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Abstract

We have explored both the carbon-carbon bond fonning and carbon-carbon bond 

breaking processes promoted by A^-heterocychc carbenes. It has been shown for the first 

time that triazolium ion based-precatalysts promote the highly chemoselective crossed 

acyloin condensation reactions between aliphatic and ort/jo-substituted aromatic 

aldehydes. An o-bromine atom can serve as a temporary directing group to ensure high 

chemoselectivity (regardless o f the nature of the other substituents on the aromatic ring) 

which then can be conveniently removed. Preliminary data indicates that highly 

enantioselective variants o f the reaction are feasible using chiral triazolium ion based- 

precatalysts.

It has been shown for the first time that relatively electron deficient triazolium 

precatalysts promote highly chemoselective crossed acyloin condensation reactions 

between aldehydes and a-ketoesters to afford densely functionalised products 

incorporating a quaternary stereocentre of considerable synthetic potential. The scope of 

the process is extraordinarily broad with respect to both coupling partners, and a 

preliminary study has established the principle that a high degree o f stereochemical 

control over the reaction can also be exercised via the use of a chiral NHC precursor.

A highly efficient, broad scope, additive-free mild protocol for the oxidative carbene- 

catalysed esterification of aldehydes has been developed. Benzoin (and neither the 

Breslow intermediate nor the NHC-aldehyde tetrahedral adduct) has been 

unambiguously identified as the oxidised species in aerobic NHC-catalysed aldehyde 

esterifications. The first organocatalytic aerobic oxidative cleavage of cyclic 1,2- 

diketones is reported.

The synthesis o f chiral lactones bearing two chiral centres one of which is quatemary 

was achieved via bifunctional organocatalyst promoted cycloaddition reaction between 

unsaturated anhydrides and prochiral activated ketones. It has been demonstrated for the 

first time that cinchona alkaloid-derived bifunctional organocatalysts are able to 

promote the reaction involving homophthalic anhydrides and imines. The synthesis of 

chiral lactams was achieved with moderate diastereo- and enantioselective control over 

the formation o f two adjacent chiral centres.

VI



• ’*»” ■ O “ < *'W • il ii



Abbreviations

AC Acyloin condensation

AcOH Acetic acid

Ar Aryl

Atm Atmosphere

BAL Benzaldehyde lyase

BC Benzoin condensation

BFD Benzoylformatedecarboxylase

BINAP 2,2’-Diamino-1,1’-binapthalene

[bmim] 1 -Butyl-3-methylimidazolium

Bn Benzyl

Boc ?erf-Butoxycarbonyl

Bz Benzoyl

cat. Catalyst

CSP Chiral stationary phase

DBU l,8-Diazabicyclo[5.4.0]undec-7ene

DCC '-Dicyclohexylcarbodiimide

DCM Dichloromethane

DIP AMP 5/5[(2-methoxyphenyl)phenylphosphino]ethane

DMAP 4-(Dimethylamino)pyridine

DMSO Dimethyl sulphoxide

dr Diastereomeric ratio

ee Enantiomeric excess

equiv. Equivalent

Et Ethyl

EtOAc Ethyl acetate

EtOH Ethanol

EWG Electron withdrawing group

HPLC High Performance Liquid Chromatography

'Pr Isopropyl

'PrOH 2-Propanol

IR Infra red

LA Lewis Acid



m meta

Me Methyl

MeCN Acetonitrile

MeOH Methanol

MTBE Methyl-?er/-butyl ether

n.d. Not determined

NHC A^-heterocyclic carbene

NMR Nuclear magnetic resonance

o- ortho

P- para

PEMP Pentamethylpiperidine

Ph Phenyl

PhMe Toluene

/7-TSA /p-Toluenesulfonic acid

rt Room temperature

'Bu tert-Bniy\

'BuOH tert-BvXy\ alcohol

ThDP Thiamine diphosphate

THF T etrahydrofuran

TMS Trimethylsilyl

TMSCHN2 Trimethylsilyl diazomethane

Ts Tosyl

mIz Mass/Charge

v/v VolumeA^ olume



1.0 Organocatalysis: a brief introduction

In the burgeoning world o f organic synthesis, catalytic processes play a key role in the 

synthesis o f natural, unnatural and biologically important organic molecules. A catalyst 

is a substance which increases the rate of reaction without being consumed in a reaction, 

through its involvement in a series of chemical transformations within the reaction. In 

modem organic sjmthesis the catalyst plays a major role in not only activating reagents 

through either weak or strong interactions, but also in the control of the stereochemistry 

o f the products.

Nature provides enzymes which efficiently catalyse {inter alia) carbon-carbon bond 

forming reactions, redox reactions and hydrolytic reactions. Enzymes are known to 

work selectively in vivo in metabolic processes that produce optically active species. 

Enzyme catalysis results in high chemo- and regio-selectivity in addition to being 

enantioselective.'’̂ ’̂  Organic chemists are continuously searching for new catalysts 

which have a broad substrate scope, are easy to handle and highly efficient. In 2001, the 

Nobel Prize in chemistry was awarded for the development of transition metal catalysis 

by Knowles and Noyori who developed a method for asymmetric hydrogenation using 

chiral catalysts based on transition metal complexes. Sharpless also shared this Nobel 

Prize for his significant discovery of asymmetric epoxidation o f alkenes using chiral 

transition metal catalysts. Knowles et al.^ developed a method for asymmetric 

hydrogenation o f prochiral alkene 1 using (i?,i?)-DIPAMP-Rh as the catalyst and 

synthesised the acylated amino acid 2 which upon hydrolysis produced l-D OPA  (3,4- 

dihydroxyphenylalanine 3), an anti-Parkinsonian amino acid with excellent 

enantioselectivity and yield (Scheme I.l).

Rh[DIPAMP]
NHAc NHAc

(RR)-DIPAMP

Scheme 1.1 Organometal-catalysed asymmetric hydrogenation developed by 

Knowles.''

1



Along with these highly efficient methods employing enzyme catalysis^ and metal

catalysis^, organocatalysis has received a considerable synthetic utility in the field of 

organic synthesis. The acceleration o f organic reactions by using “small organic 

molecules” without any metal is the catalytic principle which upon organocatalysis is 

based. Organocatalysis gained much interest indeed in recent years, primarily due to 

their ability to catalyse reactions for the enantioselective synthesis o f organic molecules 

in an economical and environmental friendly manner. Organocatalysts are mainly 

composed o f carbon, hydrogen, nitrogen, sulfur and phosphorus. They have the 

advantage o f being readily available, are less sensitive to moisture and air than their 

metal based counterparts and hence can be employed under less restrictive reaction 

conditions {i.e. without the requirement o f special equipment such as glove boxes 

etc.).’’*’̂ ’'®'"’'^’’  ̂ Another major advantage of organocatalysts is their ability to catalyse 

reactions used for the synthesis of biologically active compounds which are intolerant to 

metals.

Liebig discovered the first organocatalytic reaction in which he synthesised oxamide 

from dicyan using an aqueous solution o f acetaldehyde."'* Hajos and Parrish, 

independently Wiechert et were the first to employ L-proline (5) as an organic 

catalyst for a high enantioselective annulation reaction in 1974; the reaction produced 

the bicyclic ketone 6 with 93% enantiomer excess (Scheme 1.2).'^’'^’'* Their 

enantioselective proline-catalysed aldol reaction introduced new field o f catalysis to the 

organic synthesis community. The power and potential o f organocatalysis as a synthetic 

tool has only begin to be realised since the late 1990’s and is most extensively studied

domain o f catalysis today. 19 .2 0 ,2 1 ,22 ,2 3 ,24,25

L-proline

O

p -T SA

O

4 6 99%, 93% ee 7 100%, 93% ee

Scheme 1.2 Hajos-Parish intramolecular aldol reaction catalysed by proline.



In 1998, Jacobsen^  ̂ and Corey^  ̂ independently developed hydrogen bonding urea and

thiourea based-catalysts for the enantioselective organocatalytic Strecker reaction. The 

thiourea catalyst 10 promoted the addition of hydrogen cyanide to an imine 8 resulting 

in the generation of 9 with 95% enantiomeric excess (Scheme 1.3). The Jacobsen group 

developed a range of versatile urea- and thiourea catalysts ŵ hich operate through the 

formation of hydrogen bonds to the nitrogen of the imine.^*

Scheme 1.3 Thiourea based- organocatalysed-asymmetric Strecker reaction

More than 20 years after the discovery of intramolecular aldol condensation catalysed 

by L-proline (5) (Scheme 1.2), Barbas and List demonstrated the catalysis of an 

intermolecular aldol reaction by simple amino acids with high chemo-, diastereo- and 

enantioselectivity.^^ This report highlighted the importance of organocatalysts in 

enantioselective organic synthesis.^  ̂ The reaction has many advantages as proline is 

readily available in nature, soluble in water and no pre-activation of reactant is required. 

The intermolecular aldol condensation of acetone (11) with isobutyraldehyde (12) 

employing L-proline (5) as organocatalyst produced aldol 13 with 97% yield and 96% 

enantiomeric excess (Scheme 1.4).

Me

HCN PhMe, -78 °C 
TFAA

Me

O O OH
O

DMSO, rt, 48 h

11 12 13 97%, 96% ee

Scheme 1.4 Intermolecular aldol reaction catalysed by L-proline.^^

The authors also proposed the mechanism which involves the formation of an iminium- 

ion 14, enamine 15, carbon-carbon bond formation and finally hydrolysis of iminium- 

ion 16 to generate aldol product 13 with enantiocontrol (Scheme 1.5). The facial



selectivity of the carbon-carbon bond formation between enamine and the acceptor 

aldehyde is controlled by the carboxylic acid moiety of L-proline.

11 ■

-H ,0
CO ,

14 Iminium Ion

A
15 Enam ine

12
OH N• " ^ C O s H  13

16

Scheme 1.5 Mechanism of the intermolecular aldol condensation proposed by List 

and Barbas.^^

In 2000, Macmillan, introduced generic mode of activation concept to organocatalysis 

in which an iminium ion activation strategy was proposed. It was postulated that the 

reversible formation of an iminium ion 20 facilitates the lowering of lowest unoccupied 

molecular orbital (LUMO) activation energy (Scheme 1.6).

Lewis acid (LA)

17

'N '
H

19

• HCi

18

■N-"
I

R17 19 20

Scheme 1.6 The iminium ion strategy proposed by Macmillan and co-workers.

Macmillan et al. developed imidazolidinone-based organocatalyst 24 derived from an 

amino acid capable of forming a reversible chiral iminium ion which can catalyse 

enantioselective Diels-Alder reaction between enone 21 and diene 22 with excellent 

enantioselectivity (Scheme 1.7).^'

Ph

' O

24 (20 mol%) 

23 °C

^MeXX.
Ph ^  24

’ CHO

21 22 23 75%, 90% e e  ______________

Scheme 1.7 Chiral imidazolidinone based-organocatalyst promoted-enantioselective 

Diels-Alder reaction.^’
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This initial report of imidazolidinone-based organocatalysts was followed by the 

introduction of numerous further applications of iminium ion strategies in different 

enantioselective reactions including conjugate Friedel-Crafts and Mukaiyama-Michael 

reactions.^^

After the ground breaking reports by List and Macmillan on enamine and iminium ion 

strategies, this area has rapidly emerged with different types o f activation modes using 

novel organocatalysts. Over the past decade numerous organocatalysts were developed 

based on amino acid, cinchona alkaloids^^and carbenes enabling the development of 

technology for the efficient synthesis o f several biologically relevant molecules.^''

1.1 Carbenes and 7V-heterocyclic carbenes

1.1.1 Introduction to carbenes

Carbenes have rich history beginning in middle o f eighteenth century and are 

extensively studied due to their reactivity and synthetic utility in organic chemistry. 

Carbenes are defined as neutral divalent species in which the carbon atom has six 

electrons in its valence shell, clearly they have two electrons less to fulfil octet rule. 

Dumas attempted to isolate and characterise the prototype carbene methylene :CH2 by 

the dehydration o f methanol using sulfuric acid.^^ Later Geuther^^ reported the synthesis 

o f dichlorocarbene (:CCb) from chloroform using potassium ethoxide as a base to 

eliminate hydrogen chloride. However it was Fischer et al^^, who introduced carbenes 

into organic and organometallic chemistry and from this point on and later carbenes 

were significantly utilised in organic synthesis,^* initially in transition metal catalysis 

and later in organocatalysis.

1.1.2 Singlet and triplet carbenes

From first principles, divalent carbenes can have a linear or bent geometry. Based on 

their spin multiplicity carbenes are categorised into singlet and triplet carbenes (Figure 

Ll).'^

5



Singlet Triplet
Carbene Carbene

Figure 1.1 Orbital picture of carbenes

A triplet carbene has linear geometry, where the carbon is sp-hybridised with two half- 

filled degenerate p-orbitals. When bent the linear carbenes degeneracy is lost and the 

carbon becomes sp  ̂hybridised with lone pair on the p-orbital leading to the formation 

of a triplet carbene.

Spin multiplicity is the fundamental property which decides the carbene’s reactivity.'*® 

A singlet carbene possesses both a filled and a vacant orbital, and therefore, should 

possess an ambiphilic character. On the other hand, triplet carbenes have two singly 

occupied orbitals and are generally regarded as diradicals. The substituents can control 

the ground-state spin multiplicity of the carbene. The influence of these substituents can 

be analysed in terms of electronic and steric effects.

Griller et and Tomioka et al.^^ demonstrated that bulky substituents on the carbene 

carbon atom favour the formation of triplet carbenes, due to broadening of the carbene 

bond angle. Figure 1.2 shows examples of triplet carbenes.

