332

V-'
333

entry alkylating agent solvent time (h) yield (%)“

I 332 CH2CI2 16
2 332 THF 16
3 332 CH3CN 16
4 333 CH2CI2 12
5 333 THF 4
6 333 THF*" 20
7 332 C 20
8 333

• , 1 Ut

c 20

internal standard. ^Reaction under reflux conditions. '^Solvent- 
free conditions

The alkylation of 215 using both 332 and 333 proved completely inefficient. We therefore 

considered the employment of allyl triflate group. Allyl triflate is not a commercially 
available product, as it is known to be unstable and potentially explosive.^^® However, when 

we carried out the formation of allyl triflate from 68 in the presence of triflic anhydride and 

2,6-lutidine, the complete formation of 334 was observed after 10 minutes (Scheme 3.4). We 

therefore decided to evaluate a slight modification of the procedure, involving the in situ 

formation of 334 (from 68 in the presence of triflic anhydride and 2,6-lutidine) in the presence 

of 215 (Scheme 3.4).
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Scheme 3.4 Synthesis of ally! triflate 334 and its employment as alkylating agent for the 

synthesis of sulfonium salt 335
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Tf2O(1.0eq.)
■OH :—;—^

2,6-lutidine (1.1 eq.)
CH2Cl2(1M) 334 100%

o
215

'2^*2 ' 
10 min

68 (1.0 eq.) 
TfgO (1.0 eq.)

2,6-lutidine (1.1 eq.) 
CH2CI2 (1 M)

3 h, rt

o
OTf

335 50%

Unfortunately, the alkylation experiment afforded only a moderate 50% yield of the 

corresponding triflate salt 335 after 3 h. We therefore decided to abandon the investigation of 

a substoichiometric allyl transfer epoxidation. We subsequently focused our efforts on the 

development of a catalytic procedure for methylene transfer with the employment of methyl 

triflate.

3.1.3 Catalytic cycle development: identification of the optimal base

The next requirement for the optimisation of the catalytic cycle was the choice of an 

appropriate base. We realised that heterogeneous conditions using solid KOH/CH2CI2 were 

not practicable, as KOH is hygroscopic and usually tends to stick to the bottom of the flask, 

thereby requiring efficient stirring to maintain the base in suspension. A homogeneous 

process where the base is fully dissolved in the reaction medium was envisaged as a necessity.

A screening study aimed at the determination of the optimal base was performed employing a 

stoichiometric amount of the triflate salt 323f in the epoxidation of benzaldehyde (122) in the 

presence of one equivalent of base (Table 3.5).
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Table 3.5 Screening study aimed at the identification of the optimal base for the catalytic 

cycle

entry base yield (%)“

1 NaOH (aq. 50% w/w) 56
2 KHMDS (IM) 29
3 'BuOK 59
4 P, (fBu) 90
5 P2 (/Bu)

1 . In VT»

95

Styrene as an internal standard

50% Aqueous NaOH, which had proven useful during the study on the influence of hydrogen

bonding donating catalysts on the JCC epoxidation (Section 2.3.1) led to a moderate 56% 

yield of 1. Potassium rert-butoxide and KHMDS resulted in the formation of 1 in 59% and 

29% yield respectively (entries 2-3) and were therefore excluded from further consideration. 

The two highly active phosphazene bases Pi-(rBu) and Po-ftBu) afforded excellent yields of 1 

(90% and 95% yield respectively, entries 4-5). Phosphazene base P2-(tBu) is a strong and 

hindered base [p/fa (DMSO) = 21.45] and is commercially available as a solution in THF. 

These characteristics contributed to make it the most suitable base for the use in the catalytic

protocol 297,298,235

3.1.4 Catalytic cycle development: terminal epoxidation using substoichiometric
catalyst loadings

We were ready to test our strategy in the epoxidation of benzaldehyde (122) with a 

substoichiometric loading of 215 (20 mol%) in the presence of methyl triflate (1 equiv.) and 

P2 base (1 equiv., Scheme 3.5).

108



Results and discussion

Scheme 3.5 Epoxidation of benzaldehyde using 215 at substoichiometric loading in the 

presence of methyl triflate and P2 base

O

122

215 (20 mol%) 
329 (1.0 eq.)

P2 base (1.0 eq.) 
CH2CI2 (0.315 M) 

20 h, rt

Q

1 18%

To our disappointment, only an 18% yield of 1 was produced using a substoichiometric 

amount of 215. Upon the repetition of this experiment, the reaction afforded a similar yield of 

1 (19%). The analysis of the 'H NMR spectrum of the reaction mixture also exhibited the 

presence of unreacted starting material. In order to increase the conversion, an additional 

equivalent of methyl triflate was added to the same reaction vessel.

Scheme 3.6 Catalytic epoxidation of benzaldehyde using 215 at stoichiometric loadings and 

formation of 199 by addition of a second equivalent of methyl triflate to the reaction vessel

O

122

215 (20 mol%) 
329 (1.0 eq.)

P2 base (1.0 eq.) 
CH2CI2 (0.315 M) 

20 h, rt

O O
329 (1.0 eq.)

1 19% 1 9%

O

199 Traces

To our surprise, upon injection of the additional equivalent of methyl triflate the overall yield 

of 1 decreased to 9% (determined by 'H NMR spectroscopy using an internal standard). We 

noticed the signals associated with another species in the 'H NMR spectrum of the crude 

material: the corresponding homologated aldehyde 199, presumably formed by acid-catalysed 

rearrangement of 1 (Meinwald rearrangement,^^^ see Section 2.2). This led us to speculate that 

a) the alkylating agent and the base were probably not compatible when both are present 

together in solution, resulting in the decomposition of methyl triflate, and that b) a protic 

species in solution, capable of catalysing the deleterious Meinwald rearrangement to the 

homologated aldehyde, was likely to be the cause of the rearranged product.
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3.1.5 Catalytic cycle development: portion-wise addition of reagents

In our hands methyl tritlate proved to serve as a highly reactive alkylating agent in the 

formation of the sulfonium salt. However, we also detected epoxide decomposition under 

these conditions, and we were also aware of reports in the literature concerning the alkylation 

of cyclic ethers (e.g., THF) in the presence of methyl triflate. We therefore thought it prudent 

to examine the alkylation of sulfide 215 by methyl triflate in the presence of the epoxide 1 to 

see if a chemoselective alkylation protocol which could operate in the presence of 1 could be 

developed. Equimolar amounts of 215 and 1 were dissolved in CH2CI2 (0.315 M), followed 

by the addition of 1 equivalent of methyl triflate (Scheme 3.7).

Scheme 3.7 Methyl triflate reactivity towards 215 and 1

215
(1.0 eq.) (1.0 eq.)

329 (1.0 eq.)

CH2CI2 (0.315 M) 
styrene (1.0 eq.) 

rt, 20 min

f OTf 

323a 100% 1 100%

The complete formation of the sulfonium salt 323a was observed and no decomposition 

product derived from acid-catalysed Meinwald rearrangement was detected. This experiment 

demonstrated that, as long as there is an equimolar amount of sulfide (relative to methyl 

triflate) available, the sulfonium salt is formed quantitatively and the epoxide is safe from 

decomposition. We wished to employ the sulfide in substoichiometric amounts. This poses a 

question: how can we avoid epoxide decomposition in a scenario where there is more methyl 

triflate and epoxide in solution than sulfide? We proposed a solution based upon a portion- 

wise addition of the alkylating agent and the base. We posited that under these conditions, 

rapid (and chemoselective) alkylation would result. Subsequent deprotonation and JCC 

epoxidation would regenerate the sulfide ready for alkylation by another portion of added 

methyl triflate. In this way there is never an excess of methyl triflate in solution, thereby 

rendering the epoxide decomposition more difficult. The incompatibility of methyl triflate 

with P2 base can be solved in the same manner: equimolar amounts of base (relative to the 

sulfonium salt) can be injected after complete consumption of methyl triflate (which is known 

to occur in 15-20 minutes). This process can be repeated until full consumption of the 

aldehyde occurs.
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A portion-wise addition methodology was developed: in the case of a reaction involving 20 

mol% of the sulfide both the methyl triflate and the base are injected in 20 mol% amounts. 

Methyl triflate is added to a solution of benzaldehyde (122) and 215 in CH2CI2, followed 

(after alkylation is complete) by the base, in such a way that full consumption of the methyl 

triflate is achieved before the injection of the base. Reaction with the base then generates the 

sulfonium ylide which is followed by the betaine formation and ring-closure (the fast steps of 

the reaction), then the process is repeated. A total of 10 additions (5 portions of methyl triflate 

and 5 of base) lead to the full consumption of the aldehyde.

Scheme 3.8 Catalytic epoxidation of benzaldehyde using the portion-wise addition of 

reagents protocol

215 (20 mol%)
O 329 (1.0 eq.)

P2 base (1.0 eq.)

CH2CI2 (0.315 M) 
20 h, rt

122 portion-wise addition
10 additions of MeOtt 

and base

O

1 56%

The first experiment we carried out confirmed the potential of this process, as the employment 

of 215 at 20 mol% loading afforded 1 in 56% yield. This represented the first clear example 

of catalyst turnover in the JCC reaction involving methylene transfer. Obviously the 56% 

yield of 1 obtained by this process was not considered a synthetically useful result.

3.1.6 Investigation into the catalytic cycle

In order to maximise the product yield, we realised that knowledge of both sulfur alkylation 

and decomposition of the product throughout the course of the overall reaction was required. 

We identified three major problems associated with the reaction as it progresses (in a portion- 

wise addition protocol):

1) The increasing total volume: the P2 base is available as a solution in THF, therefore after 

every addition the total volume of the reaction increases. This would result in a slower 

alkylation rate at a later stage of the reaction (i.e., after multiple additions)
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2) The increasing percentage of THF: the P2 base is a solution in THF. As mentioned earlier 

(see Section 3.1.4), THF is a potential competing nucleophile for the methyl triflate, which 

could potentially impede the alkylation of the sulfide after several additions.

3) The increasing amount of epoxide: as the reaction proceedes the aldehyde is consumed and 

the epoxide is formed. In the latter stages of the reaction the epoxide will be present in greater 

amounts than the sulfide. The epoxide could then compete with the sulfide for the alkylating 

agent, leading to both inefficient sulfide alkylation and increased amount of decomposition 

product.

In a hypothetical highly efficient catalytic ICC epoxidation where a 20 mol% catalyst loading 

is employed, after every cycle 20% of the aldehyde starting material is consumed and the 

product yield is increased by the same amount. Therefore the substrate/product ratio 

immediately prior to each addition of methyl triflate/base can be represented by seven 

situations (Table 3.6, entries 1-7): the initial stage (where the starting material is completely 

unreacted, entry 1), the second stage (where the substrate/product are present in a 80:20 ratio, 

entry 2), the third stage (substrate /product are present in a 60:40 ratio, entry 3), the reaction 

midpoint (substrate and product are present in equimolar amounts, entry 4), the fifth and sixth 

stages (according to the reaction course, entries 5-6) and finally the end of the reaction (where 

the starting material is fully consumed and the product is present in 100% yield, entry 7).
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Table 3.6 The change in aldehyde/epoxide ratio during the course of the reaction using 20 

mol% catalyst loading and portion-wise additions

O

236

MeOTf
329

alkylation

OTf
323a

baseH* base
deprotonation

loading
(%)

aldehyde epoxide

20 100 0
20 80 20
20 60 40
20 50 50
20 40 60
20 20 80
20 0 100

We decided to study the efficiency of the alkylation (rate-determining step) independently of 

other steps in each stage of the cycle by artificially replicating the precise reaction conditions 

prior to each addition (substrate/product ratio, total volume and THF percentage) in separate 

experiments (Table 3.7).

Table 3.7 Investigation of the catalytic cycle: sulfide alkylation experiments

o
215

(20 mol%)

329 (20 mol%) 
122 (X mol%)

1 (y mol%) 
styrene (1.0 eq.) 
CH2CI2 (0.315 M) 

rt, 20 min

OTf

323f

entry aldehyde
(X)

epoxide
(y)

THF"
(liL)

yield
(%)•’

recovered 
epoxide (%)

1 100 0 0 0" 0
2 80 20 56 20 20
3 60 40 102 20 40
4 50 50 130 20 50
5 40 60 158 15' 41
6 20 80 214 If 48
7 0 100

br^ . —:—T~i—rrr
NMR spectroscopy using an internal standard. “^The H NMR 
spectrum indicates the presence of decomposition product
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To our delight, in no case was the gelification process (see Section 3.1.4) observed, thus 

demonstrating the compatibility of methyl triflate with small amounts of THF in the presence 

of sulfide.

While the initial, second, third and midpoint stages of the reaction (Table 3.7 entries 1-4) 

proceeded smoothly, affording the expected sulfonium salt cleanly in 20 minutes, the fifth 

(Table 3.7, entry 5) and, to a greater extent, sixth stage (Table 3.7, entry 6) alkylation 

experiments afforded a low yield of 323f. The analysis of the 'H NMR spectrum of samples 

from the two latter experiments also revealed that, after 20 minutes, the yield of epoxide was 

decreased (entries 5-6), presumably via decomposition.

We reasoned that, as the reaction proceeds, the increased level of epoxide has a dramatic 

effect on the alkylation process. When the epoxide is present in the reaction at a concentration 

higher than that of the sulfide catalyst, the side-reaction (Meinwald rearrangement^*^) tends to 

occur (Table 3.7, entry 6-7). As the decomposition pathway was believed to occur through the 

presence of traces of triflic acid (formed presumably in the presence of adventitious water) in 

the reaction, a possible solution to this problem would the addition of a base to the reaction 

medium, capable of quenching the acid without interfering with either ylide generation or 

sulfide alkylation. A range of additives was evaluated in order to test their ability to suppress 

the decomposition of the epoxide product. The evaluation of these additives was performed 

under the ‘sixth stage’ reaction conditions, where the epoxide is present at the highest 

concentration, i.e. where the epoxide decomposition was the greatest (see Table 3.7, entry 6).
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Table 3.8 Identification of a basic additive capable of suppressing the formation of 199

O 215 (20 mol%) 
329 (20 mol%)

CHjCIa (0.315 M) 
THF(214gL)

1 (80 mol%) 25 min, rt
additive (80 moi%.)

199

entry additive yield of 199(%)

1 4A MS (variable amounts)
32

8-14
2 K2CO3 10
3 NaHCOj 10
4 KOH 10
5 NEtj jb

6 basic alumina 0”
7 336 0

Determined by H NMR spectroscopy using an internal 
standard. ‘’No alkylation of the sulfide was detected

Molecular sieves were initially evaluated because of their ability to maintain a dry reaction 

medium. However, considerable amounts of 199 were detected nonetheless (Table 3.8, entry 
1). Equimolar amounts (relative to 1) of inorganic bases were also evaluated, however all of 

them failed: 199 was formed in up to 10% yield in these reactions (Table 3.8, entries 2-4). 

Interestingly, Et3N and basic alumina suppressed the formation of 199, however they impeded 

the formation of the sulfonium salt (entries 5-6). The use of proton sponge (1,8- 

fc/j(dimethylamino)naphthalene 336, entry 7) resulted in clean alkylation of 215 after 25 

minutes, and the presence of decomposition product 199 was not observed. Thus 336 became 

our choice of additive for the eradication of the deleterious rearrangement reaction.

3.1.7 Catalytic cycle development: catalytic epoxidation of aldehydes under 

optimised ‘portion-wise addition’ conditions

The stage was set for the evaluation of the optimised procedure: benzaldehyde (122), 215 and 

proton sponge (336) were dissolved in dry CH2CI2. Substoichiometric amounts of methyl 

triflate and P2 base were then injected at 25 minute intervals (the time required for the 

complete sulfonium salt formation during the last cycle. Table 3.8) until an equimolar amount 

of each reagent was added. The last modification involved the portion-wise addition: the 

reagents were added in five ‘18 mol%’ additions, followed by the a sixth 10 mol% addition (a
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total of 12 additions) to complete the reaction stoichiometry. In this way the bulk of methyl 

triflate is added to the reaction in an environment characterised by a small excess of sulfide 

(relative to the methyl triflate). The methyl triflate and the sulfide are therefore never present 

in equimolar amounts, thus the risk of epoxide decomposition is minimised (Scheme 3.9).

Scheme 3.9 Catalytic epoxidation of benzaldehyde with 215 and methyl triflate (portion-wise 

addition)

122

215 (20 mol%)
O 329 (1.0 eq.)

P2 base (1.0 eq.)

336(1.0 eq.) 
CH2CI2 (0.315 M)

5 h, rt
portion-wise addition

12 additions

O

1 95%

The optimised protocol involving the portion-wise addition of the reagents resulted in a 

convenient and remarkably reproducible catalytic protocol that could be executed in 5 h and 

furnished an average of 95% yield of 1 over five experiments (Scheme 3.9). This represented 

the first example of a highly efficient catalyst turnover in the JCC reaction involving 

methylene transfer. We then became interested in investigating the substrate scope of our 

optimised protocol (Table 3.9).
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Table 3.9 Substrate scope evaluation for the substoichiometric epoxidation of aldehydes
215 (20 mol%)

329 (x mo%)
O P2 base (x mol%)

336 (1,0 eq.) R 
CH2CI2 (0.315 M)

5 h, rl
portion-wise addition

12 additions

O

entry Substrate product loading x yield (%)“

O

122

122

285

MeO'
289 

OMe 0

291

O

286

290
OMe o

ly*
288

O

Cl
282

20

10

20

20

20

20

20

20

20

100

100

100

115

no

100

100

105

100

95

83

96

95'’

92"

90

86

85

93

293

’’Isolated yield. '’Determined by 'H NMR spectroscopy using an internal standard due to product decomposition
during chromatography.
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We were pleased to notice that under these conditions 215 could promote methylene transfer 

to benzaldehyde, at either 10 or 20 mol% sulfide loadings, with high yields (Table 3.9, entries 

1-2). Excellent results were also obtained using hindered- (entry 3), deactivated- (entry 4-5) 

and activated aromatic aldehydes. a,p-unsaturated aldehydes together with a-branched 

aliphatic aldehydes (entry 8-9) were also good substrates. Only in the case of the electron-rich 

substrates 287 and 289 the overall reaction required an additional amount of the reagents for 

the full consumption of the starting material.^^^

3.1.8 Catalytic enantioselective methylene transfer to aldehydes

In parallel with this study, Ms Sarah Kavanagh developed the two novel chiral sulfide 

catalysts 337 and 338 for the enantioselective epoxidation of aldehydes. Catalyst 337 proved 

to be capable of catalysing the formation of 1 in 80% yield and 18% ee, while catalyst 338 

proved superior ability affording 1 in 70% yield and a remarkable 43% ee (Scheme 3.10).

Scheme 3.10 Chiral sulfides 337 and 338 in the asymmetric epoxidation of benzaldehyde 

(performed by Ms. Sarah Kavanagh)

Obviously the idea of coupling catalytic process with the use of a chiral catalyst was 

particularly appealing. However, with 337 and 338 being more sterically hindered around the 

sulfur atom (compared to 215) we first needed to examine the efficiency of the alkylation 

process using the two sulfide catalysts.
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Scheme 3.11 Experiments aimed at the determination of suitable conditions for the alkylation 
of 337 in the reaction with methyl triflate

MeOTf (1.0 eq.) ^ j \

CH2CI2 (cone.) 
20 min, rt

337

/ ®

■ OTf 
339

cone. 0.063 M, 70% 
cone. 0.126 M, 100%

Sulfide catalyst 337 alkylation was slower at the same concentration (0.063 M for the sulfide). 

When the concentration was raised to 0.126 M the alkylation required 20 minutes for the full 

consumption of 337. This alkylation rate was perfectly in line with our optimised epoxidation 

conditions (Scheme 3.11).

We were ready to evaluate the catalytic protocol (using the new conditions) using sulfide 

catalysts 337 and 338 (Scheme 3.12). The alkylation study and the catalytic reaction involving 

338 were performed by Ms Sarah Kavanagh (Scheme 3.12).

Scheme 3.12 Catalytic enantioselective epoxidation of benzaldehyde using sulfide catalysts 

337 and 338 (portion-wise addition of reagents)

O cat. (20 mol%)
329 (1.0 eq.)

P2 base (1.0 eq.)
336 (1.0 eq.)

122 CH2CI2 (0.63 M), rt loT/
portion-wise addition 338: (R)-1 70%, 43% ee

12 additions

The use of sulfide catalysts 337 and 338 under optimised conditions resulted in the first 

metal-free catalytic asymmetric methylene transfer to an aldehyde characterised by 

enantioselectivity levels approaching the literature results.

3.1.9 Catalytic methylene transfer to ketones

Intrigued by the remarkable results obtained in the catalytic epoxidation of aldehydes, we 

became interested in broadening the scope of our methodology. We realised that, for our 

methodology to be considered synthetically useful, it must be compatible with ketone 

substrates. Although there are numerous reported examples of methylene transfer epoxidation 

of ketones, all of these require (super)stoichiometric sulfide

loadings. 300,301,153,302,303,304,305,306,307,260 We wondered if our optimised protocol would had been
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sufficiently efficient to overcome the intrinsic lower electrophilicity of ketones (relative to 

aldehydes). Unfortunately, preliminary experiments concerning the influence of hydrogen

bonding donating catalysts on the JCC reaction in a diphasic system (performed by Ms. Sarah 

Kavanagh, Scheme 3.13) were not encouraging. Acetophenone 264 proved completely 

unreactive even with elevated catalyst loading (while aldehydes generally excellent yields, see

Section 2.2). 287

Scheme 3.13 Urea catalysed methylene transfer to ketones (performed by Ms. Sarah 

Kavanagh)

As the low electrophilic nature of the substrate was a cause of concern, we envisaged that the 

homogeneous nature of our catalytic protocol (involving the formation of the sulfonium ylide 

in the same phase) could probably compensate for the lack of reactivity associated with 

ketone substrates.

We were delighted to observe that 264 underwent clean and smooth reaction in the presence 

of 215 (20 mol%) to furnish terminal epoxide 265 in high yield with no need for further 

protocol development (Scheme 3.14).

Scheme 3.14 Catalytic epoxidation of acetophenone (264) under optimised conditions 

(portion-wise addition of reagents)

O

264

215 (20 mol%) 
329 (1.0 eq.)

O

CHgCIa (0.315 M), rt 
336(1.0 eq.)

P2 base (1.0 eq.) 
portion-wise addition

12 additions

265 85%

We were next interested in evaluating the performance of a range of ketones of variable steric 

and electronic characteristics in the catalytic JCC reaction (Table 3.10).
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Table 3.10 Substrate scope evaluation for the catalytic epoxidation of ketones

O

A

entry ketone

O

264

O2N
344

Cl

350

Ph' Ph
106

215 (20 mol%) 
329 (x mol%) 

CH2CI2 (0.315 M), rt

336 (1.0 eq.)
P2 base (x mol%) 

portion-wise addition
12 additions

product

O

265

343
O

OoN

345

351 
0~

Ph^ ^ Ph 
352

\ O

341

X yield“(%)

100 85

100 89

115 94”

100 93

100 89

100 94

100 92

110 88

100 85
353 354

“Isolated yield. ”Determined by 'H NMR spectroscopy using an internal 
standard due to product decomposition during column chromatography.
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The catalytic protocol proved efficient with a wide range of substrates, including hindered- 

(Table 3.10, entry 2), electron-rich (entry 3) and electron-deficient ketones (entries 4-7) with 

good to excellent yields. Chalcone (entry 8) represented an interesting substrate from a 

chemoselective standpoint for the presence of a a,|3-unsaturated moiety: despite the relatively 

hindered nature of the carbonyl moiety we observed complete conversion to 352 without any 

trace of the cyclopropanation adduct being detected. Trifluomethyl ketone 353 (entry 9) 

proved a good substrate for this methodology, as it was converted to the corresponding 

epoxide 354, an interesting building block in the synthesis of biologically active

compounds. 308,309.310.311 The epoxidation methodology was also applied to the generation of

epoxides derived from aliphatic ketones by Ms Sarah Kavanagh. Good to excellent yields 

were afforded with no traces of possible aldol-derived side products, rendering this process

suitable for a wider range of substrates. 312

3.1.10 Conclusions for Chapter 3

In conclusion, an investigation into the poor activity of sulfides as catalysts for methylene 

transfer epoxidation has been performed. The thorough analysis of the catalytic cycle steps, 

both through theoretical assumptions and experimental findings, has guided us to the 

determination of the rate of alkylation of the sulfide as the slow and inefficient step that was 

causing the overall low efficient catalysis. Methyl triflate has been identified as the most 

reactive methylating agent for the sulfide and the phosphazene base Pi-ffBu) as the most 

suitable base. Through a detailed investigation of the catalytic cycle we then understood the 

problems associated with the use of methyl triflate in the presence of epoxides and, with the 

employment of an additive (proton sponge), we eventually solved them. A smart final 

modification of the protocol involved a portion-wise addition of the reagents to impede the 

decomposition of the epoxide product. The overall process resulted in the first example of a 

highly efficient catalytic JCC epoxidation in the synthesis of terminal epoxides. The protocol 

was also demonstrated to be reliable and high-yielding for a range of substituted aldehyde 

substrates.

The catalytic protocol was then coupled with the use of chiral catalysts and resulted in the 

first example of catalytic asymmetric methylene transfer epoxidation via JCC reaction with 

levels of enantioselectivity approaching the literature benchmarks.
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Finally, our optimised methodology was evaluated in the JCC terminal epoxidation of ketone 

substrates. Gratifyingly our protocol did not require any further development to overcome the 

low electrophilicity of ketones. A range of both aromatic and aliphatic ketones afforded the 

corresponding epoxide products in good to excellent yields.
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4.0 Synthesis and evaluation of a new generation of chiral catalysts for the 
JCC methylene transfer epoxidation

The JCC asymmetric methylene transfer is a rather unexplored field if compared to that 

associated with JCC benzylidene transfer chemistry (see Section 1.8.4). Few chiral catalysts 

are available and, more importantly, these catalysts afford only moderate yields and product 

ee (up to 56% and 57% respectively in the synthesis of 1). The literature protocols require a 

deviation from the conventional JCC reaction conditions and are also characterised by the

requirement of (super)stoichiometric catalyst loading. 258,259 Obviously, the design and

synthesis of ehiral catalysts capable of inducing enantioselectivity up to synthetically useful 

levels (>90% ee) is highly desirable. Here will be described the design and development of a 

new generation of chiral catalysts for the asymmetric JCC methylene transfer epoxidation of 

aldehydes.