Br

Figure 1.2 Examples of triplet carbenes

According to Pauling'*^ substituents creating electroneutrality at a carbene centre make 

singlet carbenes more stable. There are different ways to augment the stability of singlet 

carbenes, one of which is to use two Ti-donor a-attractor substituents, resulting in a 

‘push, push’ resonance and ‘pull, pull’ inductive substitution pattern. The best examples 

of these kinds of carbenes are A^-heterocyclic carbenes, in which the electron deficiency

6



of the carbene is reduced by donation o f the two nitrogen lone pairs, while the carbene 

lone pair is stabilised by the inductive effect o f the two electronegative nitrogen atoms.

1.1.3 Discovery and structure of A'-heterocyclic carbenes

In 1960 Wanzlick,'*'* observed that carbenes could be stabilised by altering their 

electronic and steric factors. He showed that the presence of amino substituents flanking 

the central carbene carbon atom is most useful when stabilising carbenes. Wanzlick et 

al. isolated a dimeric carbene 27 which is the dimer o f the carbene 26; both o f which are 

in equilibrium (Scheme 1.8).

Ph Ph Ph Ph

- C H C I 3  r - Nr ĉci3 ^  L >: — L >=< J
I I I I

Ph Ph Ph Ph

25 26  27

Scheme 1.8 Generation o f the dimeric carbene reported by Wanzlick.'^''

Wanzlick proposed that electronic factors which stabilise the carbene include a 71-  

donation into out-of-plane p-orbital o f the carbene by the electron-rich ji-system (N- 

C=C-N) and a o-electro negativity effect. Arduengo and co-workers'*^ later isolated the 

first stable TV-heterocyclic carbene (NHC) 29 and subsequently investigated the effect of 

an imidazole ring on the stabilisation o f a range o f nucleophilic carbenes based on 

previous theories established by Wanzlick (Scheme 1.9).

\=J f-BuOK, rt \=J
28 29

Scheme 1.9 Preparation o f the first stable carbene by Arduengo and co-workers.'*^

Arduengo et al. prepared the stable crystalline carbene 29 (Scheme 1.9) in near 

quantitative yield by deprotonation o f the 1,3-di-l-adamantylimidazolium chloride (28) 

with sodium or potassium hydride in the presence of catalytic amounts o f either ^BuOK 

or the dimethyl sulfoxide anion. Kuhn and co-workers'*^ subsequently reported the 

generation of carbenes with alkyl substituents on the nitrogen heteroatoms.
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Scheme 1.10 The first commercially available carbene reported by Enders and Teles

In 1995 Enders and Teles,'^’ reported a new stable triazolium ion based-carbene 30 

which could be obtained through the thermal elimination (80 °C) of methanol in vacuo 

from the corresponding 5-methoxy-1,3,4-triphenyl-4,5-dihydro-1//-1,2,4-triazole (29). 

The carbene 30 proved to be stable up to 150 °C in the absence of air and moisture 

(Scheme 1.10).

1.2 A'-Heterocyclic carbenes as organocatalysts

7V-heterocyclic carbenes (NHC’s) are powerful organocatalysts in organic synthesis and 

there has been a tremendous growth in their application in recent y e a r s . N H C ’s can 

be used to access Umpolung processes (during the course of the reaction, a reversal of 

the normal polarity or reactivity of a reactant)^'’ along with the other reactions like trans- 

esterification^' and oxidation. In addition, NHC’s also provide a platform from which 

chirality can be incorporated, rendering them useful catalysts for enantioselective 

reactions.

1.2.1 The benzoin condensation

The benzoin condensation (BC) is one of the oldest carbon-carbon bond forming 

reactions, with a rich history dating back to its pioneers Liebig and Wohler in 1832.^^ 

Their research focused on the addition of the cyanide ion to an aldehyde to generate 

cyanohydrins. Much to their surprise, Liebig and Wohler observed that a new product 

was formed when the reaction mixture contained an aromatic aldehyde e.g. 31; and they 

determined this novel product to be an a-hydroxy ketone 32 or an acyloin (Scheme



o N aCN _ HO O

P h ^  EtOH P h ^ P h
A

31 32

Scheme 1,11 The benzoin condensation (BC) pioneered by Liebeg and Wohler.

1.2.1.1 Mechanism of cyanide-catalysed benzoin condensation

It was another 70 years before A. Lapworth, in 1903, proposed a plausible mechanism 

for the cyanide-catalysed benzoin condensation (Scheme 1.12).^^ The first step involves 

the attack of the cyanide anion on the carbonyl carbon o f benzaldehyde (31) to form the 

cyanohydrin 34. A nitrile-stabilised carbanion 35 is then formed by deprotonation of 

this cyanohydrin 34. Anion 35 adds to a second benzaldehyde molecule, producing the 

intermediate 36. Subsequent proton transfer, followed by regeneration o f the cyanide 

anion produces the desired benzoin product 32. In summary, the cyanide ion will serve 

three fiinctions acting as nucleophile, increasing the acidity o f a-hydrogen o f the 

oxyanion and acting as a good leaving group after the condensation is finished.

H Transfer

Scheme 1.12 Benzoin condensation mechanism proposed by Lapworth.

1.2.1.2 A^-Heterocyclic carbene catalysed benzoin condensation

Thiamine (37) which is known as Vitamin B1 is universally present in all living systems 

(Figure 1.3). The coenzyme thiamine diphosphate (ThDP, 38) is responsible for a 

number of important biochemical reactions including; the decarboxylation o f pyruvic 

acid to acetaldehyde, the transketolase reaction and also the generation of ‘active 

acetate’ (acetylated co-enz>TTie) by the oxidative decarboxylation o f pyruvic acid. '̂*

9



Each o f these processes involves the nucleophilic catalysis that proceed via an acyl 

anion equivalent, which adds to an electrophilic centre, such as another aldehyde 

moiety. The coenzyme thiamine which contains a thiazolium salt moiety, promotes 

umpolung reactivity and catalyses biochemical processes for nucleophilic acylations.^^

.O H

o
NH 2  Cl I N H 2  C l O- p

^OH

37 38

Figure 1.3 Thiamine (37) and thiamine diphosphate (ThDP)

The ability o f ThDP 38 to catalyse biochemical reactions encouraged the investigation 

of condensation reactions o f aromatic aldehydes catalysed by pyridinium- and 

thiazolium salts. A breakthrough in the elucidation o f the mode o f action o f the 

thiazolium ion came in 1943 when Ugai and co-workers^’ discovered that the benzoin 

condensation can be catalysed by thiazolium salts, in the presence o f a weak base 

(Scheme 1.13). Serendipitously, they observed that heating an alcoholic solution of 

thiazolium salt 39 with benzaldehyde (31), in the presence of one molar equivalent o f 

base, produced not the anticipated compound 40, but instead benzoin (32), an a- 

hydroxy ketone.

S - ^  O  N aO H  (1 .0  equ iv .)

 ̂ J  ------------------
P n  M eOH (0 .05  M)

Br

39 31

Not form ed

Scheme 1.13 Thiazolium salt mediated benzoin condensation.

O  P h  

P h  O H

32

O H

P h

40

Once it had been shown that thiazolium salt 39 could promote the benzoin 

condensation, it was found that other compounds containing a thiazolium salt moiety, 

including those found in biological systems^* (vitamin Bi), could also mediate 

umpolung processes. Mizuhara and his colleagues found that thiamine incubated with 

pyruvate at pH 8.4 formed acetoin at room temperature.^^
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1.2.1.3 Mechanism of the thiazolium ion mediated-benzoin condensation

In 1958, Breslow found that under non-enzymatic conditions the proton at position two 

o f the thiazolium ion ring can be exchanged with deuterium of D2O. Breslow also 

considered that the thiazolium ion acted in a similar manner to the cyanide ion in the 

BC. Based on this assumption and the previously observed deuterium exchange process, 

Breslow proposed the now accepted mechanism for the A^-heterocyclic carbene- 

catalysed benzoin condensation (Scheme 1.14). The thiazolium salt acts as a precatalyst, 

producing the in 5/rw-generated carbene.^*^

H Transfer

Scheme 1.14 Mechanism o f the thiazolium salt derived carbene-catalysed benzoin 

reaction

The mechanism is analogous to the cyanide catalysed benzoin condensation; 

triethylamine deprotonates the thiazolium salt 41 to form a highly reactive carbene 42, 

which catalyses the benzoin condensation. The carbene 42, being a good nucleophile, 

undergoes reversible addition to the benzaldehyde and forms the alkylated thiazolium 

derivative 43. Proton transfer to 43 followed by deprotonation leads to the formation of 

45, which is a resonance stabilised hydroxylenamine, also known as the Breslow 

intermediate. The Breslow intermediate 45 acts as the Umpolung species and adds to 

another molecule o f benzaldehyde (31) to form the oxyanion 46 which in equilibrium 

with 47 can then release the catalyst 42 and the benzoin (32).
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1.2.2 The enantioselective benzoin reaction

The benzoin condensation is an atom economic carbon-carbon bond forming reaction 

which also establishes a chiral centre in the product, an a-hydroxy ketone (Scheme 

1.15).^' If a chiral catalyst is employed in the reaction, it would potentially generate 

benzoin product with stereocontrol. Organic chemists have developed chiral NHCs 

derived from thiazolium and triazolium salts as catalysts for the enantioselective 

dimerisation of aromatic aldehydes. This Section acknowledges the seminal studies 

concerning enantioselective acyloin reactions using the NHCs.

n  HO O HO O

j) '/-A
Ph''^ Ph Ph Ph Ph

31 (R)-32 (S)-32

Scheme 1.15 The enantioselective benzoin condensation

1.2.2.1 Chiral thiazolium ion based-precatalysts

The first enantioselective benzoin condensation was reported by Sheehan in 1966^^ with 

50% yield and 22% ee, using catalyst 48 and triethylamine as base (Scheme 1.16). 

Later, a second generation thiazolium salt 49 promoted more selective benzoin 

condensations; while the product could be isolated with an optimal enantiomeric excess 

of 51%, and yields were low (6%).

o 48(0.10equiv.) HO, O
EtjN (O.IOequiv.) ^

MeOH, rt ^
J

(S)-32 50%
22% ee 49

Sheehan (1974) 
51% ee

Scheme 1.16 The first asymmetric benzoin condensation reported by Sheehan.^^

Several groups later attempted to improve upon the performance of precatalyst 49 

through the design of mono- and bicyclic thiazolium ion variants. While yields could be 

improved (often at high catalyst loadings), product enantiomeric excess never improved
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when compared to those obtained by Sheehan. In 1980, Tagaki et al. developed the 

thiazolium salt 50, which was employed in the benzoin condensation under micellar 

conditions in aqueous media. Under these conditions Tagaki obtained up to 35% 

enantiomeric excess with 20% yield o f benzoin NHC precursors o f bridged bis-

thiazolium salts 51 and 52 containing two thiazole rings were later developed by Marti 

and Lopez-Calahorra. These catalysed the benzoin condensation with relatively high 

enantiomeric excess of 87% but failed to improve yields of benzoin product more than 

4%.^^ Benaglia et al. developed the NHC derived from the 6/5-(7V-benzyl-thiazolium) 

salt 53, which is able to catalyse the enantioselective benzoin condensation in 40% yield 

and 15% enantiomeric excess (Figure 1.4).^®

OH

;p )

Y N t /1 > J
50 51

Tagaki 1980 
20%, 35% ee

Lopez-Calahorra 1993 
4%, 87% ee

Figure 1.4 Chiral thiazolium ion-

\^ N  ' N f t /  

52

Lbpez-Calahorra 1993 
4%, 27% ee

OH
Benaglia 2003 
40%, 15% ee

benzoin condensation.

Leeper developed bicyclic chiral thiazolium salts to improve yields o f benzoin in 

enantioselective catalysis. They reasoned that the poor yield o f benzoin is because o f 

the chiral substituent on N-3, being free to rotate, hence hindering the approach o f the 

first benzaldehyde molecule to the C-2 o f the carbene 42 and subsequently the approach 

o f the second benzaldehyde molecule to C-2a o f the enamine 45 (Scheme 1.14). In 

order to minimise this steric hinderance, they chose to make thiazolium salts 54 in 

which the free rotation of the chiral centre attached to N-3 is prevented by ring closure 

onto the C-4 substituent (Scheme 1.17).^’

N3

42

Leeper’s
Modification

>OR

N3

54

Scheme 1.17 Leeper’s modification o f thiazolium salt precatalysts.
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Leeper synthesised a series of chiral thiazolium salts, each containing a bulky group 

such as phenyl or silyl alkoxy group to hinder the top face of the thiazolium ring whilst 

nothing hindered access to the bottom face (Scheme 1.18). NHCs derived from 

thiazolium salts 55-57 were employed in the benzoin condensation reaction and 

generated the ^-enantiomer of benzoin (32) with modest yields (20-50%) and low levels 

of enantiomeric excess (11-21%).^^ In the same report Leeper also demonstrated the use 

of aliphatic aldehydes as substrates in enantioselective acyloin condensations. NHC 

precursor 57 promoted the acyloin condensation of butyraldehyde and afforded the 

corresponding acyloin product with a yield of 75% and 33% ee.

O cat.(20 mol%) 9
jj NEt3(40 mol%) 7 — \

MeOH -  
31 (R)-32

Ph

+ TfO TfO

55 20%, 11% e e  56 50%, 21%  ee  57 34%, 20% ee

Scheme 1.18 Thiazolium salts mediated-enantioselective benzoin condensation 

reported by Leeper.^^

Bach et al. developed axially chiral thiazolium ion based-precatalysts. However, the 

carbenes derived from these precatalysts do not improve the enantioselectivity of the 

benzoin product relative to the chiral thiazolium carbene.^^ The thiazolium salt 58 

(which is axially chiral) was employed in the benzoin condensation reaction resulting in 

the formation of benzoin product with a good yield but low enantiomeric excess 40% 

(Scheme 1.19).

Ph

O 58 (10 mol%) 
NEtg (10 mol%)

HO O 

Ph Ph

31 (R)-32 85%, 40%  ee

CIO.

'Bu

Scheme 1.19 An axially chiral thiazolium salt developed by Bach et al.
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1.2.2.2 Triazolium ion based-precataiyst for enantioselective benzoin

condensation

40 years after Ugai’s disclosure of the benzoin condensation catalysed by thiazolium 

ion precatalyst, Castella and Lopez-Calahorra introduced formaldehyde as a substrate in 

the acyloin condensation.^® They employed thiamine and 3-benzyl-5-(2-hydroxyethyl)- 

4-methylthiazolium ion in the self condensation of formaldehyde but instead of the 

expected formoin product glycoaldehyde, they observed a complex mixture of aldoses 

and ketoses. This outcome was explained by the fact that formaldehyde undergoes 

condensation-similar to the benzoin reaction and produces glycolaldehyde, which can 

ftirther participate in condensation chemistry hence affording a mixture of products.

Later in 1996, Enders et al. completed an extensive study using thiazolium-, 

imidazolium- and triazolium salt precatalysts in the acyloin condensation of 

formaldehyde (Scheme 1.20).^' Their investigation found that carbenes derived from

1,2,4-triazolium-salts are not only much more active than their imidazolium- and 

thiazolium ion-based counterparts, but they also give different products in the acyloin 

condensation. The acyloin condensation of formaldehyde (59) employing triazolium salt 

28 as precatalyst in the presence of triethylamine (Scheme 1.20) afforded 

glycolaldehyde (60) in ten minutes as a major product along with a minor amount of 

carbohydrate mixture, whereas thiazolium and imidazolium precatalyst exclusively 

yielded a mixture of carbohydrates.

O 2 8 ( 1 0 m o l% )  OH
I I  Et3N ( 1 0 mol%) I  H

H H  romln—* T
O

59 60 59%

Scheme 1.20 Acyloin condensation of formaldehyde (59) mediated by triazolium salt 

28

The use of triazolium salts in place of thiazolium salts has given rise to promising 

results in the dimerisation of formaldehyde (59). Enders et a l reported the first chiral

1,2,4-triazolium salt precatalyst for the enantioselective benzoin condensation. The 

triazolium salt 61 employed in the enantioselective benzoin condensation reaction
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afforded benzoin product with a yield o f 66% and an optical purity of 75%. The 

precatalyst 61 also promoted the acyloin condensation o f substituted benzaldehydes and 

generated the corresponding acyloins in yields o f 22-72% and optical purities o f up to 
86%.’^

Ph

O
61 (1.25 mol%) 
K2 CO3 (0 .57 mol%)

THF, rt

HO , 0  

Ph Ph

31 (R)-32 6 6 %, 75% e e

Ph
N -N '

CIO,
Ph

Scheme 1.21 The first chiral triazolium ion based-precatalyst-mediated benzoin 

condensation developed by Enders and co-workers

Shortly after Ender’s seminal report o f triazolium salt-promoted enantioselective 

benzoin condensation, Leeper et al. synthesised bicyclic 1,2,4-triazolium salt 

precatalysts (62-64) analogous to chiral thiazolium salts (55-57) discussed previously 

(Scheme 1.22). However these fused triazolium ion based-precatalysts did not show any 

better selectivity than those o f triazolium ion based-precatalysts previously reported by 

Enders. The use o f the NHC derived from the six-membered fused triazolium salt 62 in 

benzoin condensation promoted the reaction with a yield o f 45% of benzoin (5)-32 with 

an enantiomeric excess o f 80%. Additionally, the triazolium ion precatalysts 63 and 64 

derived from pyroglutamic acid were not superior and only promoted the benzoin 

condensation producing the (/?)-enantiomer with a yield o f 22-47% and with optical 

purities o f up to 63%.^^

Ph

O cat. (2 0 mol%) P
^  NEta (40 mol°/^

MeOH

31 (R)-32 22-47%  
up to 63% e e

P h -N
O

-  p h ^ N  '  '  *
Cl '

'P h
62 63  R = CH3

64  R = CgHg

OR

Scheme 1.22 Leeper’s chiral bicyclic triazolium-ion promoted enantioselective 

benzoin condensation.

Based on Leeper’s conformationally rigid bicyclic triazolium ion precatalysts (62-64), 

Enders et al. synthesised a bicyclic triazolium ion based-precatalyst derived from (5)-
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?er/-leucine (i.e. 65) and subsequently applied it in the asymmetric benzoin 

condensation. The desired product was obtained in a very good yield (83%) and with 

the highest enantioselectivities reported (90% ee) at the time. The condensation o f a 

variety o f substituted aromatic aldehydes using the NHC derived from 65 led to the 

corresponding acyloins in moderate to good yields with excellent enantiomeric excesses 

(up to 95%).’“̂

Ph

o

31

65(10mol%) HO 
'BuOK (10 mol%)

Ph'

O

THF
Ph

(S)-32 83%, 90% ee

65 /V

Scheme 1.23 Enantioselective benzoin condensation reported by Enders using chiral 

bicyclic triazolium ion based-precatalyst.

In 2008, Enders further modified his cyclic triazolium ion precatalysts by using various 

sterically demanding alkylsilyloxy groups (Figure 1.5).’  ̂ The triazolium ion precatalyst 

68, in the presence of the non-nucleophilic base KHMDS, promoted the 

enantioselective benzoin condensation with a yield o f 66% and 95% ee. Enders also 

observed a variety o f substituted benzaldehydes and hetero aromatic aldehydes were 

able to react in the presence o f precatalyst 68 and afforded the corresponding benzoin 

product with low to moderate yield and enantioselectivities.^^

66 = TBS r 2 = Ph 69
67 = TMS r 2 = Me
68 r 1 = TMS r 2 = Ph

Figure 1.5 Chiral triazolium ion based-precatalysts

Interestingly, it was found by You and his co-workers that the te-triazolium  salts 

achieved exceptional results in the self condensation of aromatic aldehydes. The 

triazolium salt 69, having two triazole rings employed in the benzoin reaction made it 

possible to obtain benzoin product with a yield of 95% and 95% enantioselectivity. The
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same precatalyst 69 also promoted the reaction employing benzaldehydes possessing an 

electron-donating substituent as substrates with good yields and enantioselectivities. 

These substrates were avoided or afforded lower yields and enantioselectivities than in 

previous studies o f the benzoin reaction. This report became the benchmark in terms of 

yields and enantioselectivity of the benzoin condensation reaction catalysed by a 

triazolium ion derived-carbene.^^

1.2.2.3 Bifunctional chiral triazolium ion based- precatalysts

Until 2009, the rationale behind the development o f triazolium ion precatalyst was 

based on steric hindrance.^^ The plane o f the carbene catalyst was divided into four 

quadrants using aryl and chirally rigid groups to block three o f these quadrants. Connon 

et al. were the first to report the use o f weak hydrogen bonding compounds in the NHC 

catalysed benzoin condensation. It was envisaged that a bifunctional chiral catalyst 

having a chiral substituent, which serves as both a hydrogen bond-donor and 

asymmetric inductor could solve the inherent problems o f low enantioselectivities and 

product yields associated with this reaction. The hydrogen bonding donor activates and 

guides the second aldehyde molecule allowing it to react with the Breslow intermediate 

in the reaction.

The amino indanol derived precatalyst 70 possesses an amide functional group which 

serves as a potential hydrogen bond donor (Figure 1.6).^* This precatalyst 70 is different 

from those previously reported, as the triazolium ion ring is not fused and allows free 

rotation o f the heterocycle. Under optimised conditions the employment o f the 

precatalyst 70 enabled the generation o f benzoin product (32) with up 62% 

enantiomeric excess.

CIO4 CIO4-

Ph Ph

70 25%, 62% ee 71 23%, 13% ee

Figure 1.6 Novel amino indanol-derived precatalysts reported by Connon.
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Connon et al. in a comparative study using jV-methylated precatalyst 71, which is not 

capable o f the donation o f hydrogen bonds, but is structurally similar to precatalyst 70, 

proved the importance o f hydrogen bond donation in this type o f asymmetric NHC- 

mediated catalysis. The carbene derived from precatalyst 71 under similar conditions 

catalysed the benzoin reaction w ith 13% ee, whereas the protic precatalyst 70 promoted 

the reaction w ith 62% ee. Although the optical purity o f the benzoin (32) is lower than 

those o f previously reported but the study confirmed that hydrogen bond donation could 

be useful in this type o f asymmetric reaction.

Based on the promising results achieved by the use o f the amino-indanol derived 

precatalysts, Connon and Zeitler developed two different sets o f bifunctional triazolium 

ion-precatalyst.^^ The triazolium salt 72 possesses the same amide functional group for 

hydrogen bond donation; however the relative positioning o f the generated carbene and 

the aldehyde activating groups were changed. However, precatalyst 72 did not represent 

any improvement on precatalyst 70. The triazolium ion 73, derived from pyroglutamic 

acid, is a rigid bicyclic molecule incorporating a chiral alcohol. This bifunctional 

triazolium ion precatalyst bearing a pentafluorophenyl group on the triazolium ring was 

highly efficient in the asymmetric benzoin reaction. Also under similar conditions 

employing precatalyst 73, the promotion o f the reaction o f substituted benzaldehydes 

provided the corresponding acyloin products with good to excellent enantioselectivities 

(99%) and proved the potential o f bifunctional NHC catalysts as promoters o f highly 

enantioselective reaction.

O 72 or 73 (4 mol%) OH O

j  — —̂ - i - i
31 base, rt 32

i=> bifunctional hydrogen-bonding catalyst

Scheme 1.24 Enantioselective benzoin condensations catalysed by H-bonding 

catalysts reported by Connon and Zeitler.

Very recently Waser et al. introduced urea and thiourea groups in triazolium ion 

catalysis, which were presumed to be operating through weak hydrogen-bonding 

(Figure 1.7). However, these triazolium ion precatalysts did not provide superior results

NHCOPh

72 10%, 31 % ee 73 A r = CgFs 90%, >99% ee
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to those reported by Connon and Zeitler. The thiourea derived triazolium salt 75a 

promoted the formation of benzoin (32) with good enantioselectivity {i.e. 90% ee) in the 

dimerisation of benzaldehyde, however low yields of the benzoin (32) was obtained.^®

X

A .

Ph

74a X = S 75a X = S
74b X = O 75b X = O

C F,

BF-N+ BF4

CF.3

Figure 1.7 Urea- and thiourea-based chiral triazolium ion based-precatalysts 

reported by Waser.

Following Breslow’s*' proposed mechanism for the NHC catalysed-benzoin 

condensation and Enders development of chiral triazolium ion precatalysts, the reaction 

became a highly attractive challenge to organic chemists. Numerous new heterazolium- 

catalysts were developed by many chemists resulting in sufficient progress in the 

enantioselective homo-acyloin c o n d e n s a t i o n . I n d e p e n d e n t  of the development of 

heterazolium catalysis, significant progress has also been made in exploring the enzyme 

mediated enantioselective homo-benzoin condensation.’̂ ^

1.3 The crossed acyloin condensation

Following the significant advances which had been made in the self-condensation of 

benzaldehyde derived compounds, the extension of this methodology in the 

dimerisation of different aldehydes to generate crossed acyloin products has been 

studied. These acyloins (a-hydroxy ketones), are highly useful building blocks for the 

synthesis of heterocycles, natural products, agrochemicals and pharmaceuticals.*^ 

Additionally, the unsymmetrical nature of the building block allows for access to other 

important synthetic precursors, such as some antidepressants 77, famesyl transferase 

inhibitors Kurasoin A 76, Ephidrene 78 and antifungal agent 79, as well in some 

antitumor antibiotics (Figure 1.8).*^’**
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• HCI

HO' Cl
77 antidepressant (Bupropion)76 Kurasoin A

\ /

X
F

79 antifungal agent78 (-)-Ephedrine

Hgure 1.8 Examples o f compounds bearing an acyloin functional group as well as 

some products derived from this functional group.

1.3.1 The intramolecular crossed acyloin condensation reaction

In the last 50 years, the use of NHCs has been widely explored.*^ The benzoin 

condensation (BC) is one o f the carbon-carbon bond forming reactions in which NHCs 

have proven their worth.^° In stark contrast to the homo BC reaction, the intramolecular 

crossed benzoin condensation has only recently become a focus o f research.'*’ The 

discovery that ketones can serve as electrophiles for benzoin-type processes opened new 

pathways for the development o f the catalytic cross condensation o f aldehydes and 

ketones. In the last ten years, the use o f heterazolium salts in the promotion o f the cross 

coupling of aldehyde-aldehyde, aldehyde-ketone and aldehyde-imine substrate pairings 

has been explored.^’

1.3.1.1 Intramolecular aldehyde-aldehyde coupling reactions catalysed by azolium 

salts

The intramolecular aldehyde-aldehyde acyloin condensation (AC) generates an 

asymmetric cyclic acyloin containing at least one new stereo centre. This class of 

product are knowTi as cyclic a-ketols. Cookson and Lane proposed that the thiazolium 

ion derived-carbene catalysed cyclisation o f dialdehydes as a useful synthetic route to
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cyclic a-ketols, which can be further modified to access 2-hydroxy-2-enones.^^ Several 

examples of this class of molecule are important flavouring materials in the food 

industry.^^ A typical example is shown in Scheme 1.25. In the presence of triethylamine 

and the thiazolium salt 83, anhydrous pentanedial 81 undergoes a NHC catalysed 

intramolecular AC in which cyclised hydroxypentenones are obtained and further 

oxidised in situ to the ketone 82 (Scheme 1.25).