4.1.1 Design of the new generation of chiral sulfide catalysts for the JCC 

methylene transfer epoxidation

Aggarwal et al. and Goodman et al. have demonstrated that C2-symmetrical sulfides are 

capable of promoting the synthesis of 1 with moderate enantioselectivity, as these sulfides 

possess the ability to form a single diastereomer of the sulfonium salt upon alkylation. 

Following this principle, Ms. Sarah Kavanagh prepared three sulfide catalysts (175-337-338) 

and evaluated them at stoichiometric and substoichiometric loadings in the synthesis of 1 

(Figure 4.1).^^^ The levels of enantioselectivity achieved clearly indicated that the steric 

hindrance surrounding the sulfur atom plays an important role in the asymmetric induction: 

when bigger groups were installed adjacent to the sulfur atom, higher enantioselectivity levels 

were detected (Figure 4.1). Inspired by these results obtained using Ci-symmetrical sulfide 

catalysts characterised by the 5-membered thiolane motif (Figure 4.1), we reasoned that a 

similar core structure bearing a higher degree of steric hindrance could represent the key for a 

high asymmetric induction.
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Figure 4.1 The increasing enantioselectivity in the synthesis of 1 associated with the degree 

of steric hindrance of C2-symmetrical chiral sulfides and proposed stereochemical rationale

.... t=t> ■=>

175
(R)-1 100%, 3% ee

337
(S)-1 80%, 28% ee

338
(R)-1 70%, 49% ee

0 Attack at the re-face (disfavoured)

H

VPh

t?' If
steric clash

large aldehyde 
substituent

I ° J directed into
the solvent

Attack at the seface (favoured)

O (R)-1

smaller substituent better accommodated 

Our postulated stereochemical rationale is outlined in Figure 4.1. We assumed that the 

aldehyde is likely to approach the ylide in such a way that a) it avoids the large catalyst 

substituent directed upwards (as drawn, Figure 4.1, A and B), b) charge separation and gauche 

interactions are minimised in the transition state, and c) that the aryl substituent is directed 

into the solvent. In this scenario one can see that attack at the aldehyde si-face (leading to the 

observed (/?)-! enantiomer in the case of 338, Figure 4.1, B) appears favourable to attack at 

the re-face (Figure 4.1, A) due to an unavoidable steric clash between the carbonyl group 

(which increases as the tetrahedral betaine geometry is approached) and the large a-catalyst 

substituent. This may explain why enantioselectivity is consistently unsatisfactory: in systems 

such as this, one is attempting to act upon a relatively small steric discrepancy between the 

aldehydic C=0 (Figure 4.1, A) and C-H bonds, and a relatively small group (i.e., f-butyl 

group in the case of 338) is simply not of sufficient steric bulk to allow efficient 

discrimination between the two possible Biirgi-Dunitz trajectories. If this hypothesis is 

correct, the circumvention of the problem would involve the relatively straightforward matter 

of designing a catalyst with considerably larger substituents at C-2 and C-5, so that the steric 

interaction with the aldehyde carbonyl group is of sufficient magnitude to preclude attack at 

the re-face (Figure 4.1, C).
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We identified 356 as a model structure upon which the catalyst development was based 
(Scheme 4.1).

Scheme 4.1 Development of the new generation of sulfide catalysts

cheap available 
starting materials

RO.

O
S

355

choice of 
aromatic 

group - -

^ choice of 
aromatic 

^ group

choice of 
alkyl group

The choice of 356 as the generic model structure for the catalyst development was based on:

1) Ease of synthesis: the Ci-symmetrical ester 355 can be prepared from cheap and readily 

available starting materials. The use of a Grignard reagent (e.g., PhMgBr) was considered a 

straightforward method for the formation of C2-symmetrical sulfides such as 356 (Scheme 

4.1).

2) The possibility of tuning steric and electronic catalyst properties: different aromatic groups, 

characterised by different steric and electronic properties, can be introduced in proximity of 

the sulfur atom by using different Grignard reagents. In addition, the Grignard-adduct 356 is 

characterised by the presence of an ether functionality, thus another possibility for further 

catalyst elaboration (e.g., various alkyl groups. Scheme 4.1).
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4.2

4.2.1

Synthesis of the new generation of Ca-symmetrical snlfide catalysts 

Synthesis of a phenyl-substituted sulfide catalyst

The synthesis started with the conversion of adipic acid (357) to the corresponding a-bromo 

ester 358. While the PBr3-catalysed (Hell-Volhard-Zelinsky) reaction failed (presumably due 

to the poor solubility of 357 in most organic solvents), the conversion to 358 was made 

possible by the in situ formation of the corresponding acyl chloride with the use of thionyl 

chloride and subsequent slow addition of molecular bromine into the reaction vessel. Pouring 

the reaction mixture into ice-cold methanol afforded the methyl ester 358 in 79% yield as an 

unseparable mixture of meso- and ti//-diastereomers after column chromatography (Scheme 

4.2).

Scheme 4.2 Preparation of a-bromoester 358 from adipic acid (357)

O
HO

1. SOCI2
OH

O
2. Br,

Br O
Cl

Cl
O Br

Br O
MeOH .0 O

357
O Br

358 79%

The a-bromo ester 358 underwent cyclisation to the thiolane ring by reaction with Na2S in 

acetone/water, affording cis/trans-359 as a 1:1 mixture of the two diastereomers. Trans-359 

was recovered in 39% yield after column chromatography (Scheme 4.3).

Scheme 4.3 Synthesis of trans-3S9 by cyclisation of 358

Br O
.0. O

o Br

NazS-SHgO ^O
acetone/water 

9:1

O-
column 

chromatogaphy ^O.

O O O
S' '"if 

O

o..

358 cis/trans-359
1:1

(±)-trans-359 39%

The yield of trans-359 was quite unsatisfactory. An attempt to transform cis-359 into trans- 

359 was carried out by simply adding a catalytic amount of sodium to a solution of cA-359 in 

dry methanol. After 18 h a re-equilibration process to a 1:1 mixture of cis/trans-359 was 

observed, and trans-359 was separated from the mixture by column chromatography. The 

recovered cis-359 could be then subjected again to the sodium-catalysed re-equilibration 

(Scheme 4.4).
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Scheme 4.4 Sodium-catalysed re-equilibration of cis-359 to a 1:1 cis/trans-359 mixture

o o
c/s-359

Na (cat.)

MeOH 
18 h, rt

.0, O.

O O

trans/cis-359
1:1

Trans-359 was obviously produced as a racemic mixture. A method for the resolution of the 

two enantiomers was found in the literature.However, we decided to first develop and 

optimise the methodology for the construction of the catalyst structure using (±)-trans-359 as 

a starting material and then apply the optimised conditions to the synthesis of non racemic 

catalysts.

A literature search revealed no procedures for the synthesis of sulfides derived from Grignard 

addition to Ci-symmetrical esters (such as trans-359). Unfortunately, the addition of an 

excess of commercially available PhMgBr (2 M solution in diethyl ether) to a solution of 

trans-359 proved unsuccessful, leading to a complex mixture of products (Scheme 4.5, A). A 

solution of PhMgBr in THF was then prepared in situ from bromobenzene and magnesium 

followed by the addition of the electrophile (trans-359), however this procedure also proved 

unsuccessful affording a similar complex mixture of products. The results of these 

preliminary experiments became even more disappointing when the Grignard addition using 

PhMgBr was performed on cis-359, as it led to the formation of the clean Grignard adduct c/5- 

360 as the only product (Scheme 4.5, B).

Scheme 4.5 Reaction of trans-359 (A) and cis-359 (B) with PhMgBr

A

PhMgBr (8.0 eg.) complex mixture of products

O O
{±)-trans-359

THF
0-20 “C

.0,

O O

(±)-c/s-359

When the reaction with trans-359 was carried out using a smaller amount of the Grignard 

reagent (3 equivalents), along with many unidentified side-products we were able to detect 

and isolate 361 in 35% yield (Scheme 4.6).

128



Results and discussion

Scheme 4.6 Addition of 3 equivalents of PhMgBr to trans-359 for the formation of 361

o o
(±)-trans-359

Sulfide 361 was considered a precursor in the synthesis of trans-360, and was therefore 

subjected to a second Grignard addition (using 3 equivalents of PhMgBr). To our 

disappointment, the reaction resulted in the formation of a complex mixture of products 

(detected by ’h NMR spectroscopy) where the presence of either the starting material or the 

Grignard adduct was not detected.

Finally, an experiment in which 4 equivalents of PhMgBr were employed in the reaction with 

trans-359 resulted in the formation of traces of trans-360 (Scheme 4.7). After the purification 

of 361 by column chromatography, we noticed that overnight a white powder had started to 

precipitate from some of the impure fractions. The isolation of this material, followed by 'H 

NMR, '^C NMR and mass spectrometry confirmed that the product crashed was indeed the 

desired product trans-360, although in just 5% yield (Scheme 4.7).

Scheme 4.7 Formation of trans-360 by addition of PhMgBr to trans-359

.0.

O
S' ""if
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o. PhMgBr 
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{±)-frans-359
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+
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precipitated 
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OH OH
(±)-frans-360 5%

Despite the low yield of trans-360, this result was the first indication of the possible 

formation of Grignard-adducts from the reaction with C2-symmetrical sulfide esters (such as 

trans-359). However, repetition of the experiment involving trans-359, performed in parallel 

with Ms. Sarah Kavanagh, afforded a slightly different, and at the same time worrying, result. 

Along with the formation of trans-360 in low yields, we identified the presence of the 

diastereomeric cA-360 in the ’H NMR spectrum of the crude material. We realised that a 

enolisation process was occurring during the Grignard addition.
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As indicated by the formation of 361 in moderate yields (Scheme 4.6), the addition of two 

phenyl groups to one ester is faster than any other addition to the second ester. When a batch 

of enantiopure {-)-trans-2>59 was reacted under the same conditions, both trans- and cw-360 

were obtained in low yields. However, the CSP-HPLC analysis of trans-360, derived from the 

enantiopure batch, exhibited the presence of only one enantiomer of trans-360. This allowed 

us to speculate that the racemisation process was probably occurring after the double addition 

to one ester, in such a way that the configuration of the first stereocentre was always retained. 

Thus, the formation of the two diastereomeric products was derived from the relative 

orientation of the racemised stereocentre (the second ester) relative to the retained one. We 

reasoned that one possible explanation for the racemisation process was represented by the 

formation of a complex between the sulfur and the magnesium ion after the addition of two 

phenyl groups to one ester (Scheme 4.8). The complex formed is likely to be responsible for 

rendering the proton adjacent to the sulfur more acidic, therefore more prone to deprotonation 

by the action of another equivalent of the Grignard reagent. In the case of the reaction of cis- 

359 with PhMgBr the complex with magnesium ions is likely to have a different 

orientation/structure and the addition of the Grignard reagent to the second ester is faster than 

any possible racemisation process (Scheme 4.8).

Scheme 4.8 Proposed racemisation pathway resulting from the reaction of trans-359 with 

PhMgBr

racemisation c/s-360 -I- trans-360

In order to impede the racemisation we needed to increase the rate of the Grignard addition to 

the second ester. Two strategies were devised: a) to activate the electrophile by enhancing the 

ester reactivity and b) to enhance the nucleophilicity of the organometallic species.
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4.2.1.1 Activation of the electrophile for the Grignard addition

4.2.1.1.1 Activation of the electrophile: employment of a phenol ester

The employment of a more electrophilic ester (i.e., phenol ester 363) was evaluated. We 

assumed that a highly electrophilic ester would probably compete, after the formation of the 

intermediate 364, for the second equivalent of PhMgBr to form 365 (Scheme 4.9). In this way 

the addition of the two remaining equivalents of PhMgBr was envisaged to be fast enough to 

avoid the product racemisation (Scheme 4.9).

Scheme 4.9 Employment of the phenol ester 363 as the electrophile in Grignard addition for 

the formation of trans-360

HO.
phenol (2.2 eq.) ,—, PhMgBr

O 0 o o

Ph"
.O.

t)-trans-362

o o
364

rt, 16h
(±)-trans-363 71%

THF 
0-20 °C

o o
365

Phenol ester 363 was prepared by DCC coupling of trans-362 (formed by hydrolysis of trans- 

359) with phenol, affording trans-363 in 71% isolated yield. Unfortunately, upon addition of 

an excess PhMgBr to a solution of trans-363 in THF, a complex mixture of products was 

observed with no trace of addition product (Scheme 4.9).

4.2.1.1.2 Activation of the electrophile: employment of a mixed anhydride

We considered the employment of a mixed anhydride in order to activate the electrophilic 

component of the reaction. The idea behind the use of a mixed anhydride lies on the same 

basis of the phenol ester employment: to enhance the rate of Grignard addition to the second 

ester avoiding racemisation of that stereocentre (Table 4.1).
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Table 4.1 Employment of a mixed anhydride derived from trans-362 followed by addition of 
PhMgBr

O

entry base temperature (°C) yield (%)“

1 EtjN 0 10
2 NaH 0 to -70 0
3 EtjN 0 to -60 12
4 EtjN 0 to -70 15^

“yield of franj-360 “The formation of trans-360 was not observed. The figure 
refers to the cij-360 formation

The mixed anhydride was formed in situ by reaction of trans-362 with ethyl chloroformate in 

the presence of EtaN (Table 4.1, entries 1,3-4) or NaH (Table 4.1, entry 2) at 0 °C, then the 

temperature was lowered (Table 4.1, entries 2-4) prior to the addition of the Grignard reagent. 

In all the cases a complex mixture of products was formed, trans-360 and cE-360 were 

detected as minor products in the *H-NMR spectrum of the crude material (in one case the 

cw-adduct the only product formed: Table 4.1, entry 4).

4.2.1.2 Activation of the nucleophile for the Grignard addition
4.2.1.2.1 Activation of the nucleophile: exploitation of the Schlenk equilibrium

As the strategies based on the activation the electrophile did not afford any improvement over 

the preliminary Grignard addition experiments, we focused our attention on the activation of 

the nucleophile. Our first strategy involved the exploitation of the Schlenk equilibrium for the 

Grignard species, as dialkylmagnesium are known to be more reactive organometallie 

species.When using a solvent (or co-solvent) such as 1,4-dioxane, magnesium salts 

precipitate from the reaction mixture, allowing the formation of a higher amount of
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dialkylmagnesium in solution (Scheme 4.10).^'^ This should result in an overall increase in 

the Grignard reagent nucleophilicity.

Scheme 4.10 Grignard addition to trans-359 exploiting the Schlenk equilibrium

2RMgX R2MQ + MQX2

O / \ n PhMgBr (8,0 eq.) complex mixture
^^ of products

O O
{±)-trans-359

THF/1,4 dioxane , .+
0 - 20 °C trans/cis-260 1:3

Unfortunately, when trans-359 was dissolved in a 1:1 THF/1,4-dioxane mixture, followed by 

the addition of an excess PhMgBr (8 equiv.), the analysis of the 'H-NMR spectrum of the 

crude material indicated the presence, together with a complex mixture of products, of both 

trans-360 and cw-SOO in a 1:3 mixture (Scheme 4.10).

4.2.1.2.2 Activation of the nucleophile: formation of an organocerium species

Aggarwal et reported that the synthesis of C2-symmetrical pyrrolidine derivatives via 

Grignard addition was characterised by low yields (if any), confirming the difficulties 

associated with the Grignard addition to C2-symmetrical A-containing molecules previously

reported by Shi et al. 316,317 Aggarwal and co-workers found that the direct addition of

PhMgBr to pyrrolidine derivative 367 caused a complete degradation of 367. The problem 

was solved by adding equimolar amounts of CeCls to the Grignard reagent (to form an 

organocerium reagent in situ by transmetalation), followed by the addition of a solution of the 

electrophile (367). This resulted in an excellent 92% yield of the Grignard adduct 368 

(Scheme 4.11, A).
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Scheme 4.11 Formation of the organocerium species using CeCl3-PhMgBr reported by 

Aggarwal and application of the methodology to the synthesis of trans-?>6(i

°p A' °
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THF
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Ph
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o o
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PhMgBr (8.0 eq.) 
CeCIa

THF
0 - 20 “C, 18 h

complex mixture 
of products 

+
trans/cis-360 1:1

Unfortunately, when the same reaction conditions were employed using trans-359 as a 

substrate, a low yielding 1:1 mixture of trans/cis-360 was obtained along with the formation 

of many unidentified side-products (Scheme 4.11, B).

4.2.1.2.3 Activation of the electrophile: organolithium chemistry

If the magnesium ion was somehow implicated in the process, we reasoned that a monovalent 

organometallic derivative, less capable of forming aggregates, should not exhibit the same 

reactivity pattern as the organomagnesium reagent. Phenyllithium became our first choice, 

being a highly reactive hard nucleophile (and being readily available in our laboratory. 

Scheme 4.12).

Scheme 4.12 Addition of phenyllithium to trans-359 in the synthesis of trans-360

-WY-o o
{±)-trans-359
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The simple injection of an excess of PhLi (6.0 equiv. of a 1.7 M solution in dibutyl ether) into 

a flask containing trans-359 at -78 °C led to the clean formation of trans-360 in 70% isolated 

yield. The analysis of the 'H NMR spectrum indicated that only trans-360 was formed and no 

sign of the cw-diastereomer or any other side-product was detected.

With this protocol in our hands, the development of the new generation of catalysts was 

finally ready to begin. With the core of the phenyl-substituted catalyst already assembled, two 

more steps were required: a) 0-alkylation and b) i'-alkylation to form the sulfonium salt. 

While the last step was assumed to be an easy and (reasonably) straightforward process 

thanks to the fast alkylation rate associated with the use of methyl triflate in our previous 

study (see Section 3.1.2), in the case of the 0-protection step we had different options: we 

could use several alkylating agents for the oxygen characterised by distinct steric and 

electronic properties.

We initially decided to protect the oxygen as a methyl ether. Deprotonation of the hydroxyl 

group using NaH in THF, followed by addition of an excess Mel (a large excess of both the 

base and Mel was found to be necessary) afforded trans-369 in 90% yield (Scheme 4.13).

Scheme 4.13 Alkylation of the oxygen using NaH/Mel

1. NaH (6.0 eq.)
2. Mel (20,0 eq.)

THF
0 °C to rt

(±)-irans-369 90%

The stage was set for the final step. The alkylation of the sulfur atom was carried out using 1 

equivalent of methyl triflate in CH2CI2 (Scheme 4.14).
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Scheme 4.14 Alkylation of the sulfur using methyl triflate

The result was quite disappointing; the expected sulfonium salt was not formed and two major 

side-products (370 and 371, Scheme 4.14) were isolated instead. Methyl triflate had already 

exhibited unpredictable behaviour when reacting with oxygen-containing molecules (i.e., 

epoxides, see Section 3.1.4). A small amount of triflic acid in the reaction was likely to be 

responsible for the decomposition of the starting material. The lesson learned from the 

investigation of the catalytic cycle (see Section 3.1.6) was then applied: the small amount of 

triflic acid present (or generated by the presence of adventitious water) could be quenched by 

a basic additive (not sensitive to methyl triflate itself). Once again proton sponge (336) was 

found to be indispensable, as the addition of 0.5 equivalents of proton sponge to the reaction 

mixture avoided the formation of the undesired products, leading to the formation of trans- 

372 in 68% yield and to the recovery of unreacted (but safe from decomposition) starting 

material {trans-369. Scheme 4.15).

Scheme 4.15 Alkylation of the sulfur using methyl triflate and proton sponge

MeOTf (1.0 eq.) 
336 (0.5 eq.)

CH2CI2 
rt, 16 h

The alkylation of the sulfur of trans-369 required a long reaction time (16 h) and afforded 

only moderate yields of the sulfonium salt. We realised that with this slow rate of alkylation, a 

substoichiometric process (as described in chapter 3) was not feasible, as such a long reaction

136



Results and discussion

time was not compatible with the catalytic protocol developed. However, the design of a 

chiral catalyst employable at stoichiometric loadings for the enantioselective JCC methylene 

transfer epoxidation was still an appealing target, and all our efforts were devoted to its 

realisation.

4.2.2 Synthesis of non racemic chiral catalysts
4.2.2.1 Resolution of the racemic mixture

Since the synthesis of racemic trans-372 was accomplished and the conditions optimised in
318every step, the synthesis of non racemic catalysts was ready to start. Hauptman et al. 

reported that the diacid trans-362, derived from the diester tmns-359, could be resolved by 

means of the use of (-)-brucine as a chiral base. The co-crystallisation was performed 

according to the literature protocol using trans-362 and an equimolar amount of (-)-brucine. 

Crystallisation occurred after 72 h and the crystals were separated from the mother liquor. The 

acid-brucine complex was dissociated by addition of a mildly acidic aqueous solution (5% 

H2SO4). The enantiomeric excess of the acid was then analysed by CSP-HPLC after 

conversion of the acid {trans-362) to the corresponding methyl ester {trans-3S9). It is 

noteworthy that this procedure allowed us to separate and regenerate the (-)-brucine by simple 

basic washings after the complex dissociation, and that the recovered (-)-brucine was used 

again for several co-crystallisations without loss of efficiency.

Scheme 4.16 Resolution of the racemie mixture of trans-362 by co-crystallisation with (-)- 

brucine
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While the procedure reported by Hauptman requires several recrystallisations to afford 

enantiopure {R,R)-362, we found that once the enantioenriched ester {R,R)-359 (derived from 

the corresponding acid) is characterised by a >70% ee (an enantiomeric excess usually 

achieved after two co-crystallisations), it can be recrystallised from a CH2Cl2/hexane mixture 

with an increase in ee up to >99% with just one further recrystallisation (Figure 4.2).

Figure 4.2 HPLC chromatograms in the enantiomeric resolution of {R,R)-359

While iR,R)-362 selectively co-crystallises by complexing with (-)-brucine, the racemic 

mixture in solution becomes richer in percentage of (S,S)-362. As in the case of the other 

enantiomer, when (S,5)-362 is characterised by a >70% ee, the corresponding ester (S,S)-359 

can be recrystallised from a CH2Cl2/hexane mixture leading to the isolation of 

enantiomerically pure (5,5)-359 (Figure 4.3)
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Figure 4.3 HPLC chromatograms in the enantiomeric resolution of (S,S)-359

Mother liquor 

70% ee

Recrystallisation 

(from itself) 

>99% ee

It is noteworthy that, if only one enantiomer is desired, (S,S)-362 recovered from the mother 

liquor can be converted to its methyl ester (S,S)-359 and re-equilibrated to a racemic mixture 

through a sodium catalysed re-equilibration (Scheme 4.4), followed by a new crystallisation 

with (-)-brucine. Theoretically, this process can afford the complete conversion of a racemic 

mixture to one single enantiomer with the use of a single batch of (-)-brucine (Scheme 4.16).

4.2.2.2 Synthesis and evaluation of a phenyl-substituted catalyst

The enantiopure ester iR,R)-359 was then reacted with PhLi under optimised conditions 

(Scheme 4.17).

Scheme 4.17 Addition of phenyllithium to iR,R)-359 in the synthesis of iR,R)-360

I—\

OH OH

(fl,f?)-360 70%, >99% ee

To our delight, the CSP-HPLC chromatogram of iR,R)-360 indicated the presence of one 

enantiomer with no sign of racemisation (by comparison with the CSP-HPLC chromatogram 

of racemic trans-360). The synthesis continued using the previously optimised conditions for 

the O- and S-alkylation (Scheme 4.18).
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Scheme 4.18 Alkylation of the oxygen and sulfur under optimised conditions in the synthesis 

of {R,R)-372

MeOTf (I.Oeq.) 
336 (0.5 eq.)

CH2CI2 
rt, 16 h

We were then ready for our first test reaction. Benzaldehyde (122) was used as the substrate 

to compare the enantiomeric induction in the synthesis of 1 with the literature benchmark 

protocols (see Section 1.8.4). The catalyst {R,R)-372 was employed at stoichiometric loading. 

The reaction conditions employed were those previously optimised by Ms. Sarah Kavanagh 

for stoichiometric JCC methylene transfer epoxidation (Scheme 4.19).

Scheme 4.19 Enantioselective epoxidation of benzaldehyde (122) using {R,R)-312

122

We were glad to observe the formation of (S)-l in 89% yield together with the clean 

regeneration of the catalyst precursor (/?,/?)-369. The enantiomeric excess though was a 

moderate 50% ee. This result did not seem to be in agreement with the increased steric 

hindrance of the catalyst {{R,R)-312 is more sterically hindered than rBu-substituted 338, 

however the discrepancy is only 1% ee). As Scheme 4.1 indicates, our catalyst design 

involved two different substitution patterns for further catalyst elaboration: a) a choice of an 

aromatic group and b) a choice of an alkyl group on the oxygen. The quickest modification to

140



Results and discussion

the core structure of (R,R)-372 consisted in the replacement of the alkyl group on the oxygen. 

Benzyl and trimethylsilyl substitutions were therefore considered (Scheme 4.20).

Scheme 4.20 Alkylation of the oxygen of (/?,/?)-360 using benzyl bromide and TMSCl

(fl,/7)-360

TMSCl (4.0 eq.) 
NEt3<<^ eq.)

CH2CI2 
rt, 16 h

Unfortunately, these experiments did not result in the formation of the corresponding adducts; 

we were only able to recover the unreacted starting materials. A reasonable explanation for 

the lack of reactivity observed was found in a combination of steric hindrance and the poor 

solubility of (R,R)-360 in most organic solvents (THF and DMF in primis), leading to very 

diluted reaction concentrations, poorly compatible with Sn2 chemistry.

4.2.2.3 Synthesis and evaluation of a naphthyl-substituted catalyst

The catalyst development focused then on the replacement of the aromatic portion. The 

employment of a larger 2-naphthyl substituent was decided upon. Unfortunately, 2- 

naphthyllithium is not a commercially available product, therefore it was prepared in situ by

lithium-halogen exchange starting from 2-bromonaphthalene (Scheme 4.21). 319

141



Results and discussion

Scheme 4.21 Lithium-bromine exchange-mediated synthesis of {R,R)-374

The reaction of 2-bromonaphthalene (373) with tBuLi, followed by the addition of {R,R)-359 

led to the clean formation of {R,R)-374 in 58% yield. {R,R)-374 was then converted to its 

methoxy-derivative using the same methodology employed in the case of (R,R)-36Q. 

Treatment of iR,R)-374 with NaH followed by addition of a large excess of Mel led to the 

formation of {R,R)-375 in 73% yield (Scheme 4.22).

Scheme 4.22 Alkylation of the oxygen of {R,R)-374 using NaH/Mel

The formation of the sulfonium salt was carried out by treatment of {R,R)-375 with methyl 

triflate in the presence of a substoichiometric amount of proton sponge (336, 0.5 equivalents. 

Scheme 4.23).

Scheme 4.23 Sulfonium salt formation in the synthesis of naphthyl catalyst {R,R)-376

MeOTf (1.0 eq.) 
336 (0.5 eq.)

CH2CI2 
rt, 16 h
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{R,R)-376 was isolated in moderate yield (52%) after 18 h. However the unreacted (R,R)-375 

was completely recovered and then subjected to the same treatment. (R,R)-376 was then 

evaluated in the JCC terminal epoxidation of benzaldehyde, used at stoichiometric loading, 

under optimised conditions (Scheme 4.24)

Scheme 4.24 Enantioselective epoxidation of benzaldehyde with (R,R)-376

The effect of a bulkier aromatic group resulted in the synthesis of (S)-l in 83% yield and 56% 

ee. The catalyst precursor iR,R)-375 was cleanly regenerated (as indicated by the analysis of 

the 'H NMR spectrum of the crude material) and recovered by column chromatography [85% 

yield of recovered (/?,i?)-375]. As the catalyst structure was assembled in the presence of 

tBuLi (pAia = 53, Scheme 4.21), we questioned whether the enantiopurity was still complete or 

somehow compromised, as the minimum amount of unreacted tBuLi is able to catalyse the 

racemisation of iR,R)-359. CSP-HPLC analysis was not helpful, as the separation of the two 

enantiomers of (R,R)-374 in the racemate was not possible. Separate and independent 

experiments on a different batch of enantiopure ester (R,R)-359 were performed by Ms Sarah 

Kavanagh for the synthesis of iR,R}-376 and its evaluation in the enantioselective synthesis of 

terminal aziridines. When the sulfonium salt from her prepared was evaluated in the 

epoxidation of benzaldehyde under the exact same conditions identical levels of 

enantioselectivity were obtained [56% ee for (S)-!]. This confirmed that no racemisation was 

occurring during the lithium-bromine exchange step of the catalyst synthesis (Scheme 4.21).

4.2.2.4 Synthesis and evaluation of a 3,5-6is-dimethyIphenyl-substituted catalyst

The introduction of m-methyl substituents on the aromatic moiety was decided upon. 

Lithium-bromine exchange was carried out by reaction of 3,5-dimethylbromobenzene (377) 

with tBuLi, followed by the addition of (S,S)-359, affording (5,5)-378 in 76% yield (Scheme 

4.25). Once again, the reaction afforded the trans-adduci only (no traces of the cis-
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diastereomer in the H-NMR spectrum of the crude material). By analogy with (R,R)-374 no 
questions about racemisation were raised.

Scheme 4.25 Lithium-bromine exchange-mediated synthesis of (5',S)-378

(S,S)-378 was then subjected to alkylation of the alcohol moiety under optimised conditions, 

affording (S,S)-379 in 96% isolated yield (Scheme 4.26).

Scheme 4.26 Alkylation of the oxygen of (S,S)-378 using NaH/Mel in the synthesis of {S,S)- 

379

(S,S)-379 was then converted to the corresponding sulfonium salt (S,S)-380 under optimised 

conditions using methyl triflate in the presence of a substoichiometric amount of proton 

sponge (Scheme 4.27).
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Scheme 4.27 Alkylation of the sulfur of (S,5)-379 in the synthesis of (S,S)-380

MeOTf (1.0 eq.) 
336 (0.5 eq.)

CH2CI2 
rt, 16 h

Catalyst (S,S)-380 was successfully isolated in 37% yield and then evaluated in the 

epoxidation of benzaldehyde at stoichiometric loading (Scheme 4.28).

Scheme 4.28 Enantioselective epoxidation of benzaldehyde using (S,S)-380

|| (S,S)-380(100 mol%)
P2 base (1.0 eq.)

CH2CI2 (0.066 M)
122 ^ {R)-1 92%, 57% ee

The employment of (S,S)-380 resulted in the formation of (/?)-! in 92% yield and 57% ee. In 

order to explore the possibility of further reaction dilution, the epoxidation of benzaldehyde 

catalysed by (S,S)-380 was carried out at different concentrations (Table 4.2).
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Table 4.2 Benzaldehyde epoxidation with (S,5)-380 at different reaction concentrations

O

122

Ij (S,S)-380 (100 mol%) 
P2 base (1.0 eq.)

CH2CI2 (cone.)
-78 “C, 1 h

O

(/7)-1

entry concentration (M) yield (%)"

1 0.066 92 57
2 0.02 82 61
3“^ 0.005

—• ,. ■ br-x .------------^

60 60

of (S,S)-380 as sulfide (S,S)-379.

An increased product ee was observed when the reaction concentration was lowered to 0.02 

M (61% ee, 4% higher than the literature benchmark,entry 2). However, when the 

concentration was lowered to 0.005 M, the (/?)-! was obtained in a moderate 60% yield and 

60% ee (Table 4.2, entry 3).

4.2.2.5 Synthesis and evaluation of a 3,5-ftis-(trifluoromethyl)phenyl-substituted 

catalyst

We became intrigued by the possibility of increasing the product ee by introducing aromatic 

groups characterised by different electronic characteristics into the catalyst structure. Our next 

target became the synthesis of a catalyst structurally related to (5,5)-380 incorporating 

trifluoromethyl-substituents in place of the methyl groups (Scheme 4.29).

Scheme 4.29 Lithium-bromine exchange/addition of 381 to (/?,/?)-359
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Unfortunately, when the commercially available S.S-Zjii'-trifluoromethylbromobenzene was 

subjected to the lithium-bromine exchange protocol, no product formation was observed. 

Repetition of the experiment with a new batch of the rBuLi solution led to the same result. 

This was attributed to the incompatibility of 381 with the lithium-bromine exchange protocol.

42.2.6 Synthesis and evaluation of a 3,5-Z>is-(diphenyl)phenyl-substituted catalyst

We decided to expand the steric bulk of the aromatic moiety. An aromatic group where the 

methyl groups are replaced by phenyl rings (a marked increase in steric hindrance) 

represented an appealing structure. The synthesis of 3,5-diphenylbromobenzene 384 was 

performed by Suzuki Pd-catalysed cross-coupling reaction of 1,3,5-tribromobenzene 382 with 

phenylboronic acid 383 (Scheme 4.30).

Scheme 4.30 Synthesis of 3,5-diphenylbromobenzene (384) by Suzuki Pd-catalysed cross 

coupling

Br

Br Br

382

383 (2.2 eq.) 
Pd(PPh3)4 (3 mol%)

1 M Na2C03 (aq.) 
toluene, reflux 

48 h 384 51%

The desired product 384 was obtained in 51% yield after column chromatography and was 

then used in the addition to {R,R)-359 using the lithium-bromine exchange protocol. 384 was 

found not to be fully soluble in THF at -78 °C, therefore the reaction temperature was raised 

to -20 °C to achieve complete homogenicity (Scheme 4.31).
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Scheme 4.31 Lithium-bromine exchange-mediated synthesis of (/?,/f)-385

384 (6.0 eq.)

The highly hindered addition product (l?,/?)-385 was isolated in 71% yield after column 

chromatography and was then subjected to alkylation of the oxygen atom under optimised 

conditions using NaH/Mel (Scheme 4.32).

Scheme 4.32 Alkylation of the oxygen of (/?,l?)-385 with NaH/Mel

The alkylation with Mel proceeded smoothly despite the high degree of steric hindrance 

around the alcohol moieties in (/?,/?)-385. (l?,/?)-386 was isolated in 76% yield after column 

chromatography. The conversion to the corresponding sulfonium salt was performed by 

reaction with methyl triflate in the presence of proton sponge (Scheme 4.33).
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Scheme 4.33 Alkylation of the sulfur of (f?,/?)-386 in the formation of the sulfonium salt 

{R,R)-387

The sulfonium salt (R,R)-387 was isolated in 60% yield and we next evaluated in the 

performance of epoxidation of (/?,/?)-387 in the enantioselective epoxidation of benzaldehyde 

at stoichiometric loading (Scheme 4.34).

Scheme 4.34 Enantioselective epoxidation of benzaldehyde using {R,R)-387

The use of (R,R)-387 resulted in the formation of (5)-l in excellent yield (92%) exhibiting the 

perfect regeneration of the precursor {R,R)-386. The most significant result was represented 

by the remarkable increase in product ee [79% for (S)-l] when compared to (S,S)-380 (57% 

ee. Scheme 4.28). A lower dilution experiment was also performed (Table 4.3)
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Table 4.3 Epoxidation of benzaldehyde using {R,R)-387 at two different concentrations

O

122

(S,S)-387 (100 mol%) 
Pg base (1.0 eq.)

CH2CI2 (cone.)
-78 “C, 1 h

(S)-1

entry concentration (M) yield (%)“ ee (%)"

1 0.066 92 79
2 0.02

—. 1, .---- :—r;

89 83

^Isolated yield. Determined by CSP-HPLC.

The epoxidation of benzaldehyde using (/?,/?)-387 at 0.02 M concentration resulted in a 

further increase in product ee (83%, entry 2).

4.2.2.7 Synthesis and evaluation of a 3,5-6is-[3,5-(diphenyt)phenyl]phenyl-

substituted catalyst

For a catalyst to be considered synthetically useful (in our opinion), a >90% product ee is 

required. We therefore decided to augment the steric bulk by preparing a catalyst possessing 

an even larger aromatic moiety (Scheme 4.35).

Scheme 4.35 Synthesis of the aromatic moiety 389 by Suzuki Pd-catalysed cross coupling

Br

Br

Br

1. nBuLi (1.1 eq.) 
THF

2. B(OMe)3(1.0eq.)
3. HCI(aq.)

382 (1.0 eq.)

B(0H)2

388 80%

Br
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3,5-diphenylbroiTiobenzene (384) was treated with an equimolar amount of nBuLi at -20 °C, 

followed by the addition of trimethylborate. Quenching the reaction with aqueous HCl led to 

the formation of the corresponding boronic acid 388 which was used, without any further 

purification, in the Suzuki Pd-catalysed cross-coupling reaction with 1,3,5-tribromobenzene 

(382). The product 389 was produced in 42% yield after column chromatography (Scheme 

4.35). 389 was then subjected to the procedure of lithium-bromine exchange followed by the 

addition of {R,R)-359 (Scheme 4.36).

Scheme 4.36 Lithium-bromine exchange-mediated addition to {R,R)-359 using 389

Br

1. ©uLi (6.0 eq.)
20 min

2. (/?,/7)-359 (1,0 eq.) 
THF
-60 °C - rt

MeO^ J \, ^OMe"If
O O

(±)-trans-359 50%

o o
c/s-359 50%

Unfortunately, the lithium-bromine exchange followed by the addition reaction did not afford 

the expected product, as a 1:1 trans/cis-359 mixture was recovered instead. The lithiated 

species was formed in situ (389 was not detected at the end of the reaction by ’H NMR 

spectroscopy). However, this lithiated species acted presumably as a base rather than a 

nucleophile.

4.2.2.8 Synthesis and evaluation of a 3,5-6w-(3,5-dimethylphenyI)phenyl- 

substituted catalyst

Our next target became the synthesis of a slightly less hindered aromatic group. We decided 

for the synthesis of a 3,5-^w-(3,5-dimethylphenyl)phenyl-derivative (Scheme 4.37). Suzuki 

Pd-catalysed cross coupling was employed in the synthesis of the aromatic moiety (391) from 

3,5-dimethylbromobenzene (377, Scheme 4.37).

151



Results and discussion

Scheme 4.37 Suzuki Pd-catalysed cross coupling for the synthesis of 391

Br B(0H)2
1. nBuLi (1.1 eq.)

Br

Br

2. B(OMe)3 (1.0 eq.) 
-78 - 20 °C 

377 3. HCI

390 (2.2 eq.)

390 85%
Br

Br Pd(PPh3)4
1 M Na2C03(aq.) 

382 toluene, reflux
48 h

3,5-Dimethylbromobenzene 377 was converted to the corresponding boronic acid 390 by 

treatment with 7iBuLi/B(OMe)3 and subsequently used in the Suzuki Pd-catalysed cross 

coupling with 382, affording 391 in 25% yield. The usual lithium bromine exchange followed 

by the addition to (R,R)-359 was performed, resulting in moderate yields of iR,R)-392 (50%, 

Scheme 4.38).

Scheme 4.38 Lithium-bromine exchange-mediated synthesis of (R,R)-392

Br

1. (Bull (6.0 eq.)
20 min

2. (/?,R)-359 (1.0 eq.) 
THF
-20 “C - rt

391 (6.0 eq.) (R,/?)-392 50%

(R,R)-392 was then subjected to alkylation of the oxygen atom under optimised conditions 

using NaH/Mel (Scheme 4.39).
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Scheme 4.39 Alkylation of the oxygen of {R,R)-392 using NaH/Mel

(R,R)-393 was isolated in 65% yield after column chromatography, and the isolated material 

was treated with methyl triflate in the presence of proton sponge (336) to form the sulfonium 

salt (/?,/?)-394 (Scheme 4.40).

Scheme 4.40 Alkylation of the sulfur in the formation of the sulfonium salt (/?,i?)-394

(f?,/?)-394 was isolated in 66% yield after column chromatography and then evaluated in the 

epoxidation of benzaldehyde at stoichiometric loading.
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Scheme 4.41 Enantioselective epoxidation of benzaldehyde using {R,R)-394

122

The employment of (/?,i?)-394 resulted in a moderate 70% yield and 62% ee in the synthesis 

of (S)-l. The same catalyst was then evaluated at a lower concentration (Table 4.4).

Table 4.4 Enantioselective epoxidation of benzaldehyde at two different concentrations using 

(J?,«)-394

o

122

|i (fl,ff)-394(100 mol%) 
' Pg base (1.0 eq.)

CH2CI2 (cone)
-78 °C, 1 h (S)-1

entry concentration (M) yield (%)“ ee (%)■’

1 0.066 70 62
2 0.02

^—r:

60 64

Isolated yield. Determined by CSP-HPLC.

The low concentration experiment (entry 2) resulted in a 60% yield and a slightly higher 64% 

ee in the synthesis of (S)-l. We would attribute this reduced catalyst efficacy to enormous 

bulk of the aryl-moieties, which most likely are large enough to approach contact with one 

another and therefore less discriminately impede access to the catalytically active region of 

the ylide. A ChemSD model representing (/f,/?)-394 is shown in Figure 4.4. This model serves 

to highlight the high degree of steric hindrance imposed by the aromatic moieties.
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Figure 4.4 Chem3D model of sulfonium salt iR,R)-394 (the triflate counterion has been 

deleted to facilitate the view)

42.2.9 Synthesis and evaluation of ethoxy- and benzyloxy-substituted catalysts

{R,R)-385 became our ‘lead’ structure, as its sulfonium salt derivative (R,R)-387 afforded the 

highest enantioselectivity in the synthesis of 1 within our range of catalysts. However, our 

target was still the development of a catalyst capable of promoting the JCC methylene transfer 

in >90% ee. One of the main features of our original catalyst design was the possibility of 

installing two different moieties on the C2-symmetrical sulfide {i.e., aromatic and alkoxy- 

substituents. Scheme 4.1). Unfortunately, previous O-alkylation experiments using (/?,f?)-360 

(phenyl-substituted catalyst. Scheme 4.20) did not result in any substitution other than methyl. 

Our most reasonable explanation at that time was the poor solubility of (/?,/?)-360 in most 

polar solvents conducive to mediating rapid Sn2 chemistry. However, during our catalyst 

development we noticed that increasing the size of the aromatic moiety (from phenyl- to more 

sterically demanding) was resulting in a positive effect on the solubility of the organolithium 

addition product [e.g., iR,R)-385]. The higher solubility was envisaged to be the key for the 

alkylation of the oxygen of (R,R)-385 with alkylating agents other than Mel. Two different 

substitutions were chosen: ethylation and benzylation. Treatment of (R,R)-385 with 

NaH/ethyl iodide under almost identical reaction conditions, except for the use of a 4:1
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THF/DMF solvent mixture, afforded (R,R)-39S in 85% yield after column chromatography 

(Scheme 4.42).

Scheme 4.42 Alkylation of the oxygen of {R,R)-385 using NaH/Etl

A similar process was applied to iR,R)-385 in the synthesis of the benzyloxy-derivative: the 

treatment of (R,R)-3S5 with NaFl/BnBr in a THF/DMF mixture, catalysed by the addition of a 

stoichiometric amount of Nal to speed up the alkylation (forming benzyl iodide in situ via a 

Finkelstein reaction^^^), led to the formation of {R,Ry396 in 75% yield after column 

chromatography (Scheme 4.43).

Scheme 4.43 Alkylation of the oxygen of {R,R)-385 using NaH/BnBr

Both sulfides iR,R)-395 and (R,R)-396 were subjected to sulfur alkylation by means of 

methyl triflate in the presence of proton sponge (336). While (R,R)-395 afforded the 

corresponding salt (R,R)-397 in moderate yields (45%, Scheme 4.44, A), {R,R)-396
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underwent decomposition under the same conditions. To circumvent this problem the 

alkylation of the sulfur of (/?,i?)-396 was repeated using a stoichiometric amount of proton 

sponge (336), and this resulted in the formation of (/?,/?)-398 in 35% yield (Scheme 4.44, B) 

without the formation of decomposition products.

Scheme 4.44 Sulfur alkylation in the synthesis of (/?,jR)-397 (A) and (/?,/?)-398 (B)

B

iR,R)-397 was then evaluated in the epoxidation of benzaldehyde under optimised conditions 

(Scheme 4.45)
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Scheme 4.45 Enantioselective epoxidation of benzaldehyde using {R,R)-2>91

(S)-l was produced in 93% yield and 78% ee (while the methoxy-derivative (/?,/?)-387 

afforded a 79% ee at the same concentration).

(/?,f?)-398 was then evaluated in the enantioselective epoxidation of henzaldehyde under 

optimised conditions (Scheme 4.46).

Scheme 4.46 Enantioselective epoxidation of henzaldehyde using (/?,7?)-398

(/?,/?)-398 proved to he an excellent promoter of the enantioselective epoxidation of 

henzaldehyde. (S)-l was obtained in 94% yield and 92% ee. This result represented a striking 
improvement over the literature benchmark (57% ee, 56% yield).^^^ (/?,/?)-398 was then 

evaluated under lower concentration reaction conditions (Table 4.5).
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Table 4.5 Enantioselective epoxidation of benzaldehyde at different concentrations using 

iR,R)-398

|i {R,B)-398{100mol%) 
P2 base (1.0 eq.)

CH2CI2 (cone)
-78 °C, 1 h122 (S)-1

entry concentration (M) yield (%)“ ee(%f

1 0.066 94 92
2 0.02 92 92

“Isolated yield. Determined by CSP-HPLC.

The result obtained in the lower concentration experiment (entry 2) did not represent an 

improvement in product ee (in contrast to the usual increase in ee as concentration is lowered; 

see Table 4.2 and 4.3). As we had almost reached the optimal catalyst design, one last detail 

still needed to be investigated. CH2CI2 was always employed as the solvent in our 

experiments. THF was chosen as an alternative solvent for the further evaluation of both 

iR,R)-397 and (R,R)-398 in the epoxidation of benzaldehyde (Table 4.6).

Table 4.6 Enantioselective epoxidation of benzaldehyde using {R,R)-397 and {R,R)-398 in 

THF

cat. (100 mol%)
P2 base (1.0 eq.)

122

THF (0.02 M) 
-78 °C, 1 h (S)-1

entry catalyst yield (%)“ ee (%f

1 (f?,i?)-397 93 95
2 (7?,/f)-398

•1.1 br^..•

92 92

“Isolated yield. Determined by CSP-HPLC.

While the benzyloxy-substituted catalyst iR,R)-398 promoted the formation of (5)-l with the 

same level of enantioselectivity as it had when used in CH2CI2 (Table 4.6, entry 2), the 

ethoxy-substituted {R,R)-397 afforded an impressive 95% ee in the formation of (5)-l (Table
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4.6, entry 1). (R,R)-397 and (R,R)-398 were then finally evaluated in parallel experiments n 

the epoxidation of 4-chlorobenzaldehyde (159) in THF (Table 4.7).

Table 4.7 Enantioselective epoxidation of 4-chlorobenzaldehyde using (R,R}-397 and {R,R- 
398 in THF

° cat. (too mol%) ^
p2 base (1.0 eq.)

Cl

159

THF (0.02 M) Q| 
-78 °C. 1 h

(S)-282

entry catalyst yield (%)“ ee (%f

1 {,R,R)-397 95 95
2 (J?,«)-398

• br^ . •

94 95

Isolated yield. Determined by CSP-HPLC.

In these reactions little differences between the two catalysts (from both activity ard 
stereoselectivity standpoints) could be observed. Catalyst (R,R)-397 promoted the reactioi 

with 95% yield and 95% ee (while {R,R)-398 afforded 94% yield and 92% ee in the sane 

reaction: Table 4.7, entries 1-2), and was therefore chosen as the catalyst for the evaluation of 
the substrate scope. The superior ability of (R,R)-397 (and to a lesser extent (JR,R)-398) o 

promote the highly enantioselective epoxidation of benzaldehyde when compared to tie 

methoxy-derivative {R,R)-387 can be attributed to the effect exerted by the larger alkox^- 

group. It is reasonable to assume that in the transition state leading to betaine formation tie 

large aromatic moieties would be directed away from the approaching aldehyde, allowing tie 

smaller alkoxy group to extend towards the reaction site. This could explain why a relativey 

small change in the alkoxy substituent would result in a marked difference in the reactirn 

enantioselectivity (Figure 4.5).
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Figure 4.5 Proposed explanation for the difference in product enantioselectivity in the 

epoxidation of aldehydes catalysed by (R,R)-3S7 and (/?,/?)-397

Aldehyde approach ^ Aldehyde approach

(B,B)-387

H. If

(FI,H)-397

4.3 Substrate scope evaluation for methylene transfer epoxidation to 

aldehydes

For the procedure to be regarded as synthetically useful, a range of substrates must be 

amenable to epoxidation. Our attention therefore turned to the question of substrate scope 

using {R,R)-397 at stoichiometric loadings (Tables 4.8, 4.9 and 4.10).
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Table 4.8 Substrate scope evaluation in the synthesis of substituted terminal epoxides using 

iR,R)-397: neutral and electron-deficient aromatic aldehydes

Q (/?,fl)-397(100mol%) 
^ P2 base (1.0 eq.)

THF (0.02 M) ^ 
-78 °C, 1 h

entry substrate product yield (%)‘ ee(%r

159 282

95

92

85

83

95

95

90

81

“Isolated yield. Determined using CSP-HPLC.

We were pleased to observe that the evaluation of the reaction substrate scope afforded high 

levels of enantioselectivity for a range of neutral and electron-deficient aldehydes. 

Benzaldehyde (122) was converted to 1 with an excellent 95% yield and 95% ee (Table 4.8, 

entry 1). The electron deficient 4-chlorobenzaldehyde (159) and 3-chlorobenzaldehyde (399) 

were converted to the corresponding epoxides in 95% ee and 90% ee respectively (entries 2- 

3). 2-(Trifluoromethyl)benzaldehyde was successfully transformed in (5)-403 in 83% yield 

and 81% ee. We next investigated the enantioselective epoxidation involving hindered-, 

electron-rich and aliphatic aldehydes (Table 4.9).
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Table 4.9 Substrate scope evaluation in the synthesis of substituted terminal epoxides using 

(R,R)-397: hindered-, electron-rich and aliphatic aldehydes

entry

Q Cat. (100 mol%) 
jj P2 base (1.0 eq.)

^ THF (0.02 M)
-78 "C, 1 h

O

substrate product yield (%)" ee (%f

285 286

89 93

MeO'
289

MeO'

W

290

80 72

293

P,

47

88

85

75

82

80

81

“Isolated yield. ^Determined using CSP-HPLC. “(5,S)-397 used as the catalyst
{R,R)-397 used as the catalyst.

The employment of the sterically encumbered 2-tolualdehyde afforded a slightly lower ee 

(93%, Table 4.9, entry 1). The lowest enantioselectivity observed was derived from the 

electron-rich substrate 4-anisaldehyde 289 (72% ee, entry 2). Moderate levels of 

enantioselectivity were achieved in the case of the employment of the a,P-unsaturated 

cinnamaldehyde 291 (entry 3) and in the case of 6-bromoveretraldehyde 404 (entry 4). Our
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methodology proved to be reliable even when an aliphatic substrate was employed: 

cyclohexanecarboxaldehyde 293 was converted to the corresponding epoxide 47 in 81% ee 

(entry 5). To demonstrate the broad utility of our new methodology, we evaluated the 

enantioselective epoxidation of aldehyde substrates which incorporate other oxidisable 

functionalities, which are typically problematic substrates for the olefin oxidation 

methodologies (Table 4.10).

Table 4.10 Substrate scope evaluation in the synthesis of substituted terminal epoxides using 

{R,R)-397: aldehydes incorporating other oxidisable moieties

Q (S,S)-397 (100 mol%) 
jj P2 base (1.0 eq.)

THF (0.02 M) 
-78 °C, 1 h

R

O

entry substrate product yield (%T ee (%)"

401

409

89

88

94

90

90

92

“Isolated yield. Determined using CSP-HPLC.