Ri

O'

83 (10 mol%) 
EtsN (20 mol%) 
CHjCN, 80 °C

C u(OAc)2, AcOH 
MeOH, HjO

Ri
R2

o OH

81 82 

Scheme 1.25 Intramolecular AC developed by Cookson and Lane

Unfortunately, the thiazolium salt, when employed in the intramolecular cross 

condensation of unsymmetrical aldehydes, produces two regio-isomers and cannot be 

used to make one specific isomer selectively. The intramolecular cross condensation of 

methyl glutarldehyde (84) promoted by the NHC derived from precatalyst 83 afforded a 

mixture of isomers of a-ketols 85a & 85b however these can be further oxidised to 

obtain corylone (86), a flavourine (Scheme 1.26).

8 3 (1 0 m o l% )  P  \ C u ( O A c )2

O'^ ^'O EtgN (20 mol%) _AcOH-------- ^
C H 3C N ,80°C  MeOH.H^O

84 85a 85b 86

Scheme 1.26 Synthetic utility of the intramolecular AC reaction.

In 1992, Wong and co-workers^'* utilised the intramolecular AC of dialdehydes in their 

multi-step synthesis of 10,11-dimethoxy dibenz[Z?,/|oxepin (90), a compound which is 

found to exhibit analgesic and anti-inflammatory properties.^^ It was noted that the 

reaction is not selective and leads to a mixture of acyloin product 88 as well as the 

oxidised benzil type product 89 when potassium cyanide is used as the catalyst (Scheme 

1.27).
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o.
KCN (250 mol%)

DMSO

O O OH O O MeO OMe
90

87 88, 25% 89,22%

Scheme 1.27 Racemic intramolecular acyloin condensation o f dialdehyde reported by

Miller and Mennen applied the intramolecular cross AC to the macrocyclisation o f a,a>- 

dialdehydes.^^ The study investigated the use o f a range o f substrates, including the 

synthesis o f a key intermediate in a rapid synthesis o f ?ra«5-resorcylide. Miller 

presumed the existence o f regioisomers (Figure 1.9) ainphidinolide T1 (91) and 

amphidinolide T3 (92) in nature was due to the possible interconversion o f the two 

regioisomers through a retro-acyloin/acyloin mechanism. This process proceeds through 

the intermediate dialdehyde, under kinetic control, in the presence o f thiamine 

diphosphate. Based on their proposed mechanism, and the observation o f aldehyde 

formation in the retro-acyloin reaction they attempted to synthesise macrolides from 

intramolecular coupling of the corresponding dialdehyde precursors using heterazolium 

salts as precatalysts.

Figure 1.9 Naturally occurring regio-isomeric acyloins.

Surprisingly, the use of prototype thiazolium ion precatalyst 93, did not afford either the 

intermolecular crossed product or macrolide 95, which would result from intramolecular 

cross condensation o f dialdehyde 94. NHC derived triazolium salt 96 however, was able 

to catalyse intramolecular AC of dialdehyde 94 in the presence o f DBU to afford 

macrolide 95 in 30% yield (Scheme 1.28). It was also observed that decreasing ring size

Wong.̂ "*

OH o

o
92 am p h id ino lide  T3

O

91 am phid ino lide  T1
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in this methodology led to lower yield, while up to 47% yield o f the cyclisation product 

was obtained with larger ring sizes.

9 6  (1 0 0  mol% ) 
DBU (2 0 0  mol% ) 

CH 2 CI2 , ’BuOH

Ph
Ph

BF, BF,

HO'

9 3 96 97

Scheme 1.28 Macrocyclisation using intramolecular BC developed by Miller.

The modification o f the triazolium ion based precatalyst 96 by the introduction o f an 

electron withdrawing substituent {i.e. precatalyst 97) improved the yield o f cyclised 

product. Yields for cyclisation o f 94 could be improved to provide up to 48% of the 

macrocycle product 95. Miller also successfully incorporated this methodology into the 

total synthesis o f fran^-resorclyide (99), which is a 12-membered macrocycle belonging 

to a family o f naturally occurring benzoic acid-derived macrolide plant growth 

inhibitors isolated from the species Penicillium sp.^^ The intramolecular condensation of 

dialdehyde 98 in the presence pentafluorophenyl substituted triazolium precatalyst 97 

(Scheme 1.29) resulted in a yield o f 21% of the /ra«5-resorclyide (99). A major 

drawback associated with M iller’s cross acyloin methodology is the requirement of 

stoichiometric loadings o f both catalyst and base, which results competing aldol 

reactions.

O Bn O

BnO

9 7 ( 1 0 0  mol% )
DBU (2 0 0  mol% )

C H 2 CI2 , 2 2  °C, 1 .5  h

BnO'

BF,

97

9 8  9 9  21%

Scheme 1,29 Intramolecular AC in synthesis o f ?ra«5-resorcylide (99).
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In 2004, Enders and Niemeier attempted to synthesise the cyclic a-hydroxy ketone 101 

using dialdehyde 100 as a substrate in the presence of precatalyst 93 (Scheme 1.30). 

The product obtained, turned out not to be the expected cyclic acyloin 101 but 9,10- 

phenanthrenequinone (102). When the dimerisation protocol was applied to symmetrical 

dialdehyde 100, a-hydroxy ketone 101 is formed as an intermediate which undergoes 

oxidation by atmospheric oxygen to produce quinone 102 during work up. Under 

optimised conditions, the intramolecular BC of dialdehyde 100 in the presence o f 

thiazolium ion precatalyst 93 (20 mol %) provided quantitative conversion of 100 to 

quinone 102 with DBU as base (30 mol %) and ?-BuOH as solvent at 60 °C (Scheme 

1.30).^^ It should be noted that there are no enantioselective aldehyde-aldehyde 

intramolecular cross acyloin condensations reported in literature.

93 (20 mol%) 
'BuOH

/ = \  DBU (30 mol%) 
/  60 °C, 24 h

100 101 102 100%

Scheme 1.30 Synthesis of 9,10-phenanthrenequinone (102) reported by Enders.

1.3.1.2 Intramolecular aldehyde-ketone coupling reactions catalysed by azoiium 

salts

In comparison, studies of the intramolecular AC between aldehydes and ketones have 

been far more successful when measured against the success o f research into the 

intramolecular AC reactions already mentioned. The aldehyde in this process is more 

susceptible to nucleophilic attack by the carbene than the ketone functional group, thus 

the catalytic cycle leads to only a single regio-isomer o f the product - if  aldol reactions 

are suppressed. By employing the synthetic thiazolium salts developed by Stetter et a l,  

diastereoselective cross aldehyde-ketone benzoin reaction have been successfully 

employed by Suzuki for the synthesis o f poly cyclic phenanthraquinones. The use of 

Stetter's precatalyst 93 with functionalised oxazole 103 as the substrate, allows the 

synthesis o f the tetracyclic a-hydroxy ketone 104 in good yield and excellent
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diastereoselectivity. The pre-existing chiral centre in substrate 103 is responsible for the 

high diastereoselectivity observed (Scheme 1.31).^^

EtOjC

P 'N  9

o

93 (20 mol%) 
'BuOH

DBU (70 mol%) 
40 °C, 0.5 h ''CHa

103 104  79%, d r 20:1

Schem e 1.31 Aldehyde-ketone intramolecular condensation reported by Suzuki

Inspired by Suzuki and Bode’s seminal intramolecular cross coupling reactions 

(Scheme 1.31), Enders reported a broadened scope for intramolecular acyloin type 

reactions using simple aldehyde-ketone substrates. Aldehyde substrates containing 

pendant ketone fiinctional groups connected through a benzene ring can participate in 

the intramolecular cross acyloin condensation (Scheme 1.32).

Schem e 1.32 Intramolecular aldehyde-ketone coupling employing simple substrates 

reported by Enders.

The process is appropriate for the synthesis o f  five and six membered cyclic acyloins 

and afforded moderate yields; whereas difficulties were encountered in the cyclisation 

reaction to give larger ring sizes. Using the thiazolium ion-based precatalyst 109 in the 

presence o f  triethylamine, the cyclisation o f  substrates 105 and 107 were achieved in 

less than 50% yield. Aliphatic-aromatic ketoaldehydes performed better than aromatic- 

aliphatic ketoaldehydes. In the case o f  aliphatic-aliphatic ketoaldehydes inferior yields 

are obtained, along with side products resulting from the intermolecular acyloin 

condensation reaction.^^

109 (20 mol%) 
EtgN (40 mol%)

105 n = 0 
1 0 7 n  = 1

106 n = 0 45% 
108 n = 1 48%
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Contemporary reports from Suzuki et al. and Enders et al. showed that the 

intramolecular process can be promoted enantioselectively by chiral carbenes to furnish 

chiral cyclic a-hydroxy k e t o n e s . R e m a r k a b l y  similar precatalysts were chosen to 

catalyse the reaction process and once again identical ketoaldehyde substrates were 

chosen (Scheme 1.33). Enders developed the first enantioselective intramolecular cross- 

acyloin reaction catalysed by chiral NHCs. The prototype silyl protected precatalyst 

113, which had been found to be an excellent precatalyst for the enantioselective 

intermolecular benzoin condensation, proved to be ineffective in the intramolecular 

acyloin condensation. The novel tetracyclic y-lactam derived triazolium ion-based 

precatalyst 114 led to excellent results in the intramolecular AC of ketoaldehydes. 

Using the precatalyst 114 in the presence o f DBU, Enders et al. obtained a series of 

cyclic a-ketols from both aromatic-aliphatic and aliphatic-aromatic ketoaldehydes with 

variable yields and optical purities (Scheme 1.33). Thus the enantioselective 

intramolecular acyloin condensation was established as a synthetic tool. The use of 

chiral carbene-based organocatalysts in the synthesis o f bioactive natural products 

(bearing a quaternary a-hydroxy ketone unit) was then demonstrated.'*^^

Suzuki et al. screened a series of known heterazolium ion-based precatalysts to evaluate 

their ability to promote the enantioselective intramolecular acyloin condensation in the 

presence o f base. The study revealed that triazolium ion- based precatalysts are superior 

to thiazolium ion- based precatalysts. Suzuki employed triazolium ion precatalyst 112 

(originally designed by Rovis’’’'*) in the intramolecular acyloin condensation. Starting 

from the corresponding aldehyde-ketones 110 , Suzuki developed a general N- 

heterocyclic carbene-catalysed protocol for the asymmetric synthesis o f chromanones, 

which are key structural units o f natural products (Scheme 1.33). Enders and Suzuki 

reported the use o f substoichiometric amount o f base, relative to the precatalyst, to 

suppress competing aldol side reaction.’®̂
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cat. (10-20 mol%) 
DBU or 'BuOH

TfO

57

O

Ph

115 56%, 88% ee

H,C
hoA

117 44%, 96% ee

Suzuki et al.

112

116 69%, 60% ee

118 73%, 39% ee

Enders et al.

Ph
, : n1 >6"

'I
TIPSO 

113

119 88%, 94% ee

120 91%, 98% ee

116 95%, 74% ee

HO CHo

121 68%, 67% ee

Scheme 1.33 Enantioselective intramolecular aldehyde-ketone cross coupling 

promoted by heterazolium ion based-precatalysts

You et al. reported a series o f triazolium salts 122a-122d derived from J-camphor 

(Figure 1.10). These were proven efficient precatalysts for the intramolecular crossed 

aldehyde-ketone acyloin condensation and afforded cyclic a-ketols bearing a quaternary 

carbon centre with quantitative yields and up to 93% enantiomeric e x c e s s . A l s o  

Suzuki synthesised a range o f novel amino indanol-derived triazolium salts 123a-123d 

by placing different polyfluorinated phenyl units on the nitrogen atom of the triazolium 

ion ring (Figure 1.10). The novel triazolium ion precatalyst 123a facilitates good yield 

and high enantioselectivities in the synthesis o f hydroxyl chromanones via the 

intramolecular crossed acyloin condensation.
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BF4

/^N' 
/

N

Ar

122a Ar = C6Hs 
122bA r = 4 -MeO-CgH4 
122c  Ar = CeF5 
122d Ar = 3,5-(CF3)2-CeH3

123a Ar = 2-C6p5 
123bA r = 2,6-F2-C6p3 
1 2 3 c  Ar = CgFj 
123d Ar = 3 ,5 -(CF3)2-CgH3

Figure 1.10 Chiral triazolium ion based-precatalysts.

1.4 Intermolecular cross acyloin condensation

Due to their high synthetic utility, the development o f routes to acyloin compounds via 

metal-catalysed heteroatom transfer and organocatalytic a-oxidation chemistry has, in 

recent times, been extensively investigated."® While these methods are undoubtedly 

useful, if  one considers the power and utility o f the aldol reaction '” as a C-C bonding 

forming process for the generation of p-hydroxy aldehydes/ketones 124, it is apparent 

that the organocatalytic direct coupling o f two different aldehydes (if chemoselective) 

potentially offers a more modular and direct approach to the preparation o f acyloins 

over a-functionalisation chemistry (Scheme 1.34).

3-hydroxy k e to n e s

a -h yd roxy  k eto n e s

’ important structural motif in natural 
products and pharmaceuticals 

' versatile building blocks 125 OH

O
® r

^ 0  ■ OH 

ca ta ly tic  a ldol c o n d e n sa t io n

O,1 ^ 0 ®r
OH

R2

ca ta ly tic  b en zo in  co n d en sa tio n :
The m ost direct synthetic route

Scheme 1.34 Comparison o f aldol reactions with acyloin/benzoin condensation.