The potential utility of the these methylene transfer reactions (and its complementarily to 

existing methods) was confirmed by the formation of epoxides 401, 407 and 409: pyridine-3- 

carboxaldehyde resulted in the formation of 401 in 92% yield and 90% ee (Table 4.10, entry 

1), 3-(methylthio)-benzaldehyde was converted into the epoxide 407 in 89% yield an 90% ee
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(entry 2) and also 3-vinylbenzaldehyde was successfully transformed into the corresponding 

409 in 91% yield and 92% ee (entry 3). These products bear readily oxidisable sulfide, olefin 

and A^-heterocyclic functionalities likely to be incompatible with epoxidation methodologies 
involving the use of strong oxidants.

4.4 Conclusions for Chapter 4

In conclusion, a new generation of sulfide catalysts for the asymmetric methylene transfer 

epoxidation via conventional JCC chemistry has been developed and evaluated. The catalyst 

design was based on the employment of highly hindered Ci-symmetrical sulfides. The initial 

identification of a model structure possessing two distinct substitution patterns for catalyst 

elaboration resulted in the synthesis of a range of catalysts. The installation of a variety of 

sterically hindered aromatic moieties was followed by the evaluation of each catalyst in the 

enantioselective epoxidation of benzaldehyde (used as the benchmark substrate). A lead 

structure was found in {R,R)-387, which afforded high levels of enantioselectivity in the 

formation of styrene oxide (>80% ee). Consistent with our catalyst design rationale, the 

installation of additional steric bulk the catalyst structure (i.e., a larger alkoxide substituent) 

led to further improvements in catalyst performance. When ethoxy and benzyloxy groups 

were introduced into the catalyst structure, product ee increased to excellent levels in the 

synthesis of 1 (up to 92% ee). A final modification, involving the use of THF as a solvent, 

resulted in the formation of 1 in up to 95% ee. This result represents the highest 

enantioselectivity achieved in the synthesis of 1 via JCC methylene transfer epoxidation to 

date. Our study the concentrated on the question of the substrate scope. We were pleased to 

find that a wide variety of aldehydes, including substrates containing other oxidisable 
moieties, afforded high to excellent levels of enantioselectivity.
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4.5 Outlook

The development of a new generation of enantioselcctive catalysts for the synthesis of 

enantioenriched terminal epoxides has been carried out. This has led to the synthesis of 

terminal epoxides via JCC chemistry with unprecedent levels of yields and ee. Unfortunately, 

the presence of sterically demanding groups has also resulted in the impossibility of 

performing the reaction catalitically. An interesting possible future development could be 

represented by the discovery and application of a new protocol (alkylating agent, solvent, 

temperature) which would allow the use of substoichiometric amounts of catalyst. The use of 

different non stabilised ylides could also represent an interesting approach: for example the 

use of ethyl-substituted sulfoniun salts could generate 1,2-disubstituted aliphatic epoxide 

products. The use of such a procedure would also be interesting because in that case two 

diastereomers would be produced, and the design of a catalyst could then evolve to solve that 

problem. Nitrogen and sulfur analogues of terminal epoxides (aziridines and thiiranes 

respectively) represent another possibility for further exploitation of our new catalysts, as the 

synthesis of such derivatives is still plagued by low levels of yields and enantioselectivity.
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5.0

5.1

Experimental Section 

General experimental data

Proton Nuclear Magnetic Resonance spectra were recorded on a Broker DPX 400 and Bruker 

Avance II 600 MHz spectrometer in either CDCI3 referenced relative to residual CHCI3 (5 = 

7.26 ppm) or DMSO-de referenced relative to residual DMSO-de (5 = 2.50 ppm). Chemical 

shifts are reported in ppm and coupling constants in Hertz. Carbon NMR spectra were 

recorded on the same instruments (100 or 150 MHz) with total proton decoupling. All melting 

points are uncorrected. Infrared spectra were obtained on a Perkin Elmer Spectrum One 

spectrophotometer. Flash chromatography was carried out using silica gel, particle size 0.04- 

0.063 mm. TLC analysis was performed on precoated 6OF254 slides, and visualised by UV 

irradiation, KMn04, or anisaldehyde staining. Specific rotation measurements were made on a 

Rudolph research analytical Autopol IV instrument, and are quoted in units of 10" degcm g" . 

Anhydrous THF was distilled over sodium-benzophenone ketyl radical before use. Methylene 

chloride, toluene and triethylamine were distilled from calcium hydride. All reactions were 

carried out under a protective argon atmosphere. Analytical CSP-HPLC was performed on 

Daicel CHIRALCEL OD-H (4.6 mm x 25 cm), OJ-H (4.6 mm x 25 cm), CHIRALPAK AD-H 

(4.6 mm x 25 cm) and AS (4.6 mm x 25 cm) columns. For all known compounds the spectral 

characteristics were in agreement with those reported in the literature.
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5.2.1 General procedure A for the epoxidation of aldehydes under 

liquid/liquid reaction conditions (Table 2.1)

A carousel flask containing a magnetic stirring bar was charged with trimethylsulfonium 

iodide (165.7 mg, 0.81 mmol) and then 50% Na0H/H20 solution (1.77 mL, 44.3 mmol) via 

syringe. The resulting suspension was allowed to stir for 10 min. (£)-stilbene (66.5 mg, 0.37 

mmol) and catalyst 269 (0.037 mmol) were then added and the flask was fitted with a septum 

and placed under an atmosphere of argon. CH2CI2 (2.18 mL) and freshly distilled aldehyde 

(0.74 mmol) were then added sequentially via syringe and the reaction stirred at ambient 

temperature for the time indicated in Table 2.1. When 'H NMR spectroscopic analysis 

indicated completion of the reaction the mixture was diluted with CH2CI2 and the organic 

phase separated using a separating funnel. The aqueous phase was washed with CH2CI2 (2 x 

10 mL) then the organic extracts were combined, dried (MgS04) and the solvent evaporated 

under reduced pressure to afford the crude epoxide which was purified via column 

chromatography.

5.2.1.2 2-phenyloxirane (1)

Prepared according to general procedure A using trimethylsulfonium iodide (486 mg, 2.43 

mmol), 122 (225 pi, 2.21 mmol). Column chromatography (hexane/CH2Cl2 8:2, Rf = 0.2) 

afforded epoxide 1 (245 mg, 93%) as a clear oil.

The NMR spectra of 1 were consistent with those previously reported. 320

5h(400MHz,CDC13): 7.25-7.12 (m, 5H, Ar-H), 3.88 (dd, IH, J 4.0, 2.5, H-1), 3.16

(dd, IH, J 5.5, 4.0, H-2a), 2.82 (dd, IH, J 5.5, 2.5, H-2b).

5c (100 MHz, CDCI3): 137.2 (q), 128.1, 127.7, 125.1, 51.9, 50.8.
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HRMS {m/z -ES):

Experimental Section

Found; 121.0656 ([M+H]^ CgHgO requires 121.0653).

5.2.1.3 2-(4-chlorophenyl)oxirane (282)

Prepared according to general procedure A using trimethylsulfonium iodide (496 mg, 2.43 

mmol) and 159 (311 mg, 2.21 mmol). Column chromatography (hexane/CH2Cl21:1, Rf = 0.3) 

afforded epoxide 282 (310 mg, 91%) as a clear oil.

'i'y I
The NMR spectra of 282 were consistent with those previously reported.

5h (400 MHz, CDCh): 7.32 (d, 2H, J 8.5, H-4), 7.21 (d, 2H, J 8.5, H-3), 3.84 (dd, IH, J

4.0, 2.5, H-1), 3.15 (dd, IH, J 5.5, 4.0, H-2a,), 2.76 (dd, IH, J 

5.5, 2.5, H-2b).

5c(100MHz, CDCh): 136.1 (q), 133.9 (q), 128.7, 126.8,51.8,51.2.

HRMS {m/z -El): Found: 154.0182 ([M]^ C8H7OCI requires 154.0185).

5.2.1.4 2-(2-methoxypheynl)oxirane (288)

Prepared according to general procedure A using trimethylsulfonium iodide (828 mg, 4.06 

mmol) and 287 (502 mg, 3.69 mmol). The general workup outlined in procedure A afforded 

288 (310 mg, 95%) as a yellow oil (epoxide 288 decomposes during column chromatography, 

the yield reported refers to the spectroscopically pure crude material).
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The NMR spectra of 288 were consistent with those previously reported 322

5h (400 MHz, CDCI3): 7.27-7.21 (m, IH, H-5), 7.16 (d, IH, J 7.5, H-3), 6.95 (app t, IH, H- 

4), 6.90 (d, IH, J 8.0, H-6), 4.23 (dd, IH, J 4.0, 2.0, H-1), 3.90 (s, 

3H, H-7), 3.16 (dd, IH, J 5.5, 4.0, H-2a), 2.72 (dd, IH, J 5.5, 2.0, 

H-2b).

5c (100 MHz, CDCI3): 158.0 (q), 128.6, 125.9 (q), 124.8, 120.5, 109.9, 55.2, 50.4, 48.0.

5.2.1.5 2-(4-methoxyphenyl)oxirane (290)

Prepared according to general procedure A using trimethylsulfonium iodide (828 mg, 4.06 

mmol), 289 (448 pi, 3.69 mmol). The general workup outlined in procedure A afforded 290 

(320 mg, 98%) as a yellow liquid (epoxide 290 decomposes during column chromatography, 

the yield reported refers to the spectroscopically pure crude material).

The NMR spectra of 290 were consistent with those previously reported.322

5h (400 MHz, CDCI3): 7.22 (d, 2H, J 8.5, H-3), 6.90 (d, 2H, J 8.5, H-4), 3.90-3.82 (m, 

4H, H-1 and H-5), 3.14 (dd, IH, J 5.0, 4.5, H-2a), 2.82 (dd, IH, 

J 5.0, 2.5, H-2b).

5c (100 MHz, CDCI3): 159.5 (q) 129.3 (q), 126.7, 113.8, 55.1, 52.0, 50.8.

HRMS {m/z -El): Found: 150.0684 ([M]^ C9H,o02 requires 150.0681).
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5.2.1.6 o-ToIyacetaldehyde (295)

The epoxide derived from o-tolylaldehyde (285, 3.70 mmol) was prepared according to 

general procedure A with 11 mL of CH2CI2 as solvent. When the reaction was complete 

(analysis by 'H NMR spectroscopy) the mixture was diluted with water (20 mL) and 

transferred to a separating funnel. As the molarity of the organic phase of the subsequent 

reaction is 0.095 M the work up was carried out so that the final organic phase volume was 39 

mL. The aqueous phase was then extracted with CH2CI2 (3x8 mL), leaving 4 mL for 

washings. The combined organic extracts were then washed with water (2 x 30 mL) and brine 

(1 X 30 mL). The organic phase was then dried (MgS04) and the solution filtered. An oven 

dried 50 mL round bottomed flask containing a stirring bar and molecular sieves (4 A) was 

fitted with a septum and placed under argon. Using an oven dried glass syringe, the filtrate 

was then transferred to the flask. Copper tetrafluoroborate hydrate (218.8 mg, 0.923 mmol, 

0.25 eq.) was then added to the reaction flask and the resulting mixture stirred for 21 h at 

room temperature. The reaction mixture was diluted with CH2CI2 (50 mL) and filtered to 

remove the molecular sieves. The organic phase was then washed with water (3 x 50 mL) and 

brine (3 x 50 mL). The combined organic extracts were then dried (MgS04), filtered and the 

solvent was removed in vacuo. The product was purified by column chromatography 

(hexane/CH2Cl2 6:4) affording 295 as a colourless oil (342 mg, 69%).

The NMR spectra of 295 were consistent with those previously reported. 319

5h (400 MHz, CDCI3): 9.73 (t, IH, J 2.2, H-1), 7.29-7.19 (m, 4H, Ar-H), 3.73 (d, 2H, J 

2.2, H-2), 2.30 (s, 3H, H-3).

5c (100 MHz, CDCI3): 198.9 (q), 136.7 (x2, q), 130.2, 130.1, 127.4, 126.1,48.3, 19.3.

HRMS (El): Found 134.0734 ([M]"^ calcd. for C9H10O requires 134.0732)
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5.2.2 Bifunctional catalysis

5.2.2.1 A^-/crt-Butoxycarbonyl-L-niethionine (298)

HOOC

A solution of L-methionine (5.00 g, 33.5 mmol) and Na2C03 (3.62 g, 36.9 mmol) in 1:1 

Me0H/H20 (35.0 mL) was cooled to 0 °C, di-rerf-butyl dicarbonate (8.77 g, 40.2 mmol) was 

then added. The resulting solution was allowed to stir at room temperature for 12 h. The 

solvent was evaporated and 1 M HCl was then added to the reaction mixture until pH = 2 was 

reached. The resulting mixture was extracted with CH2CI2 (2 x 100 mL) and the combined 

organic extracts were dried (MgS04) to afford A-Boc-L-metbionine 298 (8.30 g, 98%) as a 

viscous oil. The 'H NMR spectrum of the 298 indicated the presence of 2 rotameric species at 

rt in CDCI3. [a]D°+22 (c 1.10, H2O); lit.^^^ [a]D^'’+23 (c 1.0, H2O).

The NMR spectra of 298 were consistent with those previously reported 323

5h (400 MHz, CDCI3): 12.6 (bs, IH, COOH), 5.17 (d, IH, J 8.0, NH), 4.53-4.40 (m, 0.65H,

H-1), 4.38-4.23 (m, 0.35H, H-1), 2.60 (app t, 2H, H-3), 2.27-2.07 

(m, 4H, H-2a and H-4), 2.06-1.93 (m, IH, H-2b), 1.47 (s, 9H, H-5).

HRMS (m/z -ES): Found: 272.0926 ([M-)-Na]^ C,oHi9N04NaS requires 272.0932).
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5.2.2.2

Experimental Section

N-ferZ-butoxycarbonyl-L-methionine pyrrolidinamide (300)

A^-Boc-L-methionine 300 (250 mg, 1.00 mmol) was dissolved in CH2CI2 (8.0 mL) and O-

benzotriazole-l-A/,y'/,iV’,jV’-tetraethyluronium hexafluorophosphate (417 mg, 1.11 mmol) was

added. The white suspension was allowed to stir for 5 min, diisopropylethylamine (200 pi,

1.98 mmol) was then added followed by pyrrolidine (80 pi, 1.00 mmol). The reaction mixture

was then stirred for 24 h at room temperature. The mixture was diluted with CH2CI2 (10 mL)

and water (5 mL), the organic phase was separated, washed with 1 M HCl (3 x 30 mL) and

dried (MgS04). The crude was concentrated in vacuo to afford a yellow oil which was

purified via column chromatography (hexane/EtOAc 1:1, Rf = 0.25) to afford N-tert-
20butoxycarbonyl-L-methionine pyrrolidinamide 300 as a yellow oil (230 mg, 78%). [ajo 

+4.50 (c 2.35, CHCI3).

The NMR spectra of 300 were consistent with those previously reported.

5h (400 MHz, CDCI3): 5.44 (d, IH, J 9.3, NH), 4.53-4.43 (m, IH, H-1), 3.62-3.27 (m, 4H,

H-5 and H-8), 2.46 (app t, 2H, H-3), 2.05 (s, 3H, H-4), 1.94-1.69 

(m, 6H, H-2, H-6 and H-7), 1.34 (s, 9H, H-9).

5c(100MHz, CDCI3): 170.0 (q), 155.4 (q), 79.3 (q), 50.9, 46.3, 45.8, 32.6, 30.0, 28.2,

25.9, 24.0, 15.5.

HRMS (m/z -ES): Found: 325.1555 ([M+Na]^ Ci4H26N203NaS requires 325.1562).
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5.2.2.3 L-methionine pyrrolidinamide (301)

jV-ferr-butoxycarbonyl-L-methionine pyrrolidinamide 300 (1.500 g, 4.95 mmol) was dissolved 

in CH2CI2 (30.0 mL) and the solution was cooled to 0 °C. After 10 min trifluoroacetic acid 

(7.5 mL) was added. The reaction mixture was allowed to stir for 2 h at room temperature. 

The reaction mixture was then diluted with water (15 mL) and carefully treated with KOH 

(10% aqueous solution) until pH ~ 7. The resulting mixture was extracted with CH2CI2 (2 x 

15 mL) and the combined organic extracts were dried (MgS04) to afford L-methionine 

pyrrolidinamide 301 as a yellow oil (801 mg, 80%) without the need for any further 

purification.

The NMR spectra of 301 were consistent with those previously reported. 325

8h(400 MHz, CDCI3): 3.77-3.62 (m, IH, H-1), 3.61-3.39 (m, 4H, H-5 and H-8), 2.76-2.61

(m, 2H, H-3), 2.14 (s, 3H, H-4), 2.03-1.95 (m, 2H, H-2), 1.93-1.69 

(m, 4H, H-6 and H-7).

HRMS (m/z -ES): Found: 203.1220 ([M-rH]^ C9H19N2OS requires 203.1218).

5.2.3 General procedure B for the preparation of urea catalysts

A solution of L-methionine pyrrolidinamide 301 (1.00 mmol) in CH2CI2 (1.5 mL) under argon 

atmosphere was cooled to 0 °C. The relevant isocyanate (1.10 mmol) was then added drop- 

wise via syringe. The resulting solution was left to stir for 12 h at room temperature until 

precipitation of the product from the solution. The pure product was then obtained by gravity 

filtration and purified by column chromatography.
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5.2.3.1 l-(3,5-6is-(trifluoromethyl)phenyl)-3-((5)-4-(methylthio)-l-oxo-l-

(pyrrolidin-l-yl)butan-2-yl)urea (303)

Prepared according to procedure B using 3,5-(?w-(trifluoromethyl)phenylisocyanate 302 (289 

|lL, 1.64 mmol) and L-methionine pyrollidinamide 301 (306 mg, 1.52 mmol) in CH2CI2 (2.0 

mL). Purification by column chromatography (hexane/EtOAc 1:1, Rf= 0.3) afforded 303 (500 

mg, 72%) as a white solid. M.p. 116-117 °C; lit.^^'* M.p. 118-119 °C. [a]D^°+12.0 (c 1.40, 

CHCb); lit.^^'^ [a]D^°= +11.0 (c 1.40, CHCI3).

The NMR spectra of 303 were consistent with those previously reported.

5h(400 MHz, CDCI3): 8.66 (bs, IH, Ar-NH), 7.77 (s, 2H, H-9 and H-10), 7.37 (s, IH, H-

11), 7.07 (d, IH, J 8.7, NH), 5.01-4.84 (m, IH, H-1), 3.96-3.84 (m, 

IH, H-5a), 3.60-3.11 (m, 3H, H-5b and H-8), 2.65 (app t, 2H, H-3), 

2.14 (s, 3H, H-4), 1.91-1.74 (m, 6H, H-2, H-6 and H-7).

^max (film)/cm'': 

HRMS {m/z -ES):

3329, 1703, 1609, 1387, 1276, 1166, 1111,872, 681.

Found: 480.1161 ([M+Na]"^ CigH2iN302F6SNa requires 480.1156).
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5.2.3.2 l-[(S)-4-(methylthio)-l-oxo-l-(pyrroIidin-l-yl)butan-2-yl]-3-phenylurea

(306)

O '

H H

Prepared according to procedure B using phenylisocyanate 305 (120 pL, 1.10 mmol) and L- 

methionine pyrollidinamide 301 (202 mg, 1.00 mmol) in CH2CI2 (2.0 mL). Purification by 

column chromatography (hexane/EtOAc 6:4, Rf= 0.2) afforded 306 as a white solid (225 mg, 

70%). M.p. 104-106 °C; lit.^^^ M.p. 104-105 °C. [a]D"°+11.2 (c 0.17, CHCI3); lit.^^^ [a]D^'’ = 

+ 13.0 (c0.20, CHCI3).

The NMR spectra of 306 were consistent with those previously reported 

5h (400 MHz, CDCI3);

326

7.91 (bs, IH, Ar-NH), 7.34 (d, 2H, J 7.6, H-9 and H-13), 7.22 (m, 

2H, H-10 and H-12), 7.01-6.90 (m, 2H, H-11 and NH), 5.01-4.93 

(m, IH, H-1), 3.92-3.83 (m, IH, H-5a), 3.66-3.46 (m, 3H, H-8 and 

H-5b), 2.63 (app t, 2H, H-3), 2.09 (s, 3H, CH3), 2.02-1.87 (m, 6H, 

H-2, H-6 and H-7).

5c(100MHz, CDCI3): 171.6 (q), 155.2 (q), 138.9 (q), 128.4, 121.9, 118.8,49.7,46.6,45.9,

32.7, 29.9, 25.5,23.8, 15.3.

v„ax(film)/cm': 3337,2881, 1701, 1611, 1544, 1443, 1309, 1211, 1176,750,696.

HRMS {m/z -ES): Found 344.1424 ([M+Na]'" Ci6H23N302SNa requires 344.1409).

176



5.23.4

Experimental Section

l-cyclohexyl-3-[(5)-4-(niethyIthio)-l-oxo-l-(pyrrolidin-l-yl)butan-2-yl] 

urea (309)

N N 
H H

Prepared according to procedure B using cyclohexylisocyanate 308 (141 p-L, 1.10 mmol) and 

L-methionine pyrollidinamide 301 (203 mg, 1.00 mmol) in CH2CI2 (2.0 mL). Purification by 

column chromatography (hexane/EtOAc 3:7, Rf = 0.3) afforded 309 as a light yellow solid 

(300 mg, 85%). M.p. 80-82 °C; lit.^^® M.p. 80-81 °C. +2.05 (c 1.40, CHCI3); lit.^^^

[a]D"°+2.0 (cl.O, CHCI3).

The NMR spectra of 309 were consistent with those previously reported.

8h (400 MHz, CDCI3); 6.25 (d, IH, J 8.0, NH), 5.92 (d, IH, J 8.0, NH), 4.84-4.75 (m, IH,

H-1), 3.86-3.77 (m, IH, H-5a), 3.60-3.37 (m, 4H, H-9, H-5b and H- 

8), 2.58 (app t, 2H, H-3), 2.20 (s, 3H, H-4), 2.04-1.60 (m, 8H, H-2, 

H-6, H-7, H-12), 1.75-1.55 (m, 4H, H-10, H-14), 1.20-0.98 (m, 4H, 

H-11 and H-13).

5c (100 MHz, CDCI3): 171.8 (q), 157.2 (q), 49.8, 48.3, 46.3, 45.6, 33.6, 33.4, 32.7, 29.9,

25.5,24.6, 23.7, 15.1.

326

Vmax (film)/cm’ :

HRMS (m/z -ES):

3342, 2924, 2851, 1611, 1546, 1445, 1226, 724.

Found: 350.1886 ([M+Na]^ Ci6H29N302NaS requires 350.1878).
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5.2.4

Experimental Section

General procedure C: for the alkylation of the methionine-derived urea 

catalysts using Meerwein’s reagent

A solution of methionine-derived urea catalysts (0.25 mmol) in CH2CI2 (2.0 mL) was cooled 

to 0 °C under a nitrogen atmosphere. After 10 minutes, (CH3)30^BF4‘ (0.25 mmol) was added 

with stirring. The resulting solution was allowed to warm to room temperature and stirred for 

12 h. The solvent was removed in vacuo and the residue purified by recrystallisation to yield a 

hygroscopic solid. The product was then dried on the high vacuum line to afford the alkylated 

methionine-derived catalyst as a tetrafluoroborate salt in the form of an amorphous 

hygroscopic solid.

5.2.4.1 (5)-l-(3,5-Z>is-trifluoromethyl-phenyl)-3-[3-methylsulfanyl-l-(pyrrolidine- 

l-carbonyl)-propyl] urea tetrafluoro borate salt (304)

Prepared according to general procedure C using 303 (88 mg, 0.19 mmol) in CH2CI2 (4.0 mL) 

and (CH3)30'^BF4' (29 mg, 0.19 mmol). Purification by recrystallisation (hexane/CH2Cl2 1:1) 

afforded 304 as a clear hygroscopic solid. The crude solid was dried further under high 

vacuum to afford 304 (97 mg, 90%) as a white solid. M.p 121-122 °C; lit.^^^ 122-124 °C. 

[a]D^“+11.3 (c 1.50, CHCI3).

The NMR spectra of 304 were consistent with those previously reported. 

5h (400 MHz, DMSO-de):

326

9.54 (s, IH, NH), 8.05 (s, 2H, H-9 and H-10), 7.49 (s, IH, H- 

11), 6.95 (d, IH, J 8.0, NH), 4.60 (m, IH, H-1), 3.52 (m, 2H, H- 

5), 3.27-3.00 (m, 4H, H-3 and H-8), 2.80 (s, 6H, H-4), 2.09 (m, 

IH, H-2a), 1.90 (m, 3H, H-2b and H-6), 1.80 (m, 2H, H-7).
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5c (100 MHz, CDCI3):

Experimental Section

168.2 (q), 154.4 (q), 142.0 (q), 130.8, 130.7 (q, J 32), 130.5,

123.3 (q, J 273), 117.3, 114.0, 49.8, 45.8, 38.8, 26.5, 25.6, 24.2, 

23.7.

(film)/cm' : 3340, 1620, 1565, 1473, 1387, 1276, 1172, 1122, 1033, 879, 

701, 681.

5.2.4.2 (5)-l-Phenyl-3-[3-methylsulfanyI-l-(pyrrolidine-l-carbonyl)-propyl]-urea

tetrafluoroborate salt (307)

Prepared according to general procedure C using 306 (176 mg, 0.55 mmol) in CH2CI2 (4.0 

mL) and (CH3)30'^BF4‘ (82 mg, 0.55 mmol). The resulting solution was allowed to warm to 

room temperature and stirred for 12 h. The solvent was removed in vacuo and the residue 

purified by recrystallisation (hexane/CH2Cl2 1:1) to yield 307 as a clear hygroscopic solid. 

The crude solid was dried further under high vacuum to afford 307 (206 mg, 89%) as an 

amorphous hygroscopic white solid. M.p. 64-65 °C; lit.^^^ 66-67 °C. [a]D^° -i-lO.O (c 1.40, 

CHCI3); lit.^“ [a]D^°+10.0 (c 1.40, CHCI3).

The NMR spectra of 307 were consistent with those previously reported. 

5h (400 MHz, DMSO-de):

326

8.79 (s, IH, NH), 7.37 (d, 2H, J 8.0, H-9 and H-13), 7.21 (dd, 

2H, J 8.0, 7.4, H-10 and H-12), 6.90 (t, IH, J 7.4, H-11), 6.64 

(d, IH, J 8.2, NH), 4.60 (m, IH, H-1), 3.52 (m, 2H, H-5), 3.20- 

3.01 (m, 4H, H-3 and H-8), 2.80 (s, 6H, H-4), 2.10 (m, IH, H- 

2a), 1.90 (m, 3H, H-2b and H-6), 1.8 (m, 2H, H-7).
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5c (100 MHz, DMSO-de); 168.6 (q), 154.7 (q), 140.0 (q), 128.7, 121.4, 117.6, 49.6, 45.9,

45.8, 38.2, 26.8, 25.6, 24.3, 24.2, 23.7.

^max (fjlm)/cm‘ 3084, 1656, 1594, 1447, 1399, 1343, 1222, 1029, 987, 743, 694.

5.2.4.5 (■S)-l-CyclohexyI-3-[3-methylsuIfanyl-l-(pyrrolidine-l-carbonyl)- 
propyl]-urea tetrafluoroborate salt (310)

Prepared according to general procedure C using 309 (81 mg, 0.25 mmol) in CH2CI2 (1.0 mL) 

and (CH3)30BF4 (37 mg, 0.25 mmol). Purification by recrystallisation (EtOH) yielded 310 as 

a hygroscopic solid. The crude solid was dried under high vacuum to afford 310 (70 mg, 

60%) as an hygroscopic white solid. M.p. 31-33 °C; lit.^^^ 30-32 "C. [ajo^ +2.05 (c 1.40, 

CHCI3).

The NMR spectra of 310 were consistent with those previously reported. 326

5h (400 MHz, OMSO-dg): 6.21 (d, IH, J 8.0, NH), 6.17 (d, IH, J 8.0, NH), 4.53-4.43 (m, 

IH, H-1), 3.53-3.40 (m, 2H, H-5a and H-9), 3.37-3.15 (m, 5H, 

H-3, H-5b, H-8), 2.83 (s, 6H, H-4), 2.10-1.98 (m, IH, H-2a), 

1.92-1.43 (m, lOH, H-6, H-7, H-2b, H-lOa, H-1 lb, H-12a, H- 

13a and H-14a), 1.29-0.98 (m, 5H, H-lOb, H-1 lb, H-12b, H- 

13b and H-14b).

5c(100MHz, DMSO-de): 169.1 (q), 156.7 (q), 49.6, 47.7, 45.8, 45.7, 44.9, 33.1, 27.3,

26.9, 25.5, 25.2, 24.5, 24.2, 23.7.

^max (fdm)/cm': 3350, 2932, 2855,1617, 1546, 1448, 1231, 1030, 841. 
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Found: 342.2216 ([M]^ C,7H32N302S requires 342.2215).HRMS (m/z -ES):

5.2.4.6 A^-methyl-A^-<ert-butoxycarbonyl-L-methionine (315)

A solution of 300 (550 mg, 1.82 mmol) in THF (3.0 mL) was cooled to 0 °C under an argon 

atmosphere. After 15 minutes, NaH (48 mg, 1.82 mmol) was added with stirring. After further 

15 minutes Mel (113 |J,L, 1.82 mmol) was added and the solution was allowed to warm to 

room temperature with stirring over 18 h. The solution was concentrated in vacuo and the 

residue was diluted with CH2C)2 (15 mL), washed with brine (2 x 10 mL) and then dried 

(MgS04). After filtration and concentration of the organic phase in vacuo, the crude material 

was purified by column chromatography (hexane/EtOAc 1:1, Rf = 0.25) to afford A-methyl- 

yV-fe/'f-butoxycarbonyl-L-methionine 315 (500 mg, 87% yield) as a yellow oil. The 'H NMR 

spectrum of this compound indicated the presence of 2 rotameric species at rt in DMSO-de - 

the ratio was found to be 55:45. [a]D^°+2.0 (c 2.10, CHCI3)

5h(400 MHz, CDCI3): 5.04 (app. t, 0.55H, H-1), 4.89 (app. t, 0.45H, H-1), 3.58-3.30 (m,

4H, H-5 and H-8), 2.75 (s, 3H, H-9), 2.55-2.37 (m, 2H, H-3), 2.12 

(s, 3H, H-4), 1.99-1.76 (m, 6H, H-6, H-7 and H-2), 1.51-1.39 (m, 

9H, H-10).

8c (100 MHz, CDCI3): 168.9 (q), 168.3 (q), 155.8 (q), 155.2 (q), 79.9 (q), 79.5 (q), 67.5,

55.6, 54.5, 45.7, 45.5, 45.4, 30.0, 29.9, 29.1, 28.8, 27.9, 27.8, 27.5,

25.7, 25.1,23.6.

Vmax (film)/cm-‘: 2971, 2874, 1687, 1643, 1477, 1437, 1387, 1365, 1155.

HRMS (m/z -ES) : Found: 339.1725 ([M-t-Na]^ Ci5H28N203NaS requires 339.1718).
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5.2.4.7 A^-methyl-A^-fert-butoxycarbonyl-L-methionine tetrafluoroborate salt

(316)

Prepared according to general procedure C using 315 (210 mg, 0.66 mmol) in CH2CI2 (3.0 

mL) and (CH3)30'^BF4' (98 mg, 0.66 mmol). The resulting solution was allowed to warm to 

room temperature and stirred for 12 h. The solvent was removed in vacuo and the residue 

purified by recrystallisation (hexane/CH2Cl2 1:1) to yield 316 as a white hygroscopic solid. 

The crude solid was dried further under high vacuum to afford 316 (194 mg, 62%) as a white 

solid. The ’H NMR spectrum of 316 indicated the presence of 2 rotameric species at rt in 

DMSO-de - the ratio was found to be 53:47. M.p. 59-61 °C. [a]D^Vl2.0 (c 0.4, CHCI3).

5h (400 MHz, DMSO-de): 4.88 (app. t, 0.53H, H-1), 4.67 (app. t, 0.47H, H-1), 3.54-3.07 

(m, 6H, H-3, H-5 and H-8), 2.97-2.82 (m, 6H, H-4), 2.65 (s, 3H, 

H-9), 2.28-2.14 (m, IH, H-2a), 2.04-1.70 (m, 5H, H-2b, H-6 

and H-7), 1.43 (bs, 9H, H-10).

5c(100MHz, DMSO-d<,): 168.6 (q), 155.4 (q), 154.3 (q), 80.0 (q), 78.5 (q), 57.1, 56.5,

54.8, 50.9, 46.1, 45.8, 45.6, 45.3, 37.1, 31.2, 29.3, 29.1, 28.1 

(x3), 25.6, 25.4, 24.4, 24.3, 24.1, 23.5, 22.9.

^max (film)/cm': 

HRMS (m/z -ES) :

2971, 1690, 1631, 1458, 1392, 1302, 1087, 1056, 1024. 

Found: 331.2046 ([M]^ C,6H3iN203S requires 331.2050).
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Experimental Section

A^-fert-butoxycarbonyl-L-methionine tetrafluoroborate salt (314)

Prepared according to general procedure C using 300 (147 mg, 0.487 mmol) in CH2CI2 (2.0 

mL) and (CH3)30BF4 (72 mg, 0.49 mmol). The resulting solution was allowed to warm to 

room temperature and stirred for 12 h. The solvent was removed in vacuo and the residue 

purified by recrystallisation (hexane/CH2Cl2 1:1) to yield 314 as a clear hygroscopic solid. 

The crude solid was dried further under high vacuum to afford 314 (452 mg, 60%) as a white 

solid. M.p. 78-80 °C. [ajo^® -k4.0 (c 2.20, CHCI3).

5h(400 MHz, OMSO-dg): 7.23 (d, IH, J 8.0, NH), 4.33-4.24 (m, IH, H-1), 4.39-3.20 (m.,

6H, H-5, H-8 and H-3), 2.85 (s, 6H, H-4), 2.10-1.71 (m, 6H, H- 

6, H-7 and H-2), 1.37 (s, 9H, H-9).

5c (100 MHz, DMSO-de): 168.6 (q), 155.4 (q), 78.5 (q), 54.8, 51.0, 45.8, 45.7, 38.9, 28.1,

25.6, 25.2, 24.4, 23.6.

Vmax (film)/cm :

HRMS {m/z -ES) :

3356, 2932, 1626, 1547, 1447, 1250, 1159, 1027.

Found: 317.1907 ([M]^ C15H29N2O3S requires 317.1899).
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5.2.4.9 (5)-l-Cyclohexyl-3-[3-methyIsulfanyl-l-(pyrrolidine-l-carbonyl)-
propyl]-urea iodide salt (318)

To a solution of 309 (1.120 g, 3.42 mmol) in THF (7.0 mL), Mel (2.13 ml, 34.2 mmol) was 

added via syringe and the resulting solution was allowed to stir at room temperature for 18 h. 

Evaporation of the solvent followed by recrystallisation (CH2CI2) afforded pure 318 (1.05 g, 

90%) as a yellow solid. M.p. 160-162 °C. [a]D“°+10.2 (c 1.50, CHCI3).

8h (400 MHz, CDCI3): 6.53 (d, IH, J 8.0, NH-15), 5.83 (d, IH, J 8.0, NH-16), 4,79-4.72 

(m, IH, H-1), 3.94-3.85 (m, IH, H-3a), 3.79-3.68 (m, IH, H-3b), 

3.64-3.55 (m, 2H, H-5), 3,52-3.32 (m, 3H, H-8 and H-9), 3.30-3.26 

(m, 6H, H-4), 2.35-2.24 (m, IH, H-2a), 2.21-2.11 (m, IH, H-2b), 

2.03-1.76 (m, 6H, H-6, H-7, H-lOa and H-14a), 1.71-1.60 (m, 2H, 

H-1 la and H-13a), 1.57-1.49 (m, IH, H-12a), 1.32-1.20 (m, 2H, H- 

11b and H-13b), 1.18-1.03 (m, 3H, H-lOb, H-14b and H-12b).

5c (100 MHz, CDCI3): 169.4 (q), 157.2 (q), 49.7, 48.8, 46.8, 46.4, 40.4, 33.6, 27.6, 26.5,

26.0, 25.9, 25.4, 24.8, 23.9.

Vmax (film)/cm‘': 3286,2938, 2847,1653,1627, 1543, 1451, 1251, 1229.

HRMS im/z -ES) : Found: 342.2218 ([M]^ C17H32N3O2S requires 342.2215).
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5.2.4.10 (S)-l-Cydohexyl-3-[3-methylsulfanyl-l-(pyrrolidine-l-carbonyl)- 

propyll-urea triflate salt (317)

A solution of 309 (125 mg, 0.38 mmol) in CHjCb (4.0 mL) was cooled to 0 °C under an inert 

atmosphere. After 15 minutes methyl triflate (42 pi, 0.38 mmol) was added with stirring, and 

the resulting solution was allowed to warm to room temperature over 18 h. Evaporation of the 

solvent followed by recrystallisation (hexane,/CH2Cl2 1:1) afforded 317 (150 mg, 80%) as a 

white solid. M.p. 45-46 “C. [a]D^“+9.0 (c 0.30, CHCI3).

5h (400 MHz, DMSO-de): 6.21 (d, IH, J 8.0, NH-15), 6.17 (d, IH, J 8.0, NH-16), 4.53-

4.43 (m, IH, H-1), 3.53-3.40 (m, 2H, H-5a and H-9), 3.37-3.15 

(m, 5H, H-3, H-5b, H-8), 2.83 (s, 6H, H-4), 2.10-1.98 (m, IH, 

H-2a), 1.92-1.43 (m, lOH, H-6, H-7, H-2b, H-lOa, H-1 lb, H- 

12a, H-13a and H-14a), 1.29-0.98 (m, 5H, H-lOb, H-1 lb, H- 

12b, H-13b and H-14b).

8c(100MHz, DMSO-de): 169.1 (q), 156.7 (q), 120.6 (q, J 320), 49.6, 47.7, 45.8, 45.7,

44.9, 39.4, 33.1, 26.9, 25.5, 25.2, 24.3, 24.2, 23.7.

5f(376MHz, CDCI3): -78.6.

Vn,ax (film)/cm'‘: 3353, 2931, 2856, 1623, 1548, 1447, 1343, 1249, 1223, 1153.

HRMS (m/z -ES) : Found; 342.2214 ([M]^ C17H32N3O2S requires 342.2215).
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5.3.1 General procedure D: catalytic methylene transfer to aldehydes using 
sulfide 215 (Table 3.9)

A 5 mL round bottomed flask containing a stirring bar, fitted with a septum, was charged with 

proton sponge 336 (0.57 mmol) and placed under an argon atmosphere. Anhydrous CH2CI2 

(1.8 mL, 0.315 M) was injected via syringe followed by styrene (65 pL, 0.57 mmol). Sulfide 

215 was added (10 pL, 0.11 mmol) followed by the appropriate aldehyde (0.57 mmol). The 

first portion of methyl triflate (11.1 pL, 0.18 eq.) was added and the resulting solution was left 

stirring at room temperature for 25 min, then the first portion of P2 base was added (50.9 pL, 

0.18 eq.) and left stirring for 25 min. The additions of methyl triflate and P2 base were 

repeated four times with the same 25 minute intervals. The remaining amounts of methyl 

triflate (6.2 pL, 0.1 eq.) and P2 base (28.3 pL, 0.1 eq.) were then added as before. After 25 

minutes the reaction was analysed by ’H-NMR. If needed the reaction was added of the 

remaining amount of methyl triflate and P2base required for the reaction to go to completion. 

After completion the reaction mixture was diluted with water (5 mL) and extracted with 

CH2CI2 (4 X 30 mL). The organic extracts were combined and washed with brine (20 mL), 

dried (MgS04) and concentrated in vacuo. The crude residue was purified by column 

chromatography.

5.3.1.1 Tetrahydrothiophene methyl sulfonium triflate salt (323f)

CF 3SO3

+ /' 
S

A 10 mL round bottomed flask was charged with a stirring bar, fitted with a septum and 

flushed with argon. Tetrahydrothiophene 215 (80.0 pL, 0.90 mmol) was injected via syringe 

followed by CH2CI2 (4.5 mL) and methyl triflate (99.5 pL, 0.90 mmol). After 18 h the solvent 

was evaporated under reduced pressure affording crude 323f as a white powder. Purification 

by recrystallisation from CH2Cl2/hexane afforded 323f as a white solid (199 mg, 87%). M.p. 

246-247 °C.

5h (400 MHz, CDCI3): 3.71-3.77 (m, 2H, H-lb), 3.38-3.44 (m, 2H, H-la), 2.35-2.47 

(m, 4H, H-2), 2.93 (s, 3H, H-3).
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5c (100 MHz, CDCI3): 45.4, 28.5, 26.2.

5f(376MHz, CDCI3): -79.0.

X) (cm''): 3029, 2969, 1421, 1254, 1224, 1151, 1028,879, 756.

HRMS {m/z -El): Found: 103.0580 ([M]'" C5H11S requires 103.0581).

5.3.1.2 2-phenyloxirane (1)

The desired epoxide was obtained following the general procedure D using 122 (57.5 pL, 

0.57 mmol), CH2CI2 (1.80 mL, 0.315 M), proton sponge (121 mg, 0.57 mmol), styrene (65 

pL, 0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (283 pL, 0.57 mmol). After 

purification of the crude material by flash chromatography (hexane/CH2Cl2 8:2, Rf = 0.2) the 

product 1 was obtained as a pale yellow liquid (64 mg, 95%).

320
The NMR spectra of 1 were consistent with those previously reported.

5h(400 MHz, CDCI3): 7.25-7.12 (m, 5H, Ar-H), 3.88 (dd, IH, J 4.0, 2.5, H-1), 3.16

(dd, IH, J 5.5, 4.0, H-2a), 2.82 (dd, IH, J 5.5, 2.5, H-2b).

5c (100 MHz, CDCI3): 137.2 (q), 128.1, 127.7, 125.1, 51.9, 50.8.

HRMS {m/z -ES): Found: 121.0659 ([M + H]”" C8H9O requires 121.0653).

5.3.1.3 2-o-tolyloxirane(286)
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The desired epoxide was obtained following the general procedure D using ortho- 

methylbenzaldehyde 285 (65.4 pL, 0.57 mmol), CH2CI2 (1.80 mL, 0.315 M), proton sponge 

(121 mg, 0.57 mmol), styrene (65 pL, 0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P; 

base (283 pL, 0.57 mmol). After purification of the crude material by flash chromatograph} 

(hexane/CH2Cl2 7:3 + 4% triethylamine, Rf = 0.25) the product 286 was obtained as a yellow 

liquid (73 mg, 96%).

The NMR spectra of 286 were consistent with those previously reported. 327

5h (400 MHz, CDCI3): 7.19-7.07 (m, 4H, Ar-H), 4.02 (dd, IH, J 4.0, 2.8, H-1), 3.18 

(dd, IH, J 5.7, 4.0, H-2a), 2.71 (dd, IH, J 5.7, 2.8, H-2b), 2.45 

(s, 3H, H-3).

5c(100MHz, CDCI3): 135.7 (q), 135.4 (q), 129.3, 127.2, 125.7, 123.6, 50.0, 49.7,

18.3.

HRMS {m/z -El): Found: 134.0729 ([M]^ C9H10O requires 134.0732).

5.3.1.6 4-chlorostyrene oxide (282)

Prepared according to general procedure D using 159 (79.7 mg, 0.57 mmol), CH2CI2 (1.80 

mL, 0.315 M), proton sponge (121 mg, 0.57 mmol), styrene (65 pL, 0.57 mmol), methyl 

triflate (62 pL, 0.57 mmol) and P2 base (283 pL, 0.57 mmol). After purification of the crude 

material by flash chromatography (hexane/CH2Cl2 1:1, Rf = 0.3) the product 282 was obtained 

as a yellow liquid (79 mg, 90%).

The NMR spectra of 282 were consistent with those previously reported. 321
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5.3.1.7 2-chlorostyrene oxide (284)

Cl O

The desired epoxide was obtained following the general procedure D using 283 (64 pL, 0.57 

mmol), CH2CI2 (1.80 mL, 0.315 M), proton sponge (121 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (283 pL, 0.57 mmol). After 

purification of the crude material by flash chromatography (hexane/CHiCb 6:4, Rf = 0.25) the 

product 284 was obtained as a pale yellow liquid (74 mg, 86%).

328The NMR spectra of 284 were consistent with those previously reported.'

5h (400 MHz, CDCI3): 7.37 (d, IH, J 8.0, H-6), 7.31-7.22 (m, 3H, H-3, H-4 and H-5),

4.24 (dd, IH, J 3.9, 2.4, H-1), 3.21 (dd, IH, J 5.6, 3.9, H-2a), 

2.69 (dd, IH, J 5.6, 2.4, H-2b).

5c (100 MHz, CDCI3): 135.1 (q), 132.8 (q), 128.7, 128.5, 126.6, 125.2, 50.3, 49.6.

HRMS (m/z -El); Found: 154.0191 ([M]^ C8H7CIO requires 154.0185).

5.3.1.8 2-((£)-styryl-oxirane) (292)

The desired epoxide was obtained following the general procedure D using 291 (71 pL, 0 57 

mmol), CH2CI2 (1.80 mL, 0.315 M), proton sponge (121 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (65 pL, 0.595 mmol) and P2 base (297 pL, 0.595 mmol). After 

purification of the crude material by flash chromatography (hexane/CHzClz 8:2 + 5% 

triethylamine, Rf = 0.2) the product 292 was obtained as a yellow liquid (70 mg, 85%).
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The NMR spectra of 292 were consistent with those previously reported. 329

5h (400 MHz, CDCI3); 7.42-7.29 (m, 5H, Ar), 6.83 (d, IH, J 16.3, H-4), 5.88 (dd, IH, J 

16.3, 8.0, H-3), 3.54-3.41 (m, IH, H-1), 3.08 (app. t, IH, H-2a), 

2.80 (dd, 1H,J5.1,2.6, H-2b).

5c (100 MHz, CDCI3): 135.6 (q), 134.1, 128.2, 127.6, 126.5, 125.9, 52.2, 48.8.

HRMS (m/z -El); Found: 146.0726 ([M]^ C,oHioO requires 146.0732).

5.3.1.9 2-cyclohexyloxirane (47)

The desired epoxide was obtained following the general procedure using 293 (68.7 pL, 

0.57mmol), CH2CI2 (1.80 mL, 0.315 M), proton sponge (121 mg, 0.57 m.mol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (283 pL, 0.57 mmol). After 

purification of the crude material by flash chromatography (hexane/CH2Cl2 6:4, Rf = 0.3) the 

product 47 was obtained as a pale yellow liquid (67 mg, 93%).

The NMR spectra of 47 were consistent with those previously reported. 330

5h (400 MHz, CDCI3): 2.77-2.72 (m, 2H, H-1 and H-2a), 2.55 (dd, IH, J 4.4, 3.8, H- 

2b), 1.89 (m, IH, H-4a), 1.69-1.78 (m, 4H, H-8a, H-7a, H-5a 

and H-6a), 1.10-1.31 (m, 6H, H-3, H-4b, H-5b, H-6b, H-7b and 

H-8b).

5c (100 MHz, CDCI3): 56.3, 45.6, 39.9, 29.3, 28.3, 25.8, 25.2, 25.1.

HRMS (m/z -El): Found: 126.1041 ([M]^ CgHuO requires 126.1045).
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Experimental Section

General procedure E: catalytic methylene transfer to ketones using sulfide 

215 (Table 3.10)

A 5 mL round bottomed flask containing a stirring bar was charged with proton sponge (121.5 

mg, 0.57 mmol), fitted with a septum and flushed with argon. CH2CI2 (1.80 mL, 0.32 M) was 

injected via syringe followed by styrene (65 pL, 0.57 mmol). Sulfide 215 (10 pL, 0.11 mmol, 

0.2 eq.) was then added followed by the appropriate ketone (0.57 mmol). The first aliquot of 

methyl triflate (11.6 pL, 0.18 eq.) was added and the resulting solution was allowed to stir at 

room temperature for 25 min, then the first aliquot of P2 base was added (2.0 M in THF, 51.0 

pL, 0.18 eq.) and allowed to stir for 25 min. The consecutive additions of methyl triflate and 

P2 base were repeated four times with the same 25 minute intervals. The remaining methyl 
triflate (6.4 pL, 0.1 eq.) and P2 base (2.6 M in THF, 28.0 pL, 0.1 eq.) were then added {vide 

supra). After 25 minutes the reaction was analysed by 'H-NMR. If necessary, the remaining 

methyl triflate and P2 base required for the reaction to go to completion was added. Upon 

completion, the crude material was purified by column chromatography to furnish the 

corresponding epoxide.

5.3.2.1 2-methyl-2-phenyloxirane (265)

The desired epoxide was obtained following general procedure E using 264 (66 pL, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (2.0 M in THF, 284 pL, 0.57 

mmol). After purification of the crude material by flash chromatography (hexane/CH2Cl2 1:1, 

deactivated silica, Rf = 0.3) the product 265 was obtained as a pale yellow liquid (64 mg, 

85%).

The NMR spectra of 265 were consistent with those previously reported. 260

5h (400 MHz, CDCI3): 7.40-7.28 (m, 5H, Ar), 3.00 (d, IH, J 5.5, H-la), 2.83 (d, IH, J 

5.5, H-lb), 1.75 (s, 3H, H-2).
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5c (100 MHz, CDCI3): 140.7 (q), 127.8, 127.0, 124.8, 56.6, 56.3 (q), 21.4.

HRMS-GC-EI (m/z): Found; 134.0730 ([M]^ C9H10O requires 134.0732).

5.3.2.2 2-methyl-2-(p-tolyl)oxirane (341)

O

The desired epoxide was obtained following general procedure E using 340 (75 pL, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (2.0 M in THE, 284 pL, 0.57 

mmol). After purification of the crude material by flash chromatography (hexane/CH2Cl2 8:2, 

deactivated silica, Rf = 0.25) the product 341 was obtained as a pale yellow liquid (75 mg, 

89%).

The NMR spectra of 341 were consistent with those previously reported. 260

5h (400 MHz, CDCI3): 7.28 (d, 2H, J 8.0, H-3), 7.18 (d, 2H, J 8.0, H-4), 2.99 (d, 1H, J

5.5, H-la), 2.82 (d, IH, J 5.5, H-lb), 2.37 (s, 3H, H-5), 1.73 (s, 

3H, H-2).

5c (100 MHz, CDCI3): 137.7 (q), 136.7 (q), 128.6, 124.8, 56.6, 56.2 (q), 21.4, 20.6.

HRMS-ES (m/z): Found; 149.0962 ([M+H]'^ CioH)30 requires 149.0966).

5.3.2.3 2-methyl-2-(p-nitrophenyl)oxirane (345)

OpN
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The desired epoxide was obtained following general procedure E using 344 (94 mg, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (2.0 M in THE, 284 pL, 0.57 

mmol). After purification of the crude material by flash chromatography (hexane/CH2Cl2 1:1) 

the product 345 was obtained as a pale yellow liquid (94 mg, 93%).

The NMR spectra of 345 were consistent with those previously reported. 331

5h(400 MHz, CDCI3): 8.19 (d, 2H, J 8.8, H-4), 7.53 (d, 2H, J 8.8, H-3), 3.06 (d, IH, J

4.8, H-la), 2.79 (d, IH, J 4.8, H-lb), 1.76 (s, 3H, H-2).

6c (100 MHz, CDCI3): 148.2 (q), 146.8 (q), 125.8, 123.1, 56.8, 55.8 (q), 20.8.

HRMS-GC-El (m/z): Found: 180.0663 ([M+H]-^ C9H10NO3 requires 180.0661).

5.3.2.5 2-methyl-2-(o-nitrophenyl)oxirane (347)

The desired epoxide was obtained following general procedure E using 346 (93 mg, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (2.0 M in THE, 284 pL, 0.57 

mmol). After purification of the crude material by flash chromatography (hexane/CH2Cl2 8:2, 

deactivated silica, Rf = 0.3) the product 347 was obtained as a pale yellow liquid (90 mg, 

89%).