1.4.1 Challenges associated with the crossed acyloin condensation

The challenges associated with the development o f an efficient and selective cross 

acyloin condensation protocol are considerable. The objective is to exercise control {via 

the catalyst) over the process to the extent that a single major adduct is formed from 8 

possible products (4 chiral ketones 128a-d x 2 enantiomers each. Scheme 1.35) in high 

yield. Another problem associated with the crossed acyloin condensation is the use o f
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enolisable aldehydes; they are potentially problematic due to competitive aldol 

pathways under the basic reaction conditions.

126 127 128a 128b 128c 128d

Scheme 1.35 The intermolecular crossed acyloin condensation

1.4.2 Cyanide-catalysed intermolecular crossed acyloin condensation reactions

In 1882, almost 50 years after the discovery of Liebig’s homoacyloin reaction, Fischer 

disclosed the cross condensation of two different aldehydes; benzaldehyde and 

fiirfuraldehyde, which led to the formation of a cross benzoin product called mixed 

benzoin (benzoins with non-identical aromatic moieties) at the time."^ In 1930, Buck et 

a/. published a report concerning the crossed condensation of various aromatic 

aldehyde partners of contrasting electronic characterisation in the presence of high 

loadings of cyanide ion. Aliphatic aldehydes were not employed in the study and no 

general trends leading to chemoselective methodologies were uncovered. For example, 

in the presence of stoichiometric amounts of potassium cyanide, the crossed 

condensation of 3-ethoxy-4-methoxy benzaldehyde (129) and 2-chloro benzaldehyde 

(130) generated a-hydroxy ketone 131(Scheme 1.36). At the time, these reactions were 

believed to be under thermodynamic control and considered to generate the a-hydroxy 

ketone with the more electron-deficient aryl ring alpha to the hydroxyl group as the 

major product.

KCN (98 mol%) 
EtOH

129 130 131 81%

Scheme 1.36 A crossed acyloin condensation carried out by Buck."^
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1.4.3 Intermolecular cross-coupling of aldehydes using thiazolium ion based- 

precatalysts

Over 30 years ago Stetter et a i ,  in an attempt to develop efficient routes to 1,2- 

diketones, reported in a short, limited study in which an achiral thiazolium salt-derived 

carbene promoted the crossed acyloin condensation between aromatic and aliphatic 

aldehydes. Good crossed product yields could be obtained if  the aliphatic aldehyde was 

utilised in high excess (3.0 equiv.), however chemoselectivity was both highly variable 

and substrate dependent -  which significantly detracted from the synthetic applicability 

o f the methodology. The cross products 134c and 134d obtained in the reaction were 

isolated together and not separated further. Condensation o f straight and branched chain 

aliphatic aldehydes with substituted aromatic aldehydes in the presence o f an achiral 

thiazolium ion precatalyst 135 provided acyloins with moderate yields and poor to good 

chemoselectivity.

Table 1.0 The first examples o f carbene-catalysed intermolecular cross acyloin 

condensation by Stetter

0 O

R2

EtjN (60 mol%)

EtOH (3 .1 3 -5 .0  M) 
80 °C, 14-16 h

O OH ^
—(

R2 r 1

O, OH
— (

R’ r 2

3H

132 133 134c 134d r  135
(3.0 equiv.)

entry R’
yield (%) 

134c + 134d

Ratio 

134c:134d

1 /-C3H7 C6H5 56 35:65

2 /-C3H7 2 -CI-C6H4 81 100:0

3 CH3 4 -CI-C6H4 52 0:100

4 /-C3H7 2-furyl 88 95:5

5 /-C3H7 4 -CI-C6H4 75 45:55
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Some o f the isolated yields o f mixed isomers and their ratios reported by Stetter are 

given in Table 1.0. Poor chemoselectivity and modest yields were obtained using 

benzaldehyde with other aliphatic aldehydes in the cross condensation (entry 1). In the 

case o f o-substituted benzaldehydes with aliphatic aldehydes the chemoselective 

product 134c was obtained in which the aromatic aldehyde is acyl donor (entry 2). 

Interestingly when acetaldehyde was employed as the aliphatic counterpart the 

chemoselectivity was reversed with exclusive formation o f the opposite product 134d 

(entry 3). Cross coupling o f ;?ara-substituted aromatic aldehydes with branched 

aliphatic aldehydes resulted in poor chemoselectivity (entry 5).

135 (10mol% )
EtjN (60 mol%)

EtOH (3 .1 3 -5 .0  M) 
80 °C, 14-16 h

OH HO

132 136 137c 137d

Scheme 1.37 Crossed acyloin condensation with bulky substituted aldehydes

Stetter also reported a crossed condensation reaction catalysed by the carbene derived 

from thiazolium salt 135. Acyloin products were obtained from selected aliphatic 

aldehydes in the presence o f bulky substituted norborene-2-carbaldehydes 136 (Scheme 

1.37). They presumed the bulky substituents on norborene-2-carbaldehydes 136 

disfavour their self-condensation and hence drive the reaction towards good 

chemoselectivity for the formation o f cross-product (137c or 137d). Even though they 

obtained combined yields up to 72% for the cross products 137c and 137d but no data 

on chemoselectivity was reported.

Inspired by Stetter and Dambkes reports on cross-coupling processes, Golding et al. 

attempted intermolecular NHC catalysed cross coupling o f different straight chain 

aliphatic aldehydes."^ Using the same conditions employed by Stetter, Golding et al. 

studied the condensation o f aliphatic aldehydes possessing a bulky aromatic silyl 

protecting group to obtain corresponding cross acyloins. These cross acyloin products 

were further converted to their oximes, used for modelling co-enzyme B 12 dependent 

enzymatic reactions. However, in this study, the yield o f individual cross products and 

data regarding chemoselectivity were omitted. This process utilises an extra 2
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equivalents o f one of the aldehydes and obtained yields of cross products (134c and 

134d) ranging from 29% to 71%. It was presumed that lower yields obtained in certain 

cases were due to aldehyde oligomerisation.

Selective cross acyloin condensation of formaldehyde (138) with different aldehydes 

was reported by Inoue and co-workers using thiazolium salts 144 and triethylamine 

base. The group screened different catalysts including potassium cyanide, thiazolium- 

and imidazolium salts. The 3-ethylbenzothiazolium bromide (144) in the presence of 

triethylamine facilitated the best results with good chemoselectivity. The study involved 

generation o f l-hydroxy-2-ones (141-143) exclusively by the condensation of 

formaldehyde with different aliphatic aldehydes (139 and 140) and with benzaldehyde, 

afforded decent yields (Scheme 1.38)."^

o
A,

o 144(10m ol% ) 
EtgN (200 mol%)

EtOH (0.05 mM) 
22 °C, 1.5 h

138 132

139 R ' = Cyclohexyl
140 R ' = /sopropyl

HO

141

*.C2H|

144

142 R  ̂ = Cyclohexyl, 94%
143 R'' = /sopropyl, 93%

Scheme 1.38 The selective cross acyloin condensation by Inoue and co-workers.

Two examples of aromatic aldehydes used as substrates for the crossed acyloin 

condensation with formaldehyde was also reported by Inoue. Using benzaldehydes (32) 

under similar conditions, they obtained 96 % of cross product 145 (Scheme 1.39).

o

138

Ph

32

O
J

144(10m ol% ) 
EtgN (200 mol%)

EtOH (0.05 mM) 
22 °C, 1.5 h

O
HO

145 96%

Ph

144

Scheme 1.39 Crossed acyloin condensation between benzaldehyde and formaldehyde 

reported by Inoue
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1.4.4 Intermolecular cross-coupling of aldehydes using triazolium ion based- 

p recatalysts

As part of a target-oriented synthesis study involving intramolecular cross AC reactions, 

Miller et al. carried out one intermolecular AC reaction reported to be selective 

involving o-tolualdehyde (146) and hexanal (147) in the presence of stoichiometric 

loadings of a triazolium ion precatalyst 97 (Scheme 1.40). However, the yield of the 

only isolable cross product 148 was low (16%).” * Miller also observed the analogous 

cross coupling of benzaldehyde with hexanal exhibited poor chemoselectivity and led to 

mixture of crossed products. They concluded that steric factors play a major role and 

preclude the formation of the Breslow intermediate derived from hindered ortho- 

substituted aldehydes.

146

o

V
147

97 (100 mol%) 
DBU (200 mol%)

CH2 CI2  (0 .05 mM) 
22 °C, 1.5 h

148 16%

Scheme 1.40 The crossed acyloin condensation reported by Miller

1.4.5 Cross coupling of aldehydes to trifluoromethyl ketones

In 2009 Enders”  ̂ disclosed the NHC-catalysed coupling of aromatic aldehydes with 

trifluoromethyl ketones (Scheme 1.41). Excellent chemoselectivity could be achieved 

using hetero-aromatic aldehydes and trifluoromethyl ketones 149. Enders discovered 

that using an excess amount of base promoted the formation of desired cross-coupled 

product between aldehyde and ketone over the homo-coupling of the aldehyde. When 

the aromatic aldehydes are changed from ;i-excessive heterocyclic aldehydes to 

benzaldehydes, especially ortho substituted benzaldehydes, a decrease in 

chemoselectivity was observed. Recently, Enders also reported the enantioselective 

cross coupling with moderate to good ee after recrystallisation using NHC-derived from 

chiral triazolium salt 43.'^°
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O o 9 6(10m ol% ) o
y + II DBU (20 mol%)

R' R 2 ^ C F 3     h K  R"
THF, rt, 1 5 h  HO

132 149 150 , 34-99%

BF,

BF,

43

TBDPSO

84%, 77% ee

Scheme 1.41 The coupUng of aldehydes with trifluoromethyl ketone

1.4.6 Recent advances in the intermolecular cross acyloin condensation

Very recently, Yang and co-workers developed a chemoselective cross acyloin 

condensation between /?ara-substituted aromatic aldehydes and acetaldehyde.'^' They 

observed a change in the regioselectivity of the cross product formed by using 

thiazolium- and triazolium-ion based precatalysts (Scheme 1.42). In the case of 

thiazolium ion-based precatalyst 135, the major cross product 153c was obtained as a 

result of the Breslow intennediate derived from the aromatic aldehyde (acyl donor) 

undergoing nucleophilic attack upon acetaldehyde. The opposite regioselectivity was 

observed in the case of a triazolium ion-based precatalyst promoted where the aromatic 

aldehyde acts as the electrophilic coupling partner. The origin of the difference in 

reactivity between the two families of NHCs is still unknown. They presumed the 

difference in chemoselectivity was due to either steric or electronic factors between two 

classes of NHCs. The aromatic aldehydes bearing electron-withdrawing substituents 

provided higher chemoselectivity when employing the thiazolium ion-based precatalyst 

135 in the crossed AC, whereas electron-rich aromatic aldehydes underwent 

chemoselective crossed AC in the presence of triazolium ion-based precatalyst 97. 

Although the desired product can be obtained by altering the identity of the azolium 

ion-based precatalysts, the process failed both, to demonstrate the use of aliphatic 

aldehydes other than acetaldehyde and to deliver chemoselectivity with other than para- 

substituted benzaldehydes in cross-coupling process.
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o

cr OH

13a (10 mol%)

CS2 C O 3  ( 2 0  m ol% ) 
THF, 20  °C , 15 h

cr

o
H + [1 ^ 3 7  (1 0  m o l% )

CS2 C O 3  ( 2 0  m ol% ) Cl 
THF, 20  °C , 15 h

153c 88%

OH

135

151 152 153d 86%

Scheme 1.42 Catalyst-controlled chemoselective cross acyloin condensation

The same research group also attempted an enantioselective version of cross coupling 

between /7ara-chlorobenzaldehyde and acetaldehyde. Using a similar bifunctional 

carbene catalyst and reaction conditions developed by Connon and co-workers, Yang et 

al. reported an enantioselective cross condensation between aromatic aldehydes and 

acetaldehyde (Scheme 1.43). The triazolium precatalyst 154 bearing a para-hromo 

phenyl substituent on the nitrogen atom catalysed the reaction in low yield {i.e. 41%) 

and moderate enantioselectivity {i.e. 60% ee). The use of an excess amount of 

acetaldehyde is due to its volatile nature and to suppress homo-benzoin product 

resulting from the coupling of aromatic aldehydes. However, again the enantioselective 

version of this process is limited to acetaldehyde and />a/'a-substituted aromatic 

aldehydes.

OH

Cl

o
H + I j ^ 1 5 3 ( 1 0 m o l % )

CS2 C O 3  (20  m or/o) Cl 
( 1 0  e q u iv .)  20 °c, 15 h

O

151 152 1 5 3 d  4 1 % , 8 0 %  e e

Scheme 1.43 Enantioselective crossed acyloin condensation reported by Yang et al.

Over the last two decades, reports on the cross acyloin condensation have been 

restricted with respect to reaction scope. The most apparent difficulty posed by this 

crossed acyloin condensation is the lack of chemoselectivity and the formation of 

multiple products which eventually led to isolation problems. In conclusion, while 

significant advances in the (enantioselective) carbene catalysed homo acyloin
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condensation have been made recently, a general carbene-catalysed process capable o f 

promoting the direct, chemoselective (and enantioselective) crossed AC reaction 

between two different aldehydes in chemo- and enantioselective fashion remains 

elusive.

1.5 Enzyme-mediated crossed intermolecular acyloin condensation

Enantioselective synthesis involving carbon-carbon bond formation is often the pivotal 

step o f an organic synthesis. Nature has made a variety of versatile enzymes available to 

catalyse these type o f reactions very selectively under mild c o n d i t i o n s . I n  the last 

fifteen years, apart from the development o f organocatalytic transformations, thiamine 

diphosphate dependent enzymatic transfonnations have been e x p l o r e d . D e m i r  and 

Muller previously investigated a homo benzoin condensation in which benzoin products 

can be efficiently obtained in the presence o f thiamine diphosphate (ThDP)-dependent 

enzymes such as benzaldehyde lyase (BAL) or benzoylformate decarboxylase (BFD).'^^ 

These enzymatic processes provided the corresponding homoacyloin products in 

excellent yields and enantiomeric excess.