5h (400 MHz, CDCI3): 8.06 (d, IH, J 8.2, H-6), 7.75 (d, IH, J 7.4, H-3), 7.67 (app. t, 

IH, H-4), 7.49 (app. t, IH, H-5), 3.11 (d, IH, J 4.8, H-la), 2.86 

(d, IH, J 4.8, H-lb), 1.72 (s, 3H, H-2).
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6c(100MHz, CDCI3): 146.6 (q), 136.8 (q), 133.3, 129.1, 128.2, 123.8, 57.2, 55.0 (q),

23.0.

HRMS-GC-EI (m/z): Found; 179.0590 ([M]^ C9H9NO3 requires 179.0582).

5.3.2.6 2-methyl-2-(p-chIorophenyl)oxirane (349)

The desired epoxide was obtained following general procedure E using 348 (73 pL, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (2.0 M in THE, 284 pL, 0.57 

mmol). After purification of the crude material by flash chromatography (hexane/CH2Cl2 8:2) 

the product 349 was obtained as a pale yellow liquid (90 mg, 94%).

The NMR spectra of 349 were consistent with those previously reported 260

5h(400 MHz, CDCI3): 7.32 (s, 4H, Ar), 2.99 (d, IH, J 5.5, H-la), 2.77 (d, IH, J 5.5, H-

Ib), 1.72 (s, 3H, H-2).

5c (100 MHz, CDCI3): 139.3 (q), 132.8 (q), 128.0, 126.3, 56.6, 55.8 (q), 21.2.

HRMS-GC-EI (m/z): Found: 169.0428 ([M-i-H]^ C9H]oOCl requires 169.0420).

53.1.1 2-niethyl-2-(o-chIorophenyl)oxirane (351)

= V o
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The desired epoxide was obtained following general procedure E using 350 (73 pL, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (2.0 M in THE, 284 pL, 0.57 

mmol). After purification of the crude material by flash chromatography (hexane/CH2Cl2 8:2, 

deactivated silica, Rf = 0.2) the product 351 was obtained as a pale yellow liquid (88 mg, 

92%).

The NMR spectra of 351 were consistent with those previously reported.260

5h (400 MHz, CDCI3): 7.50 (s, IH, J 5.4, H-6), 7.37-7.33 (m, IH, H-3), 7.31-7.22 (m, 

2H, H-4 and H-5), 3.03 (d, IH, J 5.5, H-la), 2.86 (d, IH, J 5.5, 

H-lb), 1.68 (s, 3H, H-2).

5c (100 MHz, CDCI3): 139.1 (q), 131.8 (q), 128.7, 128.4, 127.9, 126.4, 57.3, 54.6 (q),

22.2.

HRMS-GC-EI (m/z): Found; 168.0343 ([M]^ C9H9OCI requires 168.0342).

5.3.2.8 2-phenyl-2-(^)-styryloxirane (352)

0^1

The desired epoxide was obtained following general procedure E using 106 (118 mg, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (68 pL, 0.62 mmol) and P2 base (2.0 M in THE, 312 pL, 0.62 

mmol). Purification of the crude material was performed by flash chromatography 

(hexane/EtOAc 8:2, 10% triethylamine, deactivated silica, Rf = 0.25) to afford the product 

352 as a pale yellow liquid (110 mg, 88%). 352 undergoes decomposition after 10-15 minutes 

at room temperature.

1 332The H NMR spectra of 352 were consistent with those previously reported.
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5h (400 MHz, CDCI3): 7.51-7.23 (m, lOH, Ar-H), 6.56 (d, IH, J 16.0, H-3), 6.40 (d, 

IH, J 16.0, H-2), 3.24 (d, IH, J 5.7, H-la), 3.14 (d, IH, J 5.7, H- 

Ib).

5.3.2.9 2-trifluoromethyl-2-phenyloxirane (354)

F.C O

The desired epoxide was obtained following general procedure E using 353 (76 pL, 0.57 

mmol), CH2CI2 (1.80 mL, 0.32 M), proton sponge (121.5 mg, 0.57 mmol), styrene (65 pL, 

0.57 mmol), methyl triflate (62 pL, 0.57 mmol) and P2 base (2.0 M in THE, 284 pL, 0.57 

mmol). After purification of the crude material by flash chromatography (hexane/CH2Cl2 

10:1, deactivated silica, Rf = 0.2) the product 354 was obtained as a pale yellow liquid (98 

mg, 92%).

The NMR spectra of 354 were consistent with those previously reported. 333

6h(400 MHz, CDCI3): 7.60-7.54 (m, 2H, H-2), 7.47-7.40 (m, 3H, H-3 and H-4), 3.44

(d, IH, J 5.3, H-la), 2.96 (d, IH, J 5.3, H-lb).

5c (100 MHz, CDCI3): 131.1 (q), 129.5, 128.5, 127.6, 123.3 (q, 'j 276), 57.9 (q, H 38), 

50.9.

5f (376 MHz, CDCI3): -78.1.

HRMS-GC-EI (m/z): Found: 189.0526 ([M-rHf CgHgOFj requires 189.0527).

5.4.1 Chapter 4

5.4.1.1 (2S,5S)-dimethyl 2,5-dibromohexanedioate (/nejo-358) + (2S,5/?)-dimethyl 

2,5-dibromohexanedioate {dl-358)
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Br H Hb O

O H, Hb H Br

3 +

Br H Hb H3, O

O H, Hb H Br

A 250 mL round bottomed flask containing a stirring bar, fitted with a septum, was charged 

with adipic acid (357, 1.00 g, 6.84 mmol) and placed under an argon atmosphere. Thionyl 

chloride (distilled, 0.99 mL, 13.7 mmol) was slowly added to the adipic acid and the 

suspension was heated under reflux conditions until a clear solution was formed (ca. 2 h). The 

solution was allowed to cool to room temperature, then bromine (0.35 mL, 15.0 mmol) was 

added dropwise over 5 minutes. The reaction was heated to 80 °C for 2 h. The solution was 

again cooled to room temperature to allow an addition of another aliquot of bromine (0.35 

mL, 15.0 mmol), then heated to 80 °C for 16 h. Upon completion the reaction was cooled to 

room temperature and then poured into a 500 mL round bottomed flask containing 150 mL of 

ice-cold methanol and left stirring for 30 minutes. The resulting solution was partitioned in 

CH2Cl2/water, the organic phase separated, and the aqueous phase was washed with CH2CI2 

(3 X 50 mL). The combined organic extracts were washed with a saturated solution of sodium 

thiosulfate and then dried over MgS04. The crude product was purified by column 

chromatography (hexane/EtOAc 9:1, Rf = 0.2) to afford 358 as an unseparable mixture of 2 

diastereoisomers (1.71 g, 79% yield).

The NMR spectra of 358 were consistent with those previously reported.334

meso- 358

5h(600 MHz, CDCI3): 4.27-4.24 (m, 2H, H-1), 3.795 (s, 6H, H-3), 2.32-2.29 (m, 2H,

H-2b), 2.09-2.05 (m, 2H, H-2a).

5c (100 MHz, CDCI3): 169.79 (q), 53.3, 44.4, 32.6.

JZ-358
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8h (600 MHz, CDCI3):

Experimental Section

4.27-4.24 (m, 2H, H-1), 3.792 (s, 6H, H-3), 2.25-2.19 (m, 2H, 

H-2b), 2.17-2.12 (m, 2H, H-2a).

5c (100 MHz, CDCI3); 169.81 (q), 53.3, 44.3, 32.4.

HRMS (m/z -ES) : Found; 352.8990 ([M-hNa]^ C8Hi202NaS requires 352.9000).

5.4.1.2 (+)-Dimethyltetrahydrothiophene-2,5-dicarboxylate [(±)-fra«s-359]

A 250 mL round bottomed flask containing a stirring bar, fitted with a septum, was charged 

with 358 (5.15 g, 16.2 mmol) and placed under an Ar atmosphere. Acetone (120 mL) was 

added via syringe followed by sodium sulfide nonahydrate (3.90 g, 17.9 mmol). The solution 

was allowed to stir at room temperature for 40 h. Upon completion the solvent was 

evaporated in vacuo, the crude product was partitioned between CH2CI2 (100 mL) and water 

(100 mL). The organic phase was separated and the aqueous phase was extracted with CH2CI2 

(3 X 100 mL). The combined organic extracts were dried over MgS04 and the crude material 

was purified by column chromatography (hexane/Et20 8:2, Rf = 0.25) to afford (+)-/rau.v-359 

as a colorless oil (1.301 g, 39%).

The NMR spectra of trans-359 were consistent with those previously reported.

5h(400 MHz, CDCI3): 4.07-4.05 (m, 2H, H-1), 3.74 (s, 6H, H-3), 2.45-2.31 (m, 4H, H-

2).

5c (100 MHz, CDCI3): 

HRMS (m/z -ES):

172.8 (q), 52.0, 47.8, 32.3.

Found: 227.0354 ([M-rNa]^ C8Hi204NaS requires 227.0354).
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5.4.1.3 (/7jeso)-Diniethyltetrahydrothiophene-2,5-dicarboxyIate (m-359)

A 250 mL round bottomed flask containing a stirring bar was charged with 358 (5.15 g, 16.2 

mmol) under an Ar atmosphere. Acetone (120 mL) was added via syringe followed by 

sodium sulfide nonahydrate (3.90 g, 17.9 mmol). The solution was allowed to stir at room 

temperature for 40 h. Upon completion the solvent was evaporated in vacuo, the crude 

product was partitioned between CH2CI2 (100 mL) and water (100 mL). The organic phase 

was separated and the aqueous phase was extracted with CH2Cl2(3 x 100 mL). The combined 

organic extracts were dried over MgS04 and the crude material was purified by column 

chromatography (hexane/Et20 8:2, Rf = 0.2) to afford cis-359 as a pale yellow oil (1.3.35 g, 

40%).

The NMR spectra of cis-359 were consistent with those previously reported.^^^

5h(400 MHz, CDCI3): 4.02 (app. t, 2H, H-1), 3.74 (s, 6H, H-3), 2.59-2.52 (m, 2H, H-

2b), 2.20-2.14 (m, 2H, H-2a).

HRMS (m/z -ES) : Found: 227.0357 ([M+Na]^ C8Hi204NaS requires 227.0354).

5.4.1.4 (±)-Tetrahydrothiophene-2,5-dicarboxylic acid [{±)-trans-362]

A 50 mL round bottomed flask containing a stirring bar was charged with trans-359 (100 mg, 

0.49 mmol) and fitted with a reflux condenser. Deionised water was added (5.0 mL) and cone. 

H2SO4 (0.2 mL) was then added slowly to the reaction mixture. The resulting solution was 

allowed to reflux over 16 h. The reaction mixture was cooled to room temperature, diluted

199



Experimental Section

with water (20 mL) and extracted with EtOAc (4 x 30 mL). The combined organic extracts 

were dried over MgS04 and evaporated in vacuo to afford {±)-trans-362 as a white solid (78 
mg, 90%). M. p. 168-170 °C; lit.^'* M.p. 165-166 “C.

The NMR spectra of {±)-trans-362 were consistent with those previously reported. 318

5h (400 MHz, DMSO-dfi); 12.60 (bs, IH, COOH), 4.03-3.94 (m, 2H, H-1), 2.26-2.03 (m,

4H, H-2).

HRMS (m/z -ES): Found 176.0138 ((MJ^ C6H9O4S requires 176.0143).

5.4.1.5 (2/?,57?)-dimethyltetrahydrothiophene-2,5-dicarboxylate [(/?,/?)-359]

(±)-Trans-362 (6.84 g, 38.8 mmol) and an equimolar amount of (-)-brucine dihydrate (15.31 

g, 38.8 mmol) were placed in a 500 mL conical flask containing a stirring bar. Methanol (100 

mL) was added and the solution was heated with stirring until complete dissolution (few 

drops of water were added to aid the complete dissolution). The solution was then allowed to 

slowly cool to room temperature for 72 h. The crystals were separated by decanting the 

mother liquor and decomposed by adding a 1 M H2SO4 solution (10 mL), followed by 

extraction with EtOAC (4 x 100 mL). The combined organic extracts were dried MgS04 and 

evaporated under reduced pressure. The aqueous phase was the basified with a 2 M NaOH 

solution (10 mL) until pH = 10 was reached, (-)-brucine was then extracted with CH2CI2 (3 x 

60 mL). The combined organic extracts were dried over MgS04 and the solvent evaporated 

under reduced pressure, affording the regenerated (-)-brucine (10.1 g, 65%). The portion of 

trans-362 obtained from the first recrystallisation was then subjected to a new crystallisation 

with an equimolar amount of (-)-brucine repeating exactly the procedure reported above. The 

acid trans-362 was extracted at the end as a white solid [1.10 g, 16%, = -80 (c 1,

DMSO) ]. The acid trans-362 was placed in a 100 mL round bottomed flask containing a 

stirring bar and fitted with a reflux condenser. Methanol (40 mL) was added along with cone. 

H2SO4 (1 mL) and the resulting mixture was allowed to reflux for 16 h. Upon completion, the
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mixture was transferred to a separating funnel containing NaHCOs saturated solution (10 mL) 

and extracted with CH2CI2 (3 x 30 mL). The combined organic extracts were dried over 

MgS04 and the solvent was evaporated under reduced pressure, affording a crude material 

that was purified by column chromatography (hexane/Et20 8:2, Rf = 0.25). The material was 

analysed by CSP-HPLC indicating that it had formed with a 90% ee. Recrystallisation of this 

material from a CH2Cl2/hexane mixture afforded the enantiopure (-)-(/?,/?)-359 as a 

crystalline white solid (1.09 g, 85%). M.p. 56-57 °C. [a]D^° = -458 (c 0.4, CHCI3).

>99% ee as determined by CSP-HPLC analysis: Chiralpak OD-H (4.6 mm x 25 cm), 

hexane/BPA: 90/10, 1.0 mL min ', RT, UV detection at 220 nm, retention times: 6.8 min 

(minor enantiomer) and 9.0 (major enantiomer).

The NMR spectra of iR,R)-359 were consistent with those previously reported.

5.4.1.6 Methyl tetrahydro-5-(hydroxydiphenylmethyl)thiophene-2-carboxylate

[(±)-361]

,0.

O

An oven dried round bottomed flask containing a stirring bar, fitted with a septum, was 

charged with {±)-trans-359 (450 mg, 2.20 mmol) and placed under an inert atmosphere (Ar). 

Anhydrous THF (15.0 mL) was added via syringe and the reaction mixture was cooled to 0 

°C. Phenymagnesium bromide (2 M solution, 3.3 mL) was added via syringe and the solution 

was then allowed to warm to room temperature. After 16 h the solution was cooled to 0 °C 

and NH4CI saturated solution was carefully added drop-wise. The solution was extracted with 

Et20 (3 X 25 mL) and the combined organic extracts were dried over MgS04. The crude 

material was purified by column chromatography (hexane/EtOAc 95:5, Rf = 0.25) to afford 

361 as a yellow oil (250 mg, 35%).

5h (400 MHz, CDCI3): 7.57 (d, 2H, J 8.4, H-1’), 7.48 (d, 2H, J 8.0, H-1”), 7.33-7.21 

(m, 6H, H-2’, H-2”, H-3’ and H-3”), 4.88 (dd, IH, J 8.4, 6.7,
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H-1), 4.05 (dd, IH, J 8.7, 6.1, H-4), 3.74 (s, 3H, H-5), 2.36-2.31 

(m, IH, H-2a), 2.23-2.19 (m, IH, H-3a), 2.05-2.01 (m, IH, H- 

3b), 1.88-1.85 (m, IH, H-2b).

5c(100MHz, CDCI3); 172.3 (q), 147.0 (q), 144.0 (q), 127.9, 127.7, 126.9, 126.3,

125.5, 124.9, 77.7 (q), 59.9, 52.1, 49.0, 33.7, 30.9.

Vmax (fllm)/cm' 3480, 3086, 3002, 2946, 1729, 1596, 1437, 1199, 1156, 970, 

756, 697.

HRMS {m/z -ES): Found; 351.1036 ([M-t-Na]^ Ci9H2o03NaS requires 351.1031).

5.4.1.7 (+)-Diphenyl tetrahydrothiophene-2,5-dicarboxylate [(+)-trans-'i6'i]

An oven dried round bottomed flask containing a stirring bar, fitted with a septum, was 

charged with {±)-trans-2>62 (58 mg, 0.33 mmol) and placed under an Ar atmosphere. THE 

(1.5 mL) was added followed by DCC (150 mg, 0.72 mmol) and the resulting solution was 

allowed to stir at room temperature for 1 h. Phenol (70 mg, 0.72 mmol) was added and 

stirring was maintained for 16 h at room temperature. Hexane (5 mL) was added and the 

emulsion was filtered through a sintered filter glass. The filtrate was evaporated under 

reduced pressure and the crude material was purified by column chromatography 

(hexane/EtiO 8:2, Rf = 0.3) affording (±)-trans-363 as a pale yellow oil (76 mg, 71%).

5h(400 MHz, CDCI3): 7.42 (d, 4H, J 8.0, H-L), 7.28 (t, 2H, J 7.4 H-3’), 7.18-7.12 (m, 

4H, H-2’), 4.37-4.31 (m, 2H, H-1), 2.67-2.70 (m, 2H, H-2a), 

2.50-2.43 (m, 2H, H-2b).

HRMS (m/z -ES): Found 351.0662 ([M-^Na]-^ Ci8Hi604NaS requires 351.0667).
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5.4.2 General Procedure F for lithiation/addition to (R,R)-trans-359

An oven dried round bottomed flask containing a stirring bar, fitted with a septum, was 

charged with the relevant bromo-substituted compound (6.0 eq.) and placed under an Ar 

atmosphere. Anhydrous THF was added via syringe and the solution was cooled to -78 °C. 

rBuLi (1.7 M solution in pentane, 6.0 eq.) was then added dropwise maintaining the 

temperature at -78 °C. After 20 minutes a solution of {R,R)-359 in THF (1.0 eq., 0.5 M) was 

added drop-wise. The temperature was maintained at -78 °C for 1 h and then allowed to warm 

to room temperature over 16 h. The solution was quenched with NH4CI (15 mL, saturated 

solution) and then extracted with Et20 (4 x 20 mL). The combined organic extracts were dried 

over MgS04, filtered and evaporated under reduced pressure. The crude material was purified 

by column chromatography (hexane/CH2Cl2).

5.4.3 General procedure G for O-protection with Mel

An oven dried round bottomed flask containing a stirring bar, fitted with a septum, was 

charged with the relevant diol and placed under an Ar atmosphere. Anhydrous THF was 

added via syringe and the solution was cooled to 0 °C. NaH (60% in mineral oil, 6.0 eq.) was 

added and the resulting solution was allowed to stir for 10 minutes. Mel (20.0 eq.) was 

injected via syringe. The solution was allowed to warm to room temperature over 16 h. Water 

(10 mL) and CH2CI2 (10 mL) were added sequentially. The organic phase was separated and 

the aqueous phase was extracted with CH2CI2 (3 x 20 mL). The combined organic extracts 

were dried over MgS04 and then evaporated under reduced pressure. The crude material was 

purified by column chromatography (hexane/CH2Cl2).

5.4.4 General procedure H for S-methylation with methyl triflate

An oven dried round bottomed flask containing a stirring bar, fitted with a septum, was 

charged with the relevant O-methoxy derivative and placed under an Ar atmosphere. Proton 

sponge was added, followed by the addition of anhydrous CH2CI2 (syringe). Methyl triflate 

(1.0 eq.) was then added to the solution via syringe. The resulting solution was allowed to stir 

at room temperature for 16 h. The solution was evaporated under reduced pressure and the 

crude material was directly purified by column chromatography (hexane/EtOAc).

5.4.2.1 (27?,5/?)-Tetrahydro-2,5-(hydroxydiphenylmethyl)thiophene [(/?,/?)-360]
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Prepared according to general procedure F using (R,R)-359 (496 mg, 2.43 mmol) and PhLi 

(1.8 M solution, 5.90 mL) in THF (10.0 mL). The crude material was purified by column 

chromatography (hexane/CH2Cl2 7:3 Rf = 0.25), affording (/?,/?)-360 as a white solid (776 

mg, 70%). M.p. 279-280 °C. [a]D^°+138 (c 0.1, CHCI3).

5h (400 MHz, CDCI3): 7.55 (d, 4H, J 7.8 Hz, H-F), 7.42 (d, 4H, J 7.8 Hz, H-l”), 7.35- 

7.32 (m, 8H, H-2’ and H-2”), 7.24-7.14 (m, 4H, H-3’ and H- 

3”), 4.74-4.64 (m, 2H, H-l), 3.56 (s, 2H, OH), 1.99-1.91 (m, 

2H, H-2a), 1.61-1.54 (m, 2H, H-2b).

5c(100MHz, CDCI3): 146.9 (q), 143.9 (q), 127.8, 127.6, 126.8, 126.2, 125.6, 124.8,

77.0 (q), 60.0,31.0.

Vn,ax (film)/cm' : 3437, 3061, 3024, 2932, 2847, 1953, 1492, 1446, 1302, 1163, 

1029, 754.

HRMS (m/z -ES) : Found: 475.1720 ([M+Na]^ C3oH2802NaS requires 475.1708).

5.4.3.1 (2R,5i?)-Tetrahydro-2,5-(methoxydlphenylmethyl)thiophene [(J'?,/?)-369]

204



Experimental Section

Prepared according to general procedure G using (/if,/?)-360 (91 mg, 0.20 mmol), NaH (48 

mg), methyl iodide (248 p-L) and anhydrous THF (10.0 mL). The crude material was purified 

by column chromatography (hexane/CH2Cl2 7:3, Rf = 0.3) affording {R,R)-369 as a white 

solid (93 mg, 90%). M.p. 115-117 °C. [a]D^°+26 (c 0.8, CHCI3).

5h (400 MHz, CDCI3): 7.48 (s, 2H, H-1’), 7.46 (s, 2H, H-1”), 7.36-7.27 (m, 12H, H-2’,

H-2”, H-3’ and H-3”), 4.07-4.01 (m, 2H, H-1), 2.97 (s, 6H, H- 

3), 1.64-1.58 (m, 2H, H-2a), 1.46-1.40 (m, 2H, H-2b).

5c (100 MHz, CDCI3): 142.4 (q), 141.2 (q), 129.5, 129.3, 127.35, 127.34, 127.1, 126.9,

85.7 (q), 53.5,51.3, 30.7.

Vmax (film)/cm :

HRMS (m/z -ESI):

3099, 3052, 2933, 2824, 1599, 1491, 1444, 1183, 1070, 755, 

698.

Found: 503.2021 ([M-rNa]^ C32H3202NaS requires 503.2021).

5.4.4.1 Tetrahydro-5-(diphenyImethylene)thiophen-2-yl)diphenylmethanoI (370)

Product derived by the decomposition of (R,R)-360 (Chapter 4, Scheme 4.14)

5h(400 MHz, CDCI3): 7.56 (d, 2H, J 7.5, H-lc), 7.46 (d, 2H, J 7.7, H-ld), 7.35-7.13

(m, 16H, H-r, H-2’, H-3’, H-1”, H-2”, H-3”, H-2c, H-3c, H- 

2d, H-3d), 4.87 (dd, IH, J 9.6, 5.7, H-1), 3.25 (bs, IH, OH), 

2.94-2.87 (m, IH, H-3x), 2.73-2.65 (m, IH, H-3y), 2.13-2.05 

(m, IH, H-2x), 1.71-1.63 (m, IH, H-2y).
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5c (100 MHz, CDCI3); 144.5 (q), 142.7 (q), 142.4 (q), 141.1 (q), 130.7 (q), 129.3 (q),

129.1, 128.3, 128.2, 128.1, 128.0, 127.3, 126.77, 126.74, 126.5,

126.1, 125.4, 77.8 (q), 60.6, 36.6, 31.6, 30.6.

HRMS (Wz -ES): Found: 434.1700 ([MJ^CjoHzeOS requires 434.1704)

5.4.4.2 Tetrahydro-2,5-bis(diphenyImethylene)thiophene (371)

Product derived by the decomposition of (/?,/?)-369 (Chapter 4, Scheme 4.14)

5h(400 MHz, CDCI3): 7.34-7.15 (m, 20H, Ar), 2.89 (s, 4H, H-2).

5c (100 MHz, CDCI3): 142.2 (q), 142.0 (q), 140.2 (q), 130.8 (q), 129.18, 129.15, 128.0,

127.9, 126.7, 126.4, 50.7.

HRMS (m/z -ES): Found: 416.1591 ([M]^C3oH24S requires 416.1599).
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5.4.4.3 (2/?,5i?)-Tetrahydro-2,5-(niethoxydiphenylmethyl)thiophene

sulfonium triflate salt [(/?,^)-372]

Experimental Section

methyl

Prepared according to general procedure H using {R,R)-369 (90 mg, 0.19 mmol), methyl 

triflate (24 pL), proton sponge (20 mg, 0.09 mmol) and anhydrous CH2CI2 (1.0 mL). The 

crude material was purified by column chromatography (hexane/EtOAc 7:3, Rf = 0.15) 

affording (/?,/?)-372 as a white solid (82 mg, 68%). M.p. 179-180 °C. -60 (c 0.3,

CHCI3).

5h(400 MHz, CDCI3): 7.55-7.47 (m, 4H, H-la and H-lb), 7.46-7.30 (m, 12H, H-

2a,b,c,d and H-3a,b,c,d), 7.05 (d, 2H, J 7.3, H-lc), 7.00-6.96 (m, 

2H, H-ld), 5.60-5.53 (m, IH, H-1), 3.16 (s, 3H, H-6), 3.11-2.98 

(m, IH, H-2x), 2.97-2.87 (m, 2H, H-4 and H-3x), 2.93 (s, 3H, 

H-7), 2.94 (s, 3H H-5), 2.52-2.44 (m, IH, H-3y), 2.08-1.99 (m, 

IH, H-2y).

5c (100 MHz, CDCI3):

5f (376 MHz, CDCI3):

142.2 (q), 138.0 (q), 136.9 (q), 135.5 (q), 129.9, 129.6, 129.2, 

128.9, 128.85, 128.84, 128.76, 128.72, 128.6, 128.3, 127.5, 

126.0, 85.1 (q), 83.0 (q), 71.8, 69.0, 54.9, 52.1, 29.3, 29.2, 22.4. 

-78.6.

Vmax (film)/cm ‘: 3070, 3036, 2963, 2931, 2843, 1492, 1447, 1256, 1151, 1029, 

735, 700.

HRMS (m/z -MALDI): Found: 495.2354 ([M]-^ C33H35O2S requires 495.2358).
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(2/?,5/?)-Tetrahydro-2,5-(hydroxydinaphthyllmethyI)thiophene [(/^,^) 374]

Prepared according to general procedure F using {R,R)-359 (111 mg, 0.54 mmol) dissolved 

in THF (1.0 mL), 2-bromonaphthalene (900 mg, 0.54 mmol) and tBuLi (1.7M solution, 2.56 

mL) and THF (9.0 mL). The crude material was purified by column chromatography 

(hexane/CH2Cl2 7:3, Rf = 0.25), affording (R,R)-314 as a white solid (205 mg, 58%). M.p. 

>282 °C. |a]D^“ = +769 (c 0.1, CH2CI2).

5h(600 MHz, CDCI3): 8.13 (s, 2H, H-1’), 8.11 (s, 2H, H-1”), 7.87 (d, 2H, J 7.5, H-2’),

7.86 (d, 2H, J 8.0, H-2”), 7.77 (d, 2H, J 8.0, H-5”), 7.76-7.72 

(m, 6H, H-3”, H-6’ and H-6”), 7.66 (dd, 2H, J 8.7, 1.8, H-7’), 

7.50-7.42 (m, lOH, H-3’, H-4’, H-5’, H-4” and H-7”), 5.04- 

4.97 (m, 2H, H-1), 3.85 (bs, 2H, OH), 2.15-2.06 (m, 2H, H-2a), 

1.68-1.60 (m, 2H, H-2b).

5c (150 MHz, CDCI3):

Vmax (film)/cm’

144.5 (q), 141.5 (q), 133.0 (q), 132.7 (q), 132.5 (q), 132.2 (q), 

128.4, 128.3, 128.2, 127.8, 127.5, 127.4, 126.16, 126.15, 126.0, 

125.9, 125.3, 124.1, 124.0, 123.9, 78.0 (q), 60.2, 31.7.

3488, 3054, 2955, 1600, 1504, 1308, 1203, 1113, 1017, 924, 

823.

HRMS (m/z -ES) : Found: 691.2073 ([M+K]-^ C46H36O2SK requires 691.2073).
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5.4.3.2 (2/?,5/?)-Tetrahydro-2,5-(methoxydinaphthyllmethyl)thiophene [(/?,/?)-375]

Prepared according to general procedure G using {R,R)-374 (200 mg, 0.31 mmol), NaH (29 

mg), methyl iodide (1.0 mL) and anhydrous THF (4.0 mL). The crude material was purified 

by column chromatography (hexane/CH2Cl2 8:2, Rf = 0.3) affording (R,Ry375 as a white

solid (160 mg, 73%). M.p. 108-110 °C. [a]D^°= -37 (c 0.1, CHCI3). 

5h (400 MHz, CDCI3): 8.08 (s, 2H, H-1’), 8.00 (s, 2H, H-1”), 7.96-70 (m, 12H, H-2’, 

H-2”, H-5”, H-3”, H-6’ and H-6”), 7.61-7.49 (m, lOH, H-3’, 

H-4’, H-4”, H-5’ and H-7’), 7.30 (d, 2H, H-7”), 4.31-4.21 (s, 

2H, H-1), 3.07 (s, 6H, H-3), 1.85-1.74 (m, 4H, H-2a and H-2b).

8c (100 MHz, CDCI3): 139.9 (q), 139.1 (q), 132.7 (q), 132.6 (q), 132.46 (q), 132.42 (q), 

128.6, 128.5, 128.3, 128.2, 128.0, 127.5, 127.44, 127.41, 127.2, 

126.3, 126.2, 126.1, 126.0, 125.9, 85.9 (q), 53.3, 51.6, 31.2.

Vmax (film)/cm : 

HRMS {m/z -ES) :

3053, 2923, 2853, 1598, 1503, 1458, 1272, 1070, 856, 798, 742. 

Found: 719.2388 ([M-hK]^C48H4o02SK requires 719.2386).
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5.4.4.1 (27?,5/?)-Tetrahydro-2,5-(hydroxydinaphthylImethyl)thiophene methyl 

sulfonium triflate salt [(/?,/?)-376]

Prepared according to general procedure H, using {R,R)-375 (165 mg, 0.24 mmol), methyl 

triflate (26 pL), proton sponge (26 mg, 0.12 mmol) and anhydrous CH2CI2 (1.0 mL). The 

crude material was purified by column chromatography (hexane/EtOAc 7:3, Rf = 0.15) 

affording (/?,/?)-376 as a white solid (107 mg, 52%). M.p. 179-180 “C. [a]D^° -76 (c 1, 

CHCI3).

5h (600 MHz, CDCI3): 8.28 (s, IH, H-la), 8.11-8.09 (m, IH, H-2a), 8.01 (s, IH, H-lb), 

7.97-7.95 (m, 2H, H-6a and H-6b), 7.92-7.84 (m, 3H, H-4a, H- 

2b and H-2c), 7.83-7.76 (m, 3H, H-lc, H-5c and H-5d), 7.71 (m, 

IIH, H-3a, H-5a, H-3b, H-4b, H-5b, H-3c, H-4c, H-2d, H-3d, 

H-4d and H-6d), 7.45-7.38 (m, 3H, H-6c, H-7a and H-7b), 7.34 

(s, IH, H-ld), 7.01 (d, IH, J 9.0, H-7d), 6.24 (d, IH, J 8.8, H- 

7c), 5.98-5.92 (m, IH, H-1), 3.42-3.34 (m, IH, H-2x), 3.22-3.12 

(m, 2H, H-3x and H-4), 3.25 (s, 3H, H-6), 3.10 (s, 3H, H-7), 

3.04 (s, 3H, H-5), 2.67-2.61 (m, IH, H-3y), 2.35-2.28 (m, IH, 

H-2y).

5c (150 MHz, CDCI3): 139.5 (q), 135.4 (x2, q), 134.9 (q), 133.2 (q), 132.9 (q), 132.8 

(q), 132.72 (q), 132.70 (q), 132.6 (q), 132.5 (q), 132.4 (q), 130.0, 

129.2, 129.0, 128.9, 128.8, 128.7, 128.6, 128.5, 128.2, 127.7, 

127.66, 127.62 (x2), 127.5, 127.4, 127.38, 127.34, 127.2, 127.1, 

127.0, 126.9 (x2), 126.85, 126.80, 125.8, 125.4, 124.1, 123.5, 

85.3 (q), 83.1 (q), 71.8, 68.6, 55.5, 52.3, 29.8, 29.6, 22.6.
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5f (376 MHz, CDCI3); -78.5.

Vmax (film)/cm‘ 3066, 2956, 2923, 2852, 1719, 1597, 1504, 1355, 1255, 1156, 

1029, 861,754, 695.

HRMS (tn/z -ES): Found 695.2981 ([M+H]^ C49H43O2S requires 695.2984).

5.4.2.3 (25,55)-Tetrahydro-2,5-[hydroxy-ftw-(3,5-dimethylphenyl)methyl]

thiophene [(5,5)-378]

Prepared according to general procedure F using (5,5)-359 (148 mg, 0.73 mmol), 3,5- 

dimethylbromobenzene (788 pL, 4.35 mmol), f-BuLi (1.7M solution, 3.80 mL) and THF (1.5 

mL). The crude materia] was purified by column chromatography (hexane/CH2Cl2 8:2, Rf = 

0.25), affording (5,5)-378 as a white solid (312 mg, 76%). M.p. 144-145 “C. [a]D^°-163 (c 

1.2, CHCI3).

8h(400 MHz, CDCI3): 7.22 (s, 4H, H-1’), 7.11 (s, 4H, H-1”), 6.88 (s, 2H, H-3’), 6.86 

(s, 2H, H-3”), 4.82-4.86 (m, 2H, H-1), 3.58 (s, 2H, OH), 2.32 

(s, 12H, H-4’), 2.31 (s, 12H, H-4”), 2.04-1.89 (m, 2H, H-2b), 

1.69-1.59 (m, 2H, H-2a).

5c(100MHz, CDCI3): 147.1 (q), 144.1 (q), 137.1 (q), 136.9 (q), 128.5, 127.8, 123.4,

122.6, 76.9 (q), 60.1, 31.2, 21.2, 21.1.

Vmax (film)/cm'‘: 3485, 3053, 3013, 2916, 2867, 1598, 1443, 1348, 1144, 1022, 

907, 850, 735.
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HRMS (Wz -ES); Found: 587.2969 (|M+Na]^ C38H4402NaS requires 587.2960).

5.4.3.3 (25,5S)-Tetrahydro-2,5-[methoxy-6/s-(3,5-dimethyIphenyl)methyl] 

thiophene [(5,5)-379]

Prepared according to general procedure G using (S,5)-378 (312 mg, 0.55 mmol), NaH (132 

mg), methyl iodide (685 pL) and anhydrous THE (3.0 mL). The crude material was purified 

by column chromatography (hexane/ CH2CI2 7:3, Rf = 0.3) affording (5,S)-379 as a white 

solid (320 mg, 96%). M.p. 100-102 "C. [a]D^°-Hl3 (c 0.9, CH2CI2).

5h (400 MHz, CDCI3): 7.05 (s, 4H, H-1’), 6.94 (s, 2H, H-3’), 6.93 (s, 4H, H-1”), 6.90 

(s, 2H, H-3”), 4.07-4.01 (m, 2H, H-1), 2.99 (s, 6H, H-3), 2.33 

(s, 12H, H-4’), 2.29 (s, 12H, H-4”), 2.36-2.26 (m, 4H, H-2).

6c(100MHz, CDCI3): 142.7 (q), 141.5 (q), 136.4 (q), 136.0 (q), 128.8, 128.6, 127.3,

127.0, 85.7 (q), 53.6, 51.4, 31.1, 21.6 (x2).

Vmax (film)/cm' 3093, 3055, 2930, 2814, 1581, 1482, 1426, 1189, 1091, 755, 

696.

HRMS (m/z -ES) : Found 615.3275 ([M-rNa]^ C4oH4802NaS requires 615.3273).
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5.4.4.3 (25,5S)-Tetrahydro-2,5-[methoxy-Z>is-(3,5-dimethylphenyl)methyl]

thiophene methyl sulfonium triflate salt [(5,S)-380]

4b 4c

Prepared according to general procedure H using (S,S)-379 (320 mg, 0.54 mmol), methyl 

triflate (59 pL, 0.54 mmol), proton sponge (115 mg, 0.27 mmol) and anhydrous CH2CI2 (1.6 

mL). The crude material was purified by column chromatography (hexane/EtOAc 7:3, Rf = 

0.15) affording (S,5)-380 as a white solid (150 mg, 37%). M.p. 112-113 °C. [a]D^°= +103 (c 

0.4, CH2CI2).

5h (600 MHz, CDCI3): 7.12 (s, IH, H-3a), 7.09 (s, 2H, H-la), 7.06 (s, 2H, H-lb), 7.04 

(s, IH, H-3b), 7.00 (s, IH, H-3c), 6.98 (s, IH, H-3d), 6,74 (s, 

2H, H-lc), 6.52 (s, 2H, H-ld), 5.46-5.41 (m, IH, H-1), 3.04 (dd, 

IH, J 13.6, 4.2, H-4), 2.98 (s, 3H, H-6), 2.97 (s, 3H, H-5), 2.50 

(s, 3H, H-7), 2.39 (s, 6H, H-4b), 2.35 (s, 6H, H-4a), 3.32 (s, 6H, 

H-4c), 2.29 (s, 6H, H-4c), 3.00-2.94 (m, IH, H-2x), 2.72-2.61 

(m, IH, H-3x), 2.41-2.21 (m, IH, H-3y), 2.05-1.96 (m, IH, H- 

2y).

5c (150 MHz, CDCI3); 138.2 (q), 138.1 (q), 137.8 (q), 137.6 (q), 137.2 (q), 136.1 (q), 

130.6 (q), 130.5 (q), 130.3 (x2), 127.4 (x2), 127.1 (x2), 125.5, 

124.7, 84.9, 83.0, 71.8, 68.5, 53.7, 51.9, 29.4, 28.3, 21.7, 21.6, 

21.53,21.51,21.3.

5f (376 MHz, CDCI3): -78.6.
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Experimental Section

3060, 2949, 2920, 2863, 1720, 1504, 1355, 1255, 1127, 1029, 

866, 697.

HRMS {m/z -ES); Found 607.3622 ([M]^ C41H51O2S requires 607.3610).

4.1.8 3,5-diphenyl-l-bromobenzene (384)

Br

A 250 mL round bottomed flask charged with 1,3,5-tribromobenzene (4.2 g, 13.4 mmol) and 

Pd(PPh3)4 (500 mg, 0.4 mmol) was placed under an atmosphere of argon. Subsequently, a 

solution of phenylboronic acid (3.5 g, 28.5 mmol) in Toluene (60.0 mL) and a 1 M Na2C03 

solution in water (50.0 mL, degassed) were added to the reaction vessel via syringe and the 

mixture was heated under reflux for 48 h. The reaction mixture was cooled to room 

temperature and the solvent evaporated under reduced pressure. The crude material was 

partitioned between CH2CI2/H2O (1:1, 100 mL). The organic phase was separated, and the 

aqueous phase was extracted with CH2CI2 (3 X 60 mL). The combined organic extracts were 

dried over Na2S04 and concentrated in vacuo. Purification by column chromatography 

(hexane 100%, Rf = 0.4) afforded 384 as a white solid (2.11 g, 51 %).

The NMR spectra of 384 were consistent with those previously reported. 336

5h (400 MHz, CDCI3): 7.73 (s, 3H, H-1 and H-3), 7.63 (d, 4H, J 7.5, H-3’), 7.49 (app t,

4H, H-2’), 7.45-7.39 (m, 2H, H-L).

HRMS (m/z -El): Found: 308.0208 ([M]"^ CigHisBr requires 308.0201).
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5.4.2.3 (2/?,5/?)-Tetrahydro-2,5-[hydroxy-6i,s-(3,5-diphenylphenyl)methyl] 

thiophene [(/?,/?)-385]

5' 6' 6' 5'

Prepared according to general procedure F using {R,R)-2>59 (238 mg, 1.16 mmol) dissolved in 

THF (2.5 mL), 384 (2.16 g, 7.00 mmol), rBuLi (1.7 M solution, 4.11 mL) in THF (14.0 mL) 

at -20 °C. The crude material was purified by column chromatography (hexane/CH2Cl2 1;1, 

Rf = 0.25), affording (R,R)-385 as a white solid (880 mg, 71%). M.p. 259-261 “C. [a]D^° + 190 

(c 0.34, CH2CI2).

5h (600 MHz, CDCI3): 7.86 (s, 4H, H-1’), 7.77 (s, 4H, H-1”), 7.66 (s, 4H, H-3’ and H- 

3”), 7.65-7.60 (m, 16H, H-4’ and H-4”), 7.48-7.43 (m, 16H, H- 

5’ and H-5”), 7.39-7.27 (m, 8H, H-6’ and H-6”), 5.04-4.98 (m, 

2H, H-1), 3.77 (bs, 2H, OH), 2.17-2.12 (m, 2H, H-2a), 1.87-1.82 

(m, 2H, H-2b).

5c (150 MHz, CDCI3): 148.3 (q), 145.3 (q), 141.8 (q), 141.6 (q), 141.13 (q), 141.10 (q), 

128.7 (x2), 127.44, 127.41, 127.3 (x2), 125.5, 124.7, 123.9, 

123.2, 77.7 (q), 60.9,31.9.

Vmax (film)/cm 3490, 3050, 2956, 1595, 1500, 1308, 1199, 1112, 1017, 937.

HRMS (m/z -MALDI): Found: 1083.4243 ([M-^Na]^ C78H6o02NaS requires 1083.4212).
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5.4.3.4 {2i?,5/f)-Tetrahydro-2,5-[methoxy-Z>is-(3,5-diphenylphenyI)methyl] 
thiophene [(/?,/?)-386]

5- 6' 6' 5'

Prepared according to general procedure G using (R,R)-385 (360 mg, 0.339 mmol), NaH (81 

mg, 2.03 mmol), methyl iodide (0.41 mL) and anhydrous THF (2.0 mL). The crude material 

was purified by column chromatography (hexane/CH2Cl2 7:3, Rf = 0.3) affording {R,R)-386 

as a white solid (290 mg, 76%). M.p. 142-143 “C. [a]D^°+85 (c 0.15, CH2CI2).

5h (400 MHz, CDCI3): 7.87-7.78 (m, 8H, H-1’ and H-1”), 7.74-7.60 (m, 20H, H-3’, H- 

4’ and H-4”), 7.49-7.33 (m, 24H, H-5’, H-5”, H-6’ and H-6”), 

4.49-3.81 (m, 2H, H-1), 3.14 (s, 6H, H-3), 1.99-1.84 (m, 4H, H- 

2).

5c (100 MHz, CDCI3): 143.5 (q), 141.7 (q), 140.7 (q), 140.6 (q), 140.3 (q), 140.2 (q), 

128.3 (x3), 126.9 (x3), 126.8 (x2), 124.9, 124.7, 85.6 (q), 53.9, 

51.3,30.8.

Vmax (film)/cm ': 3070, 3061, 3034, 2924, 2853, 1549, 1576, 1497, 1412, 1156, 

1065,877, 754.

HRMS {m/z -MALDI) : Found: 1111.4535 ([M-t-Na]’^ C8oH6402NaS requires 1111.4525).
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5.4.4.4 (2/?,5/?)-Tetrahydro-2,5-[methoxy-te-(3,5-diphenylphenyl)methyl]

thiophene methyl sulfonium triflate salt [(/?,/?)-387]

5b 6b 6c 5c

Prepared according to general procedure H using {R,R)-3S6 (130 mg, 0.12 mmol), methyl 

triflate (14 pL, 0.12 mmol), proton sponge (25 mg, 0.06 mmol) and anhydrous CH2CI2 (0.8 

rnL). The crude material was purified by column chromatography (hexane/EtOAc 7:3, Rf = 

0.15) affording (R,R)-387 as a white solid (90 mg, 60%). M.p. 155-157 °C. [a]D^“ -107 (c 

0.26, CH2CI2).

5h (400 MHz, CDCI3): 7.86 (s, IH), 7.81 (s, IH), 7.75 (bs, 2H), 7.70-7.58 (m, 8H), 

7.57-7.53 (m, 6H), 7.49-7.21 (m, 34H), 6.00-5.90 (m, IH, H-1), 

3.62-3.54 (m, IH, H-4), 3.30-3.21 (m, IH, H-2x), 3.25 (s, 3H, 

H-5), 3.17 (s, 3H, H-6), 3.20-3.13 (m, IH, H-3x), 3.06 (s, 3H, 

H-7), 2.68-2.58 (m, IH, H-3y), 2.29-2.19 (m, IH, H-2y).

6c (100 MHz, CDCI3): 142.7 (q), 142.3 (q), 142.2 (q), 141.9 (q), 141.3 (q), 141.1 (q), 

140.1 (q), 140.0 (q), 139.9 (q), 139.8 (q), 138.7 (q), 137.9 (q), 

129.0, 128.98, 128.94, 128.91, 128.7, 128.0, 127.8, 127.3, 

127.29, 127.26, 127.1, 127.0, 126.88, 126.85, 126.81, 125.6, 

124.0, 121.8, 119.7, 117.5, 85.6 (q), 84.0 (q), 72.5, 70.2, 54.7, 

52.7, 30.2, 29.8, 23.0.
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5k (376 MHz, CDCI3): -78.6.

Vmax (filmVcm • 3060, 2966, 29343, 2852, 1739, 1578, 1501, 1352, 1254, 1146, 

1030, 861,695.

HRMS (m/z -MALDI); Found: 1103.4879 ([M]^ CsiHstOzS requires 1103.4862).

4.1.9 3,5-iis-(3,5-dimethylphenyl)-l-bromobenzene (391)

Br

3,5-i7A-(dimethyl)bromobenzene (3.0 mL, 22.1 mmol) was dissolved in anhydrous THF (20.0 

inL) and the resulting solution was cooled to -78 °C. nBuLi (1.7 M solution, 1.50 mL) was 

added dropwise via syringe and the solution was allowed to stir for 1 h at the same 

temperature. Trimethylborate (2.95 mL, 26.5 mmol) was added (syringe) and the solution was 

allowed to warm to room temperature over 3 h. 1 M HCl solution (15 mL) was added to the 

solution. The solution was extracted with dietyl ether (3 x 30 mL) and the combined organic 

extracts were washed with NaHCOs (20 mL), brine (30 mL) and then dried over MgS04. The 
solvent was evaporated under reduced pressure affording the corresponding boronic acid as a 

white solid. The boronic acid obtained was used in the cross coupling reaction with 1,3,5- 

tribromobenzene (4.2 g, 13.4 mmol) following the procedure used for the synthesis of 384 

(see 4.1.8), affording a crude material which was purified by column chromatography (hexane 
100%, Rf = 0.4). The overall process afforded 391 (1.22 g, 25%). M.p. 147-148 °C; lit.^^’ 

M.p. 145-146 °C.

The NMR spectra of 391 were consistent with those previously reported.

5h (400 MHz, CDCI3); 7.69 (s, 2H, H-1), 7.31-7.18 (m, 5H, H-3 and H-L), 7.06 (s, 2H,

H-3’), 2.42 (s, 12H, H-4’).
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5A.2.5 (2/?,5/?)-Tetrahydro-2,5-{hydroxy-6is-[3,5-6K-(3,5- 

dimethylphenyl)phenyl]methyl} thiophene [(/?,/?)-392]

Prepared according to general procedure F using (R,R)-359 (84 mg, 0.42 mmol), 391 (910 mg 

2.49 mmol), r-BuLi (1.7M solution, 1.50 mL) and THF (1.0 mL). The crude material was 

purified by column chromatography (hexane/ CH2CI2 7:3, Rf = 0.25), affording (R,R)-392 as 

a white solid (280 mg, 50%). M.p. 245-247 °C. [ajD^+206 (c 2.8, CH2CI2).

5h (400 MHz, CDCI3): 7.77 (s, 4H, H-F), 7.70 (s, 4H, H-1”), 7.57 (s, 2H, H-3’), 7.56 

(s, 2H, H-3”), 7.21 (s, 8H, H-4”), 7.20 (s, 8H, H-4’), 7.00 (s, 

4H, H-5”), 6.99 (s, 4H, H-5’), 5.01-4.97 (m, 2H, H-1), 3.75 (s, 

2H, OH), 2.38 (s, 24H, H-6’), 2.36 (s, 24H, H-6”), 2.15-2.10 

(m, 2H, H-2a), 1.80-1.76 (m, 2H, H-2b).

5c (100 MHz, CDCI3); 148.2 (q), 145.0 (q), 142.0 (q), 141.6 (q), 141.5 (q), 141.3 (q),

138.2 (q), 138.1 (q), 128.9, 125.5, 125.4 (x2), 125.2, 124.6, 

123.8, 123.1, 77.8 (q), 61.0, 31.8, 21.3 (x2).

HRMS {m/z -MALDI): Found: 1307.6664 ([M-^Na]^ C94H9202NaS requires 1307.6716).
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5.4.3.5 (27?,5/?)-Tetrahydro-2,5-{methoxy-Ws-[3,5-Ws-(3,5-

dimethylphenyOphenylJmethyl} thiophene [(/?,/?)-393]

Prepared according to general procedure G using {R,R)-392 (300 mg, 0.23 mmol), NaH (56 

mg, 1.39 mmol), methyl iodide (300 pL) and anhydrous THF (1.0 mL). The crude material 

was purified by column chromatography (hexane/ CH2CI2 7:3, Rf = 0.3) affording (R,R)-393 

as a white solid (198 mg, 65%). M.p. 121-122 °C. [a]D^‘’+33(c 1, CH2CI2).

5h(400 MHz, CDCI3): 7.89-7.73 (m, 12H, H-l’, H-1”, H-3’and H-3”), 7.31 (bs, 16H,

H-4’ and H-4”), 7.05 (bs, 8H, H-5’ and H-5”), 4.67-4.55 (m, 

2H, H-l), 3.33 (s, 6H, H-3), 2.40 (s, 24H, H-6’), 2.38 (s, 24H, 

H-6”), 2.42-2.34 (m, 2H, H-2a), 2.03-1.93 (m, 2H, H-2b).

5c (100 MHz, CDCI3):

Vmax (film)/cm'‘: 

HRMS (m/z -MALDI);

142.7 (q), 141.7 (q), 141.03 (q), 141.00 (q), 140.7 (q), 140.5 (q),

137.8 (q), 137.7 (q), 128.5, 128.4, 126.7, 126.6, 124.9 (x2),

124.8 (x2), 85.7 (q), 54.9, 51.9, 31.2, 20.96, 20.92.

3058, 3033, 2924, 1720, 1599, 1501, 1452, 1057, 875, 745, 694.

Found: 1335.7023 ([M-rNa]^ C96H9602NaS requires 1335.7029).
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5.4.4.5 (2/?,5J?)-Tetrahydro-2,5-{methoxy-Z>is-[3,5-Z»is-(3,5-

dimethylphenyl)phenyl]methyl} thiophene methyl sulfonium triflate salt 

[(/?,/?)-394]

Prepared according to general procedure H using {R,R)-393 (200 mg, 0.15 mmol), methyl 

triflate (16 pL, 0.15 mmol), proton sponge (16 mg, 0.07 mmol) and anhydrous CH2CI2 (1.0 

mL). The crude material was purified by column chromatography (hexane/EtOAc 7:3, Rf = 

0.15) affording (/?,R)-394 as a white solid (150 mg, 66%). M.p. 149-151 °C. [a]D^°-272 (c 1, 

CH2CI2).