The synthesis o f ephedrine (78) in 1921 via an enzyme-catalysed decarboxylation of 

pyruvic acid (155) led to an increased interest in enzyme-mediated cross acyloin 

condensations. Pyruvate decarboxylate (PDC) present in the yeast catalyses both the 

decarboxylation o f pyruvic acid to acetaldehyde and the cross acyloin condensation of 

acetaldehyde with benzaldehyde. The product, (i?)-phenylacetylcarbinol (156), obtained 

in this process can be further subjected to reductive amination (Scheme 1.44) to produce 

(li?,25)-(-)-ephedrine (78). Notably, this was the first commercialised process to be 

carried out in the biotechnology industry.

o OH
Yeast

-CO.
OH

154 31 (R;-155 78

Scheme 1.44 Commercialised chemo-enzymatic synthesis o f (17?,25)-(-)-ephedrine.'^^



Much effort was spent on the elucidation of the mechanism of ThDp-dependent 

enzymatic decarboxylation of ketoacids (Scheme 1.45). It is now accepted that the 

carbene 157 attacks the carbonyl group of the ketoacid 155 yielding a 2-hydroxy acid 

adduct 158. Cleavage of the carbon-carbon bond in the adduct 158 produces the active 

aldehyde or Breslow intermediate 159 along with a carbon dioxide molecule.^*’'^’’'̂ * 

The Breslow intermediate is an acyl donor and reacts with the acceptor aldehyde, 

generating the alkoxide intermediate 160, which contains a newly-formed carbon- 

carbon bond. Proton transfer and consequent dissociation of intermediate 161 produces 

the cross acyloin product 155 and regenerates the catalytic ylide 157 which can re-enter 

the catalytic cycle. The acceptor aldehyde can approach the Breslow intermediate from 

either a parallel or anti-parallel direction which results in the formation of the (S) or (R) 

enantiomer of the hydroxyketone respectively. The other regio-isomer of 155, (S)-2- 

hydroxy-l-phenylpropan-l-one can be obtained either starting from benzoylformate and 

acetaldehyde (152), or from benzaldehyde (31) and acetaldehyde (152).'^°’'̂ '

OH

155

R.

x>-
,57

161

OH

154

'S^HO'
158

-CO ,

H transfer

OHPh-

CH

159160

OPjOfi

H,N N

Scheme 1.45 Reaction path for the enzymatic a-keto acid decarboxylation and the 

formation of a-hydroxyketones

The advantage of enzymes in organic synthesis is based on their stereo- and 

regioselective control of the catalytic process. It was Muller and his co-workers who 

investigated the cross coupling of a range of aldehydes with acetaldehyde in the 

presence of enzyme BFD (Scheme 1.46).'^^’'^̂  The enantioselectivity in this
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carboligation process catalysed by the BFD enzyme was significantly influenced by 

sterically-demanding substituents on the aromatic aldehydes. BFD facilitates the 

carboligation o f acetaldehyde (152) with a variety o f substituted benzaldehydes 133 to 

the corresponding hydroxyketones 162-165. The superior enantioselective results were 

obtained by employing meto-substituted benzaldehydes such as 3-alkoxy and 3- 

phenyloxy-substituted benzaldehydes, providing the cross acyloin product with up to 

99% enantiomeric excess. However use of /»ara-substituted benzaldehydes led to 

products of less enantiopurity compared to their wefa-substituted substrates. Although a 

large variety o f aromatic aldehydes could be used as donor substrates in the 

carboligation processes, variation o f the nature o f the aliphatic aldehyde was not well 

tolerated. Sterically hindered o/t/;o-substrates performed poorly in the cross 

condensation with acetaldehyde. When heteroaromatic aldehydes were tested as 

substrates, the corresponding 2-hydroxypropanones were obtained with moderate 

enantiopurity and low yields. It must also be noted that BFD required 50 equivalents of 

acetaldehyde (62) to deliver chemoselective products in cross AC.

O O BFD, ThDP H O ^ C H j

^ - 1 0 ---------- " T
H3C buffer pH 7.0 O

152 133 162 r 2 = Ph, 99%, 92% ee
163 r2 = 3 -F-C6H4 , 100%, 87% ee
164 r2 = 3 -OMe-C6H4 , 94%, 96% ee
165 r2 = 3 -OAC-C6H4 , 80%, 99% ee

Scheme 1.46 Cross coupling o f acetaldehyde with various aromatic aldehydes 

catalysed by BFD

Benzaldehyde lyase (BAL), which provided superior results in comparison to the use o f 

BFD enzyme in the homobenzoin c o n d e n s a t io n ,a ls o  proved more versatile in the 

cross acyloin condensation. Miiller and Demir reported the study o f the crossed acyloin 

condensation employing acetaldehyde as an acyl acceptor with different substituted 

benzaldehydes catalysed by BAL. Using only 7 equivalents o f acetaldehyde (62), a 

diverse range o f aromatic and heteroaromatic aldehydes underwent cross-condensation 

with high enantioselectivity for the opposite enantiomer to that provided by BFD in the 

analogous reaction. Extending beyond the acetaldehyde substrate scope, BAL catalysed 

the condensation of phenyl acetaldehyde with a series o f methoxy-substituted
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benzaldehydes.’^̂  BAL was also capable o f promoting the carboligation of mono- and 

dimethoxy-acetaldehydes with aromatic aldehydes, along with hydroxymethylation of 

aromatic aldehydes.

Muller et a l, pioneered the enzyme- mediated homo- and crossed acyloin condensation. 

They obtained enantiopure mixed acyloins, leading to the donor-acceptor concept. The 

oi-tho substituted aldehydes are inferior in acting as the donor aldehyde in the cross 

acyloin condensation with acetaldehyde. By presuming these aldehydes can be 

introduced as acceptors in the synthesis o f mixed acyloins, a series o f or?/!o-substituted 

benzaldehydes were allowed to react with different aromatic aldehydes in the presence 

o f enzjTnes BFD and BAL.

Table 1.1 Cross coupling o f aromatic aldehydes promoted by enzymes

BAL or BFD 
KPi Buffer, DMSO

166 167 168

entry
R'

(donor)
R2

(acceptor) enzyme
conv.

(%)

selectivity

(%)

ee

(%)

1 3-CN 2-Cl BFD >99 >99 90

2 4-Br 2-Cl BFD 81 95 95

3 4 -CF3 2-Cl BFD 98 83 >99

4 3,4-CH202 2-Cl BAL 98 83 >99

5 3,4,5-(CH30)3 2-Cl BAL 82 97 >99

6 3,5-(CH30)2 2-Cl BAL 75 95 >99

7 3,5-(CH30)2 2,6-F2 BAL >99 96 n.d

8 3,5-(CH30)2 2,3,5-F3 BAL 98 92 n.d
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Cross acyloin products in which the or//?o-substituted benzaldehydes acted as acyl 

acceptors were obtained selectively. Later, they screened a range o f meta- or para- and 

di-substituted less hindered aromatic aldehydes as acyl donors in cross condensation 

with hindered or///o-substituted benzaldehydes, and obtained excellent yields for 

chemo- and enantioselective mixed acyloins, some o f these results are shown in Table 

1 . 1 .

The authors also found that the aldehydes used (entries 1-6) serve as selective acceptors 

only in the presence o f one particular donor aldehyde (2-chlorobenzaldehyde). 

Additionally, less hindered aldehydes (entries 7 and 8) were coupled with another series 

o f hindered acceptor aldehydes with excellent chemoselectivity however no 

enantioselectivities were reported.

Table 1.2 Some examples of donor-acceptor based crossed acyloin reactions

o o
jj + I] KdCA, K3PO4, DMSO 

3 d, 30 °C, pH 6.8

132 133

O OH
— c

r 2 r ’

134c

O

R’ 
134d

PH

r 2

entry R' yield 134c 

(%)

ee 134d

(%)

yield 134d 

(%)

ee 134d

(%)

1 CH3 Ph n.d 93 n.d 92

2 C2H 5 Ph - - n.d 98

3 C3H7 Ph - - 32 97

4 /•-C4H9 Ph - - 25 88

5 cyclopropyl Ph - - 14 98

6 CH3 3,5-Cl2-C6H3 - 97 - -

7 CH3 CH2C6H5 49 n.d 12 n.d

In 2007 Muller et al. disclosed the branched chain keto-acid decarboxylase (KdcA)- 

catalysed cross acyloin condensation. The enzyme KdcA derived from Lactococus 

lactis™  is able to catalyse the carboligation o f a broad range o f aldehydes to chiral 2-
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hydroxy ketones (Table 1.2). Initially, the condensation of benzaldehyde with 

acetaldehyde produced an equal mixture of two regioisomers but with high level of 

enantioselectivity (entry 1).

Interestingly, the enantiopurity of the products formed in the cross acyloin condensation 

of benzaldehyde with aliphatic aldehydes increased in the case of higher number of 

carbons in aliphatic aldehydes albeit with inferior product yields (entries 2-5). Using 

acetaldehyde as the acceptor aldehyde and generating donor aldehydes from ketoacids 

(conventional methods) allows for high chemoselectivity to be obtained. Generation of 

enolisable aldehydes such as phenylacetaldehye and indole-3-acetaldehyde from their 

corresponding ketoacids by enzymatic (KdcA) decarboxylation, followed by cross 

condensation with acetaldehyde, led to the asymmetric synthesis of corresponding 2- 

hydroxyketones.

Enzyme-mediated cross coupling reactions are far more developed than NHC-catalysed 

processes. With the result that enzymatic-cross coupling of aldehydes offers an easy 

access to unsymmetrical acyloin products from a wide range of aldehyde substrates. The 

chemoselective outcome of cross coupling processes can be tuned by the judicious 

selection of a specific enzyme with suitable aldehydes or ketoacids. However the NHC- 

catalysed cross coupling reactions are not yet as advanced as enzyme induced 

homobenzoin reactions in terms of yield and enantiopurities. The cross coupling of 

aldehydes with other electrophilic partners such as ketones and imines is still in its 

infancy and only recently, enantioselective aldehyde-ketone cross coupling reactions 

catalysed by enzymes were reported.''^' Thus in conclusion, the enzymatic 

intermolecular crossed acyloin condensation has yet to reach its full potential as a 

synthetic tool for direct intermolecular chemo- and enantioselective crossed acyloin 

condensation.

1.6 Aldehyde-imine cross couplings catalysed by A^-heterocyclic carbenes.

Cross-coupling of imines and aldehydes is one of the important classes of reactions 

among the crossed acyloin condensations of aldehydes. The use of imines as 

electrophilic partners or acyl acceptors in carbene-catalysed acyl anion additions has
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been studied in far less detail compared to the benzoin condensation. The cross coupling 

o f aldehydes with imines generates synthetically useful a-keto amines. It was found that 

^-heterocyclic carbenes were capable o f catalysing these cross coupling processes. 

Despite the first report by Lopez-Calahorra dating back to 1988, this area of 

investigation can still be considered to be in its infancy. In 1988, Castells and Lopez- 

Calahorra disclosed the cross-condensation o f iminium ions derived from 

formaldehyde with aldehydes using thiazolium precatalysts (Scheme 1.47). The reaction 

can be viewed as the juxtaposition of a Mannich reaction and an acyloin condensation. 

The acyl acceptors such as iminium ions are generated from the classical Mannich 

reaction o f formaldehyde with a secondary amine which then undergoes crossed acyloin 

condensation with aldehydes in the presence of thiazolium precatalyst 171.

o

N N + ̂  (2.0equiv.) ^r ]  boh (0.23 M) r ] - fn (moio/„) " C 1
X 80 °C. 30 mm x EtOH (0.23 M) X

169a X = 0  rt, Ar, 20h  170aX = 0
169bX = CH2 170bX = CH2

Scheme 1.47 The first reported example of aldehyde-imine addition

o
A , ,  CH2 °  r' 'R

The coupling of in 5/?w-generated iminium ions with an array o f aldehydes was observed 

in the presence thiazolium ion precatalyst 171. Electron rich and aliphatic aldehydes 

were both used in the cross coupling process and generated corresponding a-keto 

amines in a range of 20-47% yield. Increasing the temperature of the reaction favoured 

the homo coupling o f aldehydes. Hence it was postulated that the generation o f a-keto 

amine is a kinetically controlled reaction and receptors must react at a faster rate with 

the Breslow intermediate to obtain sufficient amount o f cross product.

1.6.1 Thiazolium salt derived carbene-catalysed cross-coupling of aldehydes with 

acylimines

In 2000 Murray et al. reported the first example o f an aldehyde-imine cross coupling 

reaction catalysed by thiazolium ion derived carbenes, using arylsulfonamides as imine 

precursors to synthesise a-amido ketones (Scheme 1.48).''*^ To achieve 

chemoselectivity in this process, the acyl imine should be sufficiently stable under the 

reaction conditions and must also be capable o f reacting with the Breslow intermediate
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in competition with another aldehyde molecule to avoid homo benzoin reaction. It is 

also necessary that the acyl imine does not react with the nucleophilic carbene generated 

from the heterazolium ion-based precatalyst. Tolylsulphonamides 172 were employed 

as precursors to generate the acyl imine in situ, by elimination of sulphinic acid under 

basic reaction conditions.

O 174 (0.1 equiv.) O

R H O2  CH2 CI2 ,3 5 °C  ^  p2
15 min - 48 h

132 172 173 10-98%

Scheme 1.48 Addition of aldehydes to acyl imines catalysed by thiazolium salts in the 

presence of base.