5h (400 MHz, CDCI3): 7.80 (s, IH), 7.79 (s, IH), 7.62-7.55 (m, 6H), 7.49 (s, 2H), 7.33- 

7.26 (m, 3H), 7.23 (bs, 8H), 7.15-6.91 (m, 15H), 6.00-5.87 (m, 

IH, H-1), 3.64-3.47 (m, IH, H-4), 3.30-3.07 (m, 2H, H-2x and 

H-3x), 3.24 (s, 3H, H-5), 3.20 (s, 3H, H-5), 3.01 (s, 3H, H-7), 

2.70-2.59 (m, IH, H-3y), 2.48-2.22 (m, 49H, H-2y H-6a, H-6b, 

H-6c and H-6d).

8c (100 MHz, CDCI3): 142.3 (q), 142.2 (q), 142.0 (q), 141.8 (q), 139.9 (q), 139.86 (q), 

139.81 (q), 139.6 (q), 138.1 (x2, q), 138.0 (x2, q), 137.9 (x2, q),

137.8 (x2, q) 129.1, 129.0, 128.9 (x2), 126.7, 126.3, 125.4,

124.8 (x2), 124.7 (x4), 124.5 (x2), 124.0, 85.0 (q), 83.8 (q), 

72.5, 70.0, 62.1, 60.0, 54.1, 52.5, 20.9 (x4), 20.8.

Sf (376 MHz, CDCI3): -78.6.
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HRMS {m/z -MALDI): Found: 1327.7335 ([M]^ C97H99O2S requires 1327.7366).

5.4.3.6 (27?,5/?)-Tetrahydro-2,5-[ethoxy-Z»is-(3,5-diphenylphenyl)methyl] 

thiophene {R,R)-395

5' 6' 6' 5'

Prepared according to general procedure G using {R,R)-3S5 (100 mg, 0.09 mmol), NaH (15 

mg, 0.54 mmol), ethyl iodide (0.145 mL), anhydrous THF (1.0 mL) and anhydrous DMF 

(0.25 mL). The crude material was purified by column chromatography (hexane/CHiCL 7:3, 

Rf = 0.3) affording {R,R)-395 as a white solid (90 mg, 85%). M.p. 90-92 °C. [a]D^°+87 (c 0.9, 

CH2CI2).

5h (400 MHz, CDCI3): 7.82 (s, 8H, H-r and H-1”), 7.72 (s, 4H, H-3’ and H-3”), 7.69- 

7.62 (m, 16H, H-4’ and H-4”), 7.51-7.32 (m, 24H, H-5’, H-5”, 

H-6’ and H-6”), 4.49-4.32 (m, 2H, H-1), 3.51-3.39 (m, 2H, H- 

3a), 3.30-3.18 (m, 2H, H-3b), 2.00-1.86 (m, 4H, H-2), 1.16 (t, 

6H, J 7.3, H-4).

5c (100 MHz, CDCI3): 143.6 (q), 142.4 (q), 140.8 (q), 140.7 (q), 140.2 (q), 140.0 (q), 

128.4, 128.3, 126.8 (x2), 126.78 (x2), 126.71, 126.6, 124.7, 

124.6, 85.2 (q), 58.9, 54.5, 31.2, 15.4.
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Vmax (film)/cm :

Experimental Section

3060, 3034, 2924, 2854, 1721, 1594, 1496, 1453, 1062, 875, 

755, 694.

HRMS (m/z -MALDI): Found: 1139.4845 ([M+Na]^ C82H6802NaS requires 1139.4838).

5.4.3.7 (2/?,5/?)-Tetrahydro-2,5-[ethoxy-^»/s-(3,5-diphenylphenyl)methyl]

thiophene methyl sulfonium triflate salt [(/?,/?)-397]

5b 6b 6c 5c

OSO2CF3

Prepared according to general procedure H using {R,R)-395 (90 mg, 0.08 mmol), methyl 

triflate (9 pL, 0.08 mmol), proton sponge (8 mg, 0.04 mmol) and anhydrous CH2CI2 (0.6 mL). 

The crude material was purified by column chromatography (hexane/EtOAc 7:3, Rf = 0.15) 

affording {R,R)-397 as a white solid (46 mg, 45%). M.p. 161-162 “C. [a]D^°+143 (c 0.55, 

CH2CI2).

5h (400 MHz, CDCI3): 7.86 (s, IH), 7.81 (s, IH), 7.75 (bs, 2H), 7.70-7.58 (m, 8H), 

7.57-7.53 (m, 6H), 7.49-7.21 (m, 34H), 6.01-5.92 (m, IH, H-1), 

3.75-3.60 (m, IH, H-4), 3.45-3.33 (m, 2H, H-5x and H-6x), 

3.32-3.24 (m, 3H, H-2y, H-5y and H-6y), 3.19-3.08 (m, IH, H- 

3y), 3.06 (s, 3H, H-7), 2.70-2.61 (m, IH, H-3x), 2.36-2.27 (m, 

IH, H-2x), 1.23-1.16 (m, 6H, H-8 and H-9).
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Experimental Section

5c (100 MHz, CDCI3); 142.4 (q), 142.3 (q), 142.27 (q), 142.22 (q), 141.8 (q), 141.3 (q), 

140.2 (q), 140.0 (q), 139.95 (q), 139.90 (q), 139.2 (q), 138.4 (q), 

128.98 (x3), 128.94 (x2), 127.99, 127.94 (x2), 127.8, 127.3, 

127.2, 127.1, 127.0, 126.9, 126.8, 126.7, 126.6, 125.7, 124.1, 

121.8, 85.2 (q), 83.6 (q), 72.9, 69.7, 62.1, 60.7, 30.6, 30.1, 23.1, 

15.3, 15.2.

5f (376 MHz, CDCI3): -78.5.

Vmax (film)/cm'‘: 3070, 2960, 2941, 2822, 1711, 1597, 1500, 1350, 1257, 1159, 

1021,866, 757.

HRMS {m/z -MALDI): Found: 1131.5194 ([M]^ C83H71O2S requires 1131.5175).

224



5.43.7

Experimental Section

(2/?,5/?)-Tetrahydro-2,5-[benzyloxy-Z>is-(3,5-diphenylphenyl)methyl] 

thiophene [(/?,/?)-396]

5' 6' 6' 5’

Prepared according to general procedure G using iR,R)-3S5 (120 mg, 0.11 mmol), NaH (27 

mg, 0.68 mmol), benzyl bromide (0.55 mL), sodium iodide (17 mg), anhydrous THF (1.0 mL) 

and anhydrous DMF (0.25 mL). The crude material was purified by column chromatography 

(hexane/ CFI2CI2 7:3, Rf = 0.25) affording (R,R)~396 as a white solid (105 mg, 75%) M.p. 85- 

86. [a]D^°= -1-178 (c 0.36, CH2CI2).

8h(400 MHz, CDCI3): 8.12-7.92 (m, 12H, H-F, H-l” and H-4), 7.88-7.72 (m, 20H, H-

3’, H-3”, H-4’ and H-4”), 7.63-7.21 (m, 30H, H-5’, H-5”, H- 

6’, H-6”, H-5 and H-6), 4.85-4.70 (m, 4H, H-l and H-3a), 4.53 

(d, 2H, J 10.4, H-3b), 2.30-2.14 (m, 2H, H-2a), 1.86-1.69 (m, 

2H, H-2b).

5c (100 MHz, CDCI3): 143.6 (q), 142.4 (q), 140.9 (q), 140.7 (q), 140.6 (q), 140.5 (q),

138.9 (q), 128.5 (x4), 128.0, 127.1, 127.0, 126.9, 126.87, 

126.81, 126.7, 125.2, 125.0, 86.2 (q), 65.8, 55.0, 31.3.

Vmax (film)/cm ': 3054, 3014, 2833, 1780, 1544, 1466, 1473, 1032, 890, 775, 695.

HRMS (m/z-MALDI); Found: 1263.5189 ([M-rNa]^ C92H7202SNa requires 1263.5151).
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5.4.4.7 (2/f,5/?)-Tetrahydro-2,5-[benzyloxy-6w-(3,5-diphenylphenyl)methyl] 

thiophene methyl sulfonium triflate salt [(/?,/?)-398]

5b 6b 6c 5c

Prepared according to general procedure H using (R,R)-396 (88 mg, 0.07 mmol), methyl 

triflate (7 pL, 0.07 mmol), proton sponge (16 mg, 0.07 mmol) and anhydrous CH2CI2 (0.6 

mL). The crude material was purified by column chromatography (hexane/EtOAc 7:3, Rf = 

0.15) affording {R,R)-398 as a white solid (35 mg, 35%). M.p. 144-145 °C. [a]D^°-95 (c 0.2, 

CH2CI2).

5h (400 MHz, CDCI3): 7.90-7.61 (m, 7H), 7.70-7.59 (m, 8H), 7.50-7.10 (m, 47H), 6.10- 

6.03 (m, IH, H-1), 4.55-4.40 (m, 4H), 4.25 (d, IH, J 12.6), 3.82- 

3.64 (m, IH), 3.46-3.33 (m, IH), 3.32-3.15 (m, IH), 2.92 (s, 

3H), 2.76-2.61 (m, IH).

5f (376 MHz, CDCI3): 

HRMS (m/z -MALDI):

-78.6.

Found: 1255.5452 ([M]^ C93H75O2S requires 1255.5488)
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5.4.5

Experimental Section

General procedure I for the enantioselective epoxidation of aldehydes 

using chiral sulfonium salt (R,R)-395 (Table 4.8)

An oven dried round bottomed flask containing a stirring bar, fitted with a septum, was 

charged with (R,R)-395 and placed under and Ar atmosphere. Anhydrous THF was added via 

syringe, followed by the relevant aldehyde (1.0 eq.), and the solution was cooled to -78 °C. 

Phosphazene base P2 (2 M in THF, 1.0 eq.) was added via syringe and the resulting solution 

was allowed to stir at -78 °C for 1 h, then allowed to warm to room temperature over 16 h. 

The solution was then partitioned between CH2CI2 (10 mL) and water (10 mL) and the two 

phases were separated. The aqueous phase was extracted with CH2CI2 (3 x 10 mL). The 

combined organic extracts were dried over MgS04, evaporated under reduced pressure and 

the crude material was purified by column chromatography.

5.4.5.1 (5>2-phenyloxirane (1)

Prepared according to general procedure I using 122 (26 pL, 0.26 mmol), (R,R)-397 (333 mg, 

0.26 mmol), P2 base (130 pL) and THF (13 mL). Column chromatography (hexane/CH2Cl2 

8:2, Rf = 0.2) afforded 1 as a colourless oil (30 mg, 95%). [a]D^°+20 (c 1, CHCI3); lit.^^* 

[a]D^° -24 (c 1, CHCh, ent).

95% ee as determined by CSP-HPLC analysis: Chiralpak AS (4.6 mm x 25 cm), hexane/IPA: 

99/1, 1.0 mL min ', RT, UV detection at 220 nm, retention times: 7.4 min (minor enantiomer) 

and 8.8 (major enantiomer).

The NMR spectra of (S)-l were consistent with those previously reported 338
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5A.5.2 (S)-2- (4-chlorophenyI)oxirane (282)

Prepared according to general procedure I using 159 (30 mg, 0.22 mmol), iR,R)-397 (281 mg, 

0.22 mmol), P2 base (110 pL) and THF (11.0 mL). Column chromatography (hexane/CH2Cl2 

1:1, Rf = 0.3) afforded (5)-282 as a colourless oil (31.2 mg, 92%). [alD^+23 (c 0.3, CHCI3); 

lit.^^^ [a]D^°+25 (c 1.0, CHCI3).

95% ee as determined by CSP-HPLC analysis: Chiralpak AD-H (4.6 mm x 25 cm), 

hexane/IPA: 99/1, 0.5 mL min ', RT, UV detection at 220 nm, retention times: 11.7 min 

(minor enantiomer) and 12.4 (major enantiomer).

The NMR spectra of (5)-282 were consistent with those previously reported. 339

5.4.5.3 (R)-2-(2-tolyl)oxirane (286)

Prepared according to general procedure I using 285 (22 pL, 0.20 mmol), (S,S)-397 (256 mg, 

0.20 mmol), P2 base (10 pL) and THF (10.0 mL). Column chromatography (hexane/CH2Cl2 

7:3 + 4% triethylamine, Rf = 0.25) afforded (/?)-286 as a colourless oil (23.7 mg, 89%). 

[a]D^° -26 (c 0.5, CHCI3); lit.^^ +69 (c 0.65, CHCI3 ent).

93% ee as determined by CSP-HPLC analysis: Chiralpak AS (4.6 mm x 25 cm), hexane/EPA: 

99/1, 1.0 mL min ', RT, UV detection at 220 nm, retention times: 5.4 min (minor enantiomer) 

and 6.2 (major enantiomer).

The NMR spectra of (/f)-286 were consistent with those previously reported. 327
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5.4.5.4 (/?)-2-(4-methoxyphenyl)oxirane (290)

Prepared according to general procedure D using 289 (20 pL, 0.17 mmol), (S,S)-397 (217 mg, 

0.17 mmol), P2 base (85 pL) and THF (8.5 mL). Column chromatography (hexane/CH2Cl2 8:2 

+ 4% triethylamine, Rf = 0.2) afforded {R)-290 as a colourless oil (20.4 mg, 80%). [a]D^° -26 

(c 1, CHCI3); lit.^'" [a]D^°-29 (c 1, CHCI3).

72% ee as determined by CSP-HPLC analysis; Chiralpak AD-H (4.6 mm x 25 cm), 

hexane/EPA; 99/1, 1.0 mL min"*, RT, UV detection at 220 nm, retention times: 6.9 min (major 

enantiomer) and 7.4 (minor enantiomer).

The NMR spectra of (R)-290 were consistent with those previously reported. 

5.4.5.5 (/?)-2-(6-bromo-2,3-dimethoxyphenyl)oxirane (405)

341

Prepared according to general procedure D using 404 (28 mg, 0.12 mmol), (5,S)-397 (153 

mg, 0.12 mmol), P2 base (57 pL) and THF (5.5 mL). Column chromatography 

(hexane/CH2Cl2 8:2, Rf = 0.2) afforded (R)-405 as a colourless oil (25 mg, 85%). [a]D^° -LI 

(c 0.2, CH2CI2). The stereocentre absolute configuration was assigned to be (R) by analogy 

with the other substrates.

80% ee as determined by CSP-HPLC analysis: Chiralpak AD-H (4.6 mm x 25 cm), 

hexane/EPA: 99/1, 1.0 mL min'*, RT, UV detection at 220 nm, retention times: 12.5 min 

(major enantiomer) and 13.9 (minor enantiomer).
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5h (400 MHz, CDCI3): 7.01 (s, IH, H-4), 6.80 (s, IH, H-3), 4,14-4.09 (m, IH, H-1), 

3.89 (s, 3H, H-5), 3.88 (s, 3H, H-6), 3.18 (app t, IH, H-2a), 2.66 

(dd, IH, J5.9, 2.9).

8c (100 MHz, CDCI3): 148.7 (q), 148.3 (q), 128.5 (q), 114.7 (q), 111.9, 107.8, 55.7, 

55.6,51.7, 50.3.

HRMS (m/z -El): Found; 257.9888 ([M]^ CioHnOzBr requires 257.9892).

5.4.5.6 (R)- 2-((E)-styryl)oxirane (292)

Prepared according to general procedure D using 291 (21 pL, 0.17 mmol), (S,S)-397 (217 mg, 

0.17 mmol), P2 base (85 pL) and THE (8.5 mL). Column chromatography (hexane/CH2Cl2 8:2 

+ 5% triethylamine, Rf = 0.2) afforded {R)-291 as a colourless oil (21.7 mg, 88%). +9

(c 0.2, acetone); lit.^'*^ [a]D^'^+15.6 (c 3, acetone).

82% ee as determined by CSP-HPLC analysis: Chiralcel OD-H (4.6 mm x 25 cm), 

hexane/lPA: 99/1, 1.0 mL min ', RT, UV detection at 220 nm, retention times: 10.0 min 

(major enantiomer) and 11.9 (minor enantiomer).

The NMR spectra of {R)-292 were consistent with those previously reported 340

5.4.5.7 (/?)-2-(3-pyridyI)oxirane (401)

Prepared according to general procedure I using 218 (19.5 pL, 0.21 mmol), (5,S)-397 (269 

mg, 0.21 mmol), P2 base (105 pL) and THE (14.0 mL). Column chromatography
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(hexane/CH2Cl2 8:2, Rf= 0.2) afforded (/?)-401 as a colourless oil (22.5 mg, 89%). [ajc -13 

(c 0.2, CHCI3); lit.^''^ [a]D^° +18.3 (c 0.9, CHCI3, ent).

90% ee as determined by CSP-HPLC analysis: Chiralcel OD-H (4.6 mm x 25 cm), 

hexane/IPA: 90/10, 1.0 inL min'‘, RT, UV detection at 220 nm, retention times: 11.1 min 

(major enantiomer) and 14.5 (minor enantiomer).

The NMR spectra of (/?)-401 were consistent with those previously reported. 341

5h (400 MHz, CDCI3): 8.61 (s, IH, H-3), 8.58 (dd, IH, J 4.9, 1.6, H-6), 7.57 (dd, IH, J 

7.8, 1.6, H-4), 7.30 (dd, IH, J 7.8, 4.9, H-5), 3.92 (dd, IH, J 3.7, 

2.7, H-1), 3.22 (dd, IH, J 5.3, 3.7, H-2a), 2.85 (dd, IH, J 5.3, 

2.7, H-2b).

5c (100 MHz, CDCI3): 149.6 (q), 147.8, 133.2, 132.6, 123.4, 51.0, 50.3.

HRMS (m/z -ES): Found: 122.0600 ([M]^ H C7H8NO requires 122.0606).

5.4.5.8 3-(methyIthio)benzaldehyde (406)

SCH.

An oven dried 50 mL round bottomed flask charged with 2-(methylthio) methyl benzoate 

(150 mg, 0.82 mmol) was added of anhydrous THE (3.0 mL) and the solution was cooled to - 

78 °C. DIBAL-H (1.00 mL) was added to the solution via syringe and the solution was 

allowed to warm to room temperature, stirring for 16 h. The solution was added of water (10 

mL) and extracted with CH2CI2 (3 x 20 mL). The solvent was evaporated under reduced 

pressure and the crude material was dissolved in anhydrous CH2CI2 (5.0 mL). Pyridinium 

dichromate (260 mg) was added and the solution was allowed to stir a room temperature for 3 

h. The solution was filtered through celite and the crude material was purified by column 

chromatography (hexane/EtOAc 9:1, Rf = 0.3) to afford 406 as a colourless oil (80 mg, 64%).
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5h (400 MHz, CDCI3):

Experimental Section

10.0 (s, IH, CHO), 7.74 (s, IH, H-1), 7.63 (d, IH, J 7.2, H-2), 

7.54-7.42 (m, 2H, H-3 and H-4), 2.55 (s, 3H, S-CH3).

5c(100MHz, CDCI3): 191.5 (q), 140.0 (q), 136.4 (q), 131.6, 128.8, 126.3, 125.6, 15.0.

HRMS (m/z -El): Found: 152.0303 ([M]^ CgHgOS requires 152.0296).

5.4.5.9 (^?)-3-(3-methylthiophenyl)oxirane (407)

Prepared according to general procedure I using 406^^^ (30 mg, 0.20 mmol), (S,S)-397 (256 

mg, 0.20 mmol), P2 base (100 pL) and THF (10.0 mL). Column chromatography 

(hexane/EtOAc 95:5, Rf = 0.2) afforded (/?)-407 as a colourless oil (29.2 mg, 88%). +

1.2 (c 0.28, CHCI3). The stereocentre absolute configuration was assigned to be (/?) by 

analogy with the other substrates.

90% ee as determined by CSP-HPLC analysis: Chiralpak AS (4.6 mm x 25 cm), hexane/IPA: 

99/1, 1.0 mL min ', RT, UV detection at 220 nm, retention times: 8.8 min (major enantiomer) 

and 11.5 (minor enantiomer).

5h (400 MHz, CDCI3): 7.32-7.25 (m, IH, H-4), 7.23-7.16 (m, 2H, H-3 and H-5), 7.08 

(d, IH, J 7.5, H-6), 3.88-3.84 (m, IH, H-1), 3.16 (app t, IH, H- 

2a), 2.80 (dd, IH, J 5.5, 2.6, H-2b), 2.51 (s, 3H, S-CH3).

5c(100MHz,CDCl3): 140.0 (q), 136.4 (q), 131.6, 128.8, 126.3, 125.6,52.0,51.1, 15.1.

HRMS (m/z -FI): Found: 166.0452 ([M]^ C9H10OS requires 166.0452).
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5.4.5.10 (/?)-2-(3-vinylphenyI)oxirane (409)

Prepared according to general procedure I using 408 (28.5 p,L, 0.22 mmol), (S,S)-397 (281 

mg, 0.22 mmol), P2 base (110 |XL) and THF (11.0 mL). Column chromatography 

(hexane/CH2Cl2 8:2, Rf = 0.2) afforded (/?)-409 as a colourless oil (30.2 mg, 94%). [a]D^° + 11 

(c 0.3, CHCI3). The stereocentre absolute configuration was assigned to be (R) by analogy 

with the other substrates.

92% ee as determined by CSP-HPLC analysis: Chiralpak AD-H (4.6 mm x 25 cm), 

hexane/IPA: 99/1, 0.5 mL min'*, RT, UV detection at 220 nm, retention times: 5.5 min (major 

enantiomer) and 6.2 (minor enantiomer).

The NMR spectra of (/?)-409 were consistent with those previously reported.

5h(400 MHz, CDCI3): 7.40-7.30 (m, 3H, H-3, H-5 and H-6), 7.20 (d, IH, J 7.7, H-4),

6.73 (dd, IH, J 17.5, 11.1, H-7), 5.79 (d, IH, J 17.5, H-8a), 5.30 

(d, IH, J 11.1, H-8b), 3.89 (app t, IH, H-1), 3.18 (app t, IH, H- 

2a), 2.83 (dd, IH, J 5.6, 2.8, H-2b).

5c (100 MHz, CDCI3): 137.47 (q), 137.42 (q), 136.0, 128.3, 125.6, 124.5, 122.7, 113.9,

51.8, 50.7.

HRMS (m/z -BSD: Found: 147.0806 ([M+H] ^ CioHnO requires 147.0810).
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5.4.5.11 f5j-2-cyclohexyloxirane (47)

Prepared according to general procedure I using 293 (24 pL, 0.20 mmol), {R,R)-397 (256 mg, 

0.20 mmol), P2 base (100 pL) and THF (10.0 mL). Column chromatography (hexane/EtOAc 

95:5, Rf = 0.4) afforded (5)-47 as a colourless oil (18.7 mg, 75%). +1.5 (c 1.0, CHCI3);

lit.'^“ [a]D^'’+2.2 (c 10.5, CHCI3).

81% ee as determined by chiral GC analysis: Supelco cyclodextrin-p capillary column 

(betadex 120), 30 m x 0.25 mm i.d., 0.25 pm film. Isothermal 60 °C. Retention times: 16.6 

min (minor enantiomer) and 17.5 (major enantiomer).

The NMR spectra of (S)-47 were consistent with those previously reported 

5.4.5.12 (S)-2-(3-chlorophenyl)oxirane (400)

140

Prepared according to general procedure I using 399 (24 pL, 0.21 mmol), {R,R)-397 (269 mg, 

0.21 mmol), P2 base (106 pL) and THF (10.6 mL). Column chromatography (hexane/EtOAc 

95:5, Rf = 0.4) afforded (S)-400 as a colourless oil (27.9 mg, 85%). [a]D^°+8 (c 0.5, CHCI3); 

lit.^^^ [a]D^°+11.15 (c 1.56, CHCI3).

90% ee as determined by CSP-HPLC analysis: Chiralcel OJ-H (4.6 mm x 25 cm), hexane 

100%, 0.3 mL min ', RT, UV detection at 220 nm, retention times: 28.9 min (minor 

enantiomer) and 31.8 (major enantiomer).

The NMR spectra of (S)-400 were consistent with those previously reported.339
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8h (400 MHz, CDCI3):

Experimental Section

7.33-7.26 (m, 3H, H-3, H-4 and H-6), 7.23-7.16 (m, IH, H-5), 

3.88-3.84 (m, IH, H-1), 3.19-3.15 (m, IH, H-2a), 2.82-2.76 (m, 

IH, H-2b).

5c (100 MHz, CDCI3); 139.4, 134.1, 129.4, 127.9, 125.1, 123.3, 51.3, 50.8.

HRMS (m/z -El): Found: 154.0192 ([M]^ C8H7OCI requires 154.0185).

5.4.5.13 (S)-2-(2-trifluoromethylphenyl)oxirane (403)

CF3 p

Prepared according to general procedure I using 402 (22.5 pL, 0.18 mmol), {R,R)-391 (230 

mg, 0.18 mmol), P2 base (87 pL) and THE (8.7 mL). Column chromatography

(hexane/CH2Cl2 8:2, Rf = 0.2) afforded (S)-403 as a colourless oil (27.1 mg, 83%). [a]D^°+ 29 

(c 0.5, CHCI3); lit.^'*^ [a]D^°+35.4 (c 0.2, CHCI3).

81% ee as determined by CSP-HPLC analysis: Chiralcel OJ-H (4.6 mm x 25 cm), hexane 

100%, 0.3 mL min'*, RT, UV detection at 220 nm, retention times: 6.0 min (minor 

enantiomer) and 6.3 (major enantiomer).

The NMR spectra of (S)-403 were consistent with those previously reported. 347

5h (400 MHz, CDCI3): 7.67 (d, IH, J 7.7, H-6), 7.61-7.38 (m, 3H, H-3, H-4 and H-5), 

4.24 (bs, IH, H-1), 3.21 (dd, IH, J 5.5, 4.4, H-2a), 2.67 (dd, IH, 

5.5, 2.5, H-2b).

5c(100MHz, CDCI3): 136.1 (q), 131.8, 127.7 (q, J 32), 127.2, 125.0 (q, J 6), 124.8,

123.8 (q, J 272), 50.6, 48.7 (d, J 3).

5f (376 MHz, CDCI3): 

HRMS (m/z -El):

-60.4.

Found: 187.0377 ([M-H]^ C9H6OF3 requires 187.0371).
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