Using commercially available thiazolium ion based-precatalyst 174 in combination with 

triethylamine provided the desired a-amido ketone 173 in good yield. The process 

accommodates a range of aldehyde substrates, however electron-deficient aldehydes 

perform much better than their electron-rich counterparts. Aliphatic and a,P- 

unsaturated aldehydes were also shown to provide the corresponding ketoamides in 

good yield. Amide substrates derived from aliphatic aldehydes failed due to enamide 

isomerisation. Murray’s cross-over experiments revealed the formation of a-amido 

ketones from aldehydes and activated acyl imines were kinetically controlled similar to 

those reported by Casttelle’s synthesis of a-keto amines. The cross coupling strategy 

was successfully exploited in synthesis of functionalised imidazoles 175 by Murray 

(Scheme 1.49).'' '̂*

r 4

O °  f  174(0.1 equiv.) ^  O ^

R rs '^ n '^ s '^   ► Y  T R' , I J
H O, CHoCI,, 35 °C A d2 N—I2  CH2 CI2 , 35 °C 

15 min - 48 h
132 172 173 175

144Scheme 1.49 Synthesis of functionalised imidazoles reported by Murry.

Instead of using activated imines (acylimines and iminium salts) You and co-workers 

exploited unactivated imines in the cross coupling of aldehydes with imines under
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!

thermodynamic control (Scheme l.SO).'"*  ̂ A less reactive imine reacting with the 

Breslow intermediate at a higher temperature, without significant interference with the 

thiazolium carbene, led to the formation o f racemic a-amino ketones 177. In order to 

understand the reaction mechanism, You et a l ,  under similar reaction conditions, 

employed benzoin instead of benzaldehyde in the reaction with the imine and obtained 

the desired a-aminoketone in comparable yield at high temperatures. These experiments 

suggested that reaction is likely, at least partially, to be under thermodynamic control. 

Both aromatic- and heteroaromatic aldehydes engaged in this organocatalytic process, 

affording a-aminoketones smoothly, in the presence o f a cheap and commercially 

available thiazolium precatalyst 174 and under mild reaction conditions.

1 7 4  (2 0  mol%) o
Et3N (2 0  mol%) H II
 ^

E tO H ( I .O M )  ' 2

7 0  °C, 4 8  h

1 7 7  < 5 - 9 8 %

Scheme 1.50 Thermodynamically controlled aldehyde-imine coupling reactions 

developed by You et al.

1.6.2 Enantioselective intermolecular aldehyde-imine cross-couplings

Miller and co-workers reported the first example o f an enantioselective aldehyde-imine 

cross benzoin reaction catalysed by thiazolylidene carbenes. The thaizolylalanine 178 

containing peptide promoted an efficient coupling o f aldehydes to in situ generated 

acylimines (Scheme 1.51). The mechanism of the asymmetric catalytic process was 

explained by the possibility o f a bifunctional mechanism. Covalent catalysis occurs in a 

chiral pocket that benefits from simultaneous activation o f the acyl anion equivalent, 

derived from the aldehyde, along with H-bond activation o f the 7^^-acylimine component 

derived from the sulfonamide precursor Shorter reaction times were chosen to

avoid racemisation of a-amidoketone products. They also found excess o f hindered base 

pentamethylpiperdine (PEMP) is necessary for both the generation o f the carbene from 

the precatalyst and to ensure the complete formation o f the imine from sulphonamide. 

The use of benzaldehyde was found to give low yields in cross coupling but a series o f 

a-amidoketone were synthesised using electron deficient aromatic aldehydes and 

electron rich imines with a moderate yield and good ee.

13 2 17 6
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o
+ R a - ^ N '  "S

132

O R2  178 (0.1 equiv.) o
v „ .T o l  PEM P(IOequiv^) R3  H I

H O2  C H 2 C b ,2 3 °C  II
1 5 m i n - 2 h

172 175
up to 100%, up to 87 % ee

NHBoc
178

Scheme 1.51 Enantioselective aldehyde-imine cross coupling reported by Miller. 146

More recently, Rovis group developed a highly enantioselective cross-aza-benzoin 

reaction catalysed by NHC-derived from 179, employing aliphatic aldehydes and N -  

Boc-protected imines 180 (Scheme 1.52).'''^

o

132

Ar

180

N '
,B o c

179 (1 0 m o l% )  
C sO A c (20 mol%)

CH2 CI2 , Mol. S iev es  
-20  °C

BF,
Boc

179
181 10-98%

Me O Boc
NH NH

Me'

Boc

186 < 5%  187 83%, 96% e e  188 83, 8 8 % e e

Scheme 1.52 Enantioselective cross aldehyde-imine coupling reported by Rovis.

Rovis found, from their mechanistic studies on the Breslow intermediate, that the 

reaction o f a chiral carbene catalyst with an imine generates a stable aza-Breslow 

intermediate and the process is reversible in the presence o f weak acid (acetic acid).'"^* 

By considering this reversible aza-Breslow intermediate formation, they evaluated the
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addition o f butyraldehyde to activated Boc-imine, in the presence o f a chiral triazolium 

ion-based precatalyst, and obtained the corresponding desired a-amido ketone. The 

acetate base used to generate the carbene from the triazolium precatalyst produced 

catalytic amount o f acetic acid which is a competent catalyst in regenerating the active 

carbene from the aza-Breslow intermediate.

This author favoured the use of aliphatic aldehydes with Boc-protected imines to render 

a-amido ketones with good jdelds and enantiomeric excess (Scheme 1.52). Aliphatic 

aldehydes with a-substitution {i.e. 186) were not tolerated in this particular reaction but 

the use of P-branched aldehydes 187 gave rise to excellent enantiomeric excess (up to 

96%) albeit with lower yields (33%). It was found that imines derived from aromatic 

and heteroaromatic aldehydes produced the corresponding a-amido ketone with good 

yield and high enantioselectivity however imines derived from ori/zo-substituted 

aromatic aldehydes were poor substrates in this process.

1.6.3 A'-heterocyclic carbene catalysed aldehydes and ketimine cross coupling

Enders and co-workers for the first time demonstrated trifluoromethyl ketimines can be 

used as substrates in crossed acyloin condensation with aldehydes. However, 

benzaldehydes were poor substrates in this process. In the presence o f bicyclic 

triazolium ion- based precatalyst 96, condensation o f fiaran-2-carbaldehydes 189 with 

7V-aryl trifluoromethyl ketimines 190 generated the corresponding a-amino-a- 

trifluoromethyl ketones 191 in moderate to very good yields (Scheme 1.53).''^^

’ , 0  p  96(10m ol% ) \ __   r 3
^  ^  II C s o C O o  (20 mol%) I \ \

^  THF (0.33 M) O
rt, 15 h

189 190 191 32-87%

Scheme 1.53 Cross-coupling of aldehyde with ketimine reported by Enders et al.

1.7 A'-heterocyclic carbene catalysed oxidative transformations

Esters are a general class of molecules which are so commonplace that their undoubted 

synthetic importance defies quantification.'^'’’'^' The ester fiinctional group is most 

commonly accessed via the stoichiometric activation o f a carboxylic acid to form acyl
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halide, anhydride or activated ester, with subsequent acyl transfer to an alcohol 

nucleophile. Formation of acetyl-coenzyme A (thioester) is the prototype reaction of 

oxidative NHC-catalysed esterifications in biological systems. The enzyme a-keto acid 

dehydrogenase, which contains the cofactors thiamine pyrophosphate and flavin 

adenine dinucleotide (FAD), is involved in the oxidative decarboxylation of pyruvate 

leading to the formation of a formal thioester (acetyl coenzyme A).’^̂  Chemists have 

adopted this biological p r o c e s s i n  organic synthesis for esterification of aldehydes 

using heterazolium ion-derived carbenes and various external oxidation agents.

In the past few years, interest has grown rapidly in the development of an alternative 

process for the oxidative esterification of aldehydes with alcohols catalysed by TV- 

heterocyclic carbenes. In 1968, Corey detailed the two-step oxidation of allylic alcohols 

to esters in the presence of sodium cyanide and manganese(IV) o x i d e . I n  1977 Jose 

Castells et al. attempted to synthesise benzoin of nitrobenzaldehyde in the presence of 

carbene derived from 3,4,5-trimethylthiazolium ion (193) but instead of benzoin they 

obtained nitro-, azo-, azoxy benzoic acids. These findings, in addition to the failure of 

benzoin formation in the cyanide catalysed benzoin reaction with nitro benzaldehyde,'^^ 

led them to study oxidation of benzaldehydes to their corresponding acids using a 

thiazolium ion- based precatalyst and nitrobenzene as an oxidant.’ ’̂ Using a 

stoichiometric amount of the thiazolium ion-based precatalyst 193 and nitrobenzene 

(oxidant), aromatic aldehydes can be esterified in the presence of methanol (Scheme 

1.54).

Ar

31

193 (10 mol%) 
nitrobenzene, 
EtaN, MeOH

4 d, 60 °C

O

192

O

194 59% 195 70%

O

0,N

196 79%

Scheme 1.54 NHC catalysed oxidative esterification of aldehydes using nitrobenzene 

as oxidant.
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The authors also observed the process in the absence o f the external oxidant 

nitrobenzene and triethylamine (base for generating carbene) and found that no ester 

was formed in either case.'^^ However, quite surprisingly,/>-nitrobenzaldehyde can be 

converted to its corresponding benzoic acid without an oxidant such as nitrobenzene.

1.7.1 A'-heterocyclic carbene catalysed oxidations of aldehydes to esters

In 2007, Scheldt recognised Corey’s oxidative esterification is far more efficient if the 

cyanide catalyst is replaced by a triazolium ion derived carbene. The proposed 

mechanism comprises of two oxidation steps; initial oxidation of alcohol 199 by Mn02 

provides aldehyde 200, which upon attack by NHC 198 (itself derived from salt 197) 

provides a tetrahedral intermediate 201. The rapid oxidation o f secondary alcohol 201 

by manganese(IV) oxide generates the acyl heterazolium ion 202 which is eventually 

trapped by alcohol to give the ester 203 thereby regenerating the carbene catalyst 198 

(Scheme 1.55).'^^

OH

199

Mn02

O

  202

Scheme 1.55 Proposed mechanism o f oxidative esterification o f aldehydes

Scheldt applied this A^-heterocyclic carbene catalysed oxidative esterification to allylic-, 

propargylic- and benzylic alcohols to obtain corresponding esters in good to excellent 

yields. Saturated esters can also be prepared by the oxidation o f saturated aldehydes in 

the same manner. An asymmetric desymmetrisation o f cw-l,2-cyclohexanediol (205)



using chiral carbene derived from triazolium salt 207 under oxidative conditions 

afforded the corresponding ester with a yield of 58% and 80% ee (Scheme 1.56).'^^

o
,OH

207 (30 mol%)

Mes

Ph-

204 205

'OH proton sponge 

CH 2 CI2 , -30 °C
206 58%, 80% ee

Ph

207

Scheme 1.56 Desymmetrisation of cis-1,2-cyclohexanediol using oxidative protocol

The resurgence of interest in NHCs as catalysts in the last 7 years led several chemists 

to reinvestigate external oxidants for the azolium-catalysed esterification of aldehydes. 

Oxidation of the Breslow intermediate is the most important step in NHC catalysed 

oxidative processes and it can be performed by using either an external oxidant 

(oxidative) or oxygen (oxygenative) from air. A series of organic electron acceptors 

were tested as oxidants for the oxidative esterification of aldehydes by Inoue.'^*’’'^'

Connon and co-workers reported an efficient protocol for the oxidative esterification of 

benzaldehydes that features the use of 3-benzylthiazolium bromide (208) as a catalyst 

precursor, azobenzene as an oxidant (it’s reduced form acting as base) and one 

equivalent of primary or secondary alcohol as the nucleophile (Scheme 1.57). They 

found a wide range of aromatic aldehydes to be compatible with this protocol and 

observed that or?/zo-substituted benzaldehydes in particular produce the highest 

y i e l d s . T h e  NHC 209 derived fi"om the thiazolium ion based-precatalyst 208 reacts 

with aldehyde to give the Breslow intermediate 210. Oxidation of the Breslow 

intermediate in the presence of a suitable oxidant (Azobenzene) can be diverted fi-om 

the benzoin condensation pathway through the formation of 2-benzoyl thiazolium ion 

(2 11) which is capable of transferring its acyl group to an alcohol nucleophile to 

regenerate the catalyst 209 (Scheme 1.57).
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Ar

O
J

208 (5 mol%) 
a z o b e n z e n e  (1.0 equiv.)

NEta (7.5 mol%) *

O

k r "  'O '

192 up to  97%
S 208

Bn
/

N

O ’
209

O
W

Ar S '

A  MeOH 
MeO Ar 

192

Bn
N Ar 

OH
210

[O]

_Bn
^ N +  ArLMo

211
Schem e 1.57 Proposed mechanism o f the nucleophilic carbene catalysed esterification.

In the presence o f molecular oxygen, in place o f  the stoichiometric oxidant, it has been 

proposed that a separate oxidative fate for the Breslow intermediate occurs (Scheme 

1.58).'^^ These oxidation reactions were suggested to proceed via  the Zwitterionic 

peroxy intermediate 215, generated by oxygenation o f  the Breslow intermediate 214 

(Scheme 1.58 ). Fragmentation o f 215 then regenerates the carbene and delivers the 

corresponding deprotonated peroxyacid 216 under the basic reaction conditions applied. 

Reaction o f 216 with the aldehyde 213 generates an adduct 217 which then transferred 

into carboxylate 218. Base mediated O-alkylation o f  carboxylate 218 affords the 

product ester 219.

o

216

O
szA-

217 H

O
2 ^ -  r2 o

218

J ( R3-Br
O

o

HO^R^

U
R2;̂ _0R3

219
220

R 215

[| — ^ O  'oxygenative'
/- V I  I

Schem e 1.58 Mechanism o f  aerobic aldehyde oxidation in the presence o f  NHC
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Studer et al. developed NHC-catalysed oxidations o f aldehydes by using 2,2,6,6- 

tetramethyl piperidine A^-oxyl radical (TEMPO) as the oxidant (Scheme 1.59).'^^ 

Various aromatic and hetero-aromatic aldehydes can be oxidised to esters in good yield 

using the triazolium ion-based precatalyst 197. The TEMPO esters 222 can be 

hydrolysed and the nitroxide can be regenerated by O2 which formally acts as a terminal 

oxidant rendering these processes economically attractive. Yoshida et al}^^ described 

oxidation o f activated benzaldehydes with 10% water in DMF in the presence o f 5 

mol% of a sulfoxylalkyl-substituted NHC. An interesting conversion o f aromatic 

aldehydes to acids with 15 mol % o f a NHC precatalyst, DBU and C O i’ ®̂ has been 

reported by Nair et al}^^ However, Bode et al. recently concluded that oxygen is the 

oxidant in these reactions.

., Me
O Me ^  Me l9 7 ( 2 m o l% )  ii /  \  O

„ A . ,  + M e ^  ^ M e  dB U  (3 mol%) /  1 M eO H /H C I + TEM PO
R H  *■ ^  \ — '  ---------------------»- R OM e

THF, rt M e^^ 2 O ,
Me ^

TEM PO
200  221 222  223

Scheme 1.59 NHC-catalysed oxidation o f aldehydes with TEMPO as the oxidant.

1.7.2 Recent advances in A'-heterocyclic carbene-catalysed oxidative 

transformations

Further recent examples include studies carried out by both Liu et al. and Yashima et 

al.^^^ Liu and his co-workers successfully esterified a,(3-unsaturated aldehydes using a 

bicyclic imidazolium ion based-precatalyst and either air or Mn02. Yashima et al. 

studied triazolium salt-mediated esterification, thioesterification and amidation, in 

conjunction with a flavin co-catalyst, using O2 as the terminal oxidant. Both studies 

reported isolated yields o f more than 80% using selected substrates. Employing 

precatalyst 225, very recently Blechert et al. developed a NHC-catalysed aerobic 

oxidation protocol, which is widely deployable to afford good to excellent yields in 

oxidation o f aldehydes (Scheme 1.60). The process is suitable for oxidation o f various 

aldehydes, including aliphatic 226, electron-rich 228 and a,p-unsaturated 229 substrates 

which could all be converted to the corresponding acids in good to excellent yields.
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O 225 (2 mol%) 
DBU(110mol%),
H2 O (200 mol%) 
O2 , MeCN, 6 h

224  83%

OX
OH

225

O O

OH OH
HO

O

226 83% 227 97% 228 96% 229 68%

Scheme 1.60 Oxidation of various aldehydes using a carbene catalyst reported by 

Belchert et al.

The use of A^-heterocyclic carbene catalysts in oxidation reactions is an exciting and 

growing area o f research, as the publication o f a number of reports over just the last 2 

years s h o w s . A  major drawback associated with NHC-catalysed oxidative 

transformations is that the most efficient catalytic pathways depend entirely upon the 

formation of the acyl azolium ion in situ, either through addition of an external 

oxidant'^^’'*®’'^ '’'*̂  or internal redox reactions'^^’'*"*’'*̂  o f functionalised aldehydes 

possessing a reducible bond in the a-position. Many external oxidants are extremely 

toxic, and so their use on a larger or commercial scale is undesirable. In contrast, 

molecular oxygen represents an inexpensive, environmentally-friendly and ubiquitous 

oxidant. Its successful application to NHC-catalysed esterifications in generating the 

acyl azolium ion would prove a highly significant development within the field of NHC 

organocatalysis. Although Anand et recently succeeded in aerobically esterifying 

aldehydes in the absence of any external oxidant, the procedure employed the use of 

often biologically-active and potentially hazardous boronic acids rather than alcohols.'*^ 

While significant progress has been made, a mild, additive-free NHC-mediated protocol 

o f broad scope for the aerobic oxidation o f aldehydes has yet to be developed. Thus, the 

need remains for the development of a general NHC-catalysed aldehyde esterification 

methodology, using molecular oxygen as a terminal oxidant, in the presence of alcohol 

and base. The reaction should demonstrate a tolerance o f a wide range o f aromatic

1.7.3 Limitations and scope of carbene catalysed oxidative 

transformations
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aldehydes and would ideally also be effective in the esterification of typically 

unreactive aliphatic aldehydes.

1.7.4 Conclusions for A^-heterocyclic carbene-catalysed reactions

The use of NHCs as organocatalysts has been the object of tremendous interest, 

particularly over the last decade.’** The breakthroughs that have been accomplished 

with respect to the benzoin and Stetter reactions,'*^ as well as the large variety of new 

reaction types, bode well for the future of this area of study. In view of these advances, 

the more widespread application of NHC organocatalysis in the realm of synthesis 

seems possible.

In comparison with other organocatalytic reaction types, NHC-catalysed reactions only 

started to reveal their potential in the last seven y e a r s . A s  a result, organocatalysed 

acyloin and benzoin condensations will certainly attract more attention in the future. 

Significantly the asymmetric execution of these reactions might become established as 

an important tool in organic synthesis.'^'* However, there is an important need to 

develop a simple protocol for chemo- and enantioselective synthesis of acyloins, which 

are found as the key structural motif for many natural products with interesting 

biological activities and synthetic t h e r a p e u t i c s . T h e  challenges associated with this 

endeavour are the avoidance of undesired self-condensations and achieving control over 

the regiochemistry of the crossed product. Aliphatic aldehydes and ketones have not 

been thoroughly examined as substrates. The enolisable nature o f many aliphatic 

aldehydes makes them participate in an undesirable aldol condensation in the presence 

of base. At the outset of this work, bifunctional A^-heterocyclic carbene catalysts were 

not explored as promoters of the intermolecular crossed acyloin condensation.’^̂

1.8 Cinchona alkaloids as bifunctional asymmetric organocatalysts

Cinchona alkaloids are extracted from the bark of South-American trees of the genus 

Cinchona and they exist as /75ew<io-enantiomeric forms and possess a relatively rigid 

structure.'^* Quinine (230), quinidine (231), cinchonidine (232) and cinchonine (233) 

are major constituents of the bark extract of trees belonging to the Cinchona class and 

are small yet complex molecules. These alkaloids contain a basic quinuclidine nitrogen
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atom and Lewis acidic hydroxy group functionalities, positioned in close proximity to 

one another, in a well-defined chiral environment (Figure 1.11).'^^’̂®° They contain five 

stereogenic centres (N-1, C-3, C-4, C-8 and C-9), a basic and nucleophilic quinuclidine 

ring, a quinoline unit, a secondary alcohol, a methyl ether (in the case o f 232 and 233) 

and a terminal olefin as shown in Figure 1.11.

OMeOMe

''OH HO'''HO''''OH

quin ine  (230) c in ch o n id in e  (232) qu in id ine  (231) c in ch o n in e  (233)

Figure 1.11 Cinchona alkaloids extracted from the bark o f the cinchona tree

In 1912, Bredig and Fiske first reported the cinchona alkaloid catalysed addition o f 

HCN to benzaldehyde.^®' Chiral cyanohydrins are obtained in the reaction catalysed by 

quinine and quinidine but with modest enantioselectivity. In 1981, Wynberg and 

Hiemstra reported breakthrough work in which cinchona alkaloids promoted the 

enantioselective addition o f thiophenols to cyclic enones (Scheme 1.61).^'’̂ ’̂ °̂  The 

authors studied the outcome of the reaction catalysed by both natural and modified 

alkaloids. Natural alkaloid catalysts having the hydrogen bond-donating hydroxyl group 

were more effective than C-9 modified catalysts {i.e. 237 and 238). The study 

concluded that these catalysts operate bifunctionally. The basic tertiary amine moiety o f 

the alkaloid deprotonates the thiol (exploited in general base catalysis) and the hydrogen 

bond-donating hydroxyl group activates the enone for nucleophilic attack (Scheme 

1.61).
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o cat. (1.0 mol%) 
Benzene, rt

O

+
fBu'

234 235 (1.2 equiv.) 236

cat.

230
237
238 
232

44 (R) 
7(R) 
4(R) 
62 (R)

ee (%)

Scheme 1.61 Bifunctional alkaloid-mediated catalysis reported by Wynberg

1.8.1 Cinchona alkaloid-based thiourea organocatalysts

After considerable advancement m hydrogen bond-mediated

organocatalysis,^'’̂ ’̂®’’̂®*’̂ '*̂  modified cinchona alkaloid based-catalysts were 

introduced. In 2005, C-9-substituted (thio)urea cinchona alkaloid based-catalysts were 

explored in asymmetric transformations. Four authors independently and almost 

simultaneously reported the use of this strategy.^'°’̂ ^'’̂ '^’̂ '  ̂ Chen and co-workers first 

reported thiourea substituted cinchona alkaloid based- catalysts which catalysed the 

Michael reaction of thiophenol with an a,p-unsaturated imide in high yield but modest 

enantioselectivity.^'® Soos et al. explored the use of C-9 thiourea-substituted cinchona 

alkaloids in the asymmetric addition of nitromethane to chalcones {i.e. 239). Starting 

from quinine (230) and quinidine (231), they synthesised a small library of thiourea 

catalysts.^" The synthesis of catalysts 241 and 242 from the parent alkaloids 230 and 

231, respectively was accomplished in two steps with overall epimerisation of the C-9 

stereo centre. Surprisingly, organocatalyst 243 which is the thiourea derivative of 

quinine with natural stereochemistry at C-9 -  exhibited no activity. Conversely, both 

e/)/-thiourea catalyst 241 and its pseudo enantiomer 242 could promote the Michael 

addition reaction and afforded products with inverted absolute configuration with 

excellent levels of enantiocontrol when employed at 10 mol% loading. 

Enantioselectivity of the reaction could be ftirther improved by using the 

dehydroquinine-derived catalyst 244 (Scheme 1.62).
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O o
cat. {10 mol%)

CH3NO2 + Ph Ph Toluene, rt, 99 h P h - O - ^ P h

239 240
(3.0 equiv.)

cat. 240 (yield) 240 (ee'

243
241
242
244

0%
71% 9 5 % e e (R ) 
59% 8 6 % e e (S ) 
93% 9 6 % e e fR l

OMeOMe OMe

''NH HNNH

HNNH NH

CF.CF.

243 242

Scheme 1.62 Bifunctional cinchona alkaloid based-catalyst promoted addition o f 

nitromethane to chalcones

Independently and almost simultaneously Connon et and Dixon et reported 

the use o f bifunctional catalysts for the Michael addition o f diethyl malonate 245 to 

nitro-olefms such as 246. The more Lewis acidic C-9 thiourea substituted cinchona 

alkaloids reported by Connon were excellent catalysts for the Michael reaction.

244 (0.5 mol%)

P hM e,-2 0  “C, 46 h

245 246 247 92%, 94% ee

Scheme 1.63 Michael addition reaction promoted by thiourea based-cinchona alkaloid 

catalyst 244 reported by Connon et al.

Excellent enantioselectivities were obtained using an e/»/-dehydroquinine-derived 

thiourea bifunctional catalyst 244 which, even at 0.5 mol% loading, could promote the 

reaction and allowed the formation o f Michael adducts such 247 in high yields and 

excellent enantioselectivities (Scheme 1.63).

A t the same time, Dixon et al. - while screening catalysts bearing different hydrogen 

bond-donating moieties -  also observed that the thiourea m otif was the most effective 

and eventually discovered that the use o f ep/-cinchonine-derived thiourea catalyst 242 at
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10 mol% loading could afford Michael adduct 249 with yields and enantioselectivity 

comparable to those obtained by Connon et al., albeit with inverted absolute 

configurations (Scheme 1.64).^''*

Eto,c CO zEt + 242(10m ol% ) 
CH2 CI2 , - 20 “C, 30 h

E tO -r. n n ,F t

Ph

245 248 249 95%, 94% e e

Scheme 1.64 Michael addition reaction promoted by catalyst 242 reported by Dixon et 

al.

Since the report o f  these seminal studies, 9-ep/-cinchona alkaloids bearing a (thio)urea 

moiety on C-9 have been extensively used as catalysts for a plethora o f  mechanistically 

unrelated reactions. Excellent reviews and books have documented on their applications 

have became available.^'^’̂ ' ’̂̂ '̂  During the last ten years many chiral urea and thiourea 

derived catalysts were developed for the different enantioselective reactions.^'* The 

interest to thiourea catalysts is still increasing due to their important advantages and 

effeciency in asymmetric organic synthesis.^

1.8.2 Cyclic anhydrides in formal cycloaddition reactions

For the past century cyclic anhydrides were regarded as stable and less reactive 

electrophiles than their acyclic counter parts for acylation reactions.^^^ Anhydrides are 

popular as preactivated carboxylic acid derivatives in organic synthesis (for example, 

amide bonds are typically formed from the reaction o f  amines with anhydrides) in the 

literature.^^  ̂ Enolisable anhydrides have been known to react as carbon-based 

nucleophiles with electron deficient 7t-systems such as aldehydes, imines, ketones and 

alkenes or alkynes.^^^ However, no catalytic asymmetric variants o f  these formal 

cycloaddition reactions have been reported until r e c e n t l y . T h e  highly-substituted 

heterocyclic compounds formed as a result o f  this type o f  reactivity have been used in 

several syntheses o f  natural products and other molecules o f  biological interest. 226^27,228

,229

1.8.2.1 The formal cycloaddition of anhydrides with aldehydes
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The Perkin reaction was the first example of employing enolisable anhydrides as 

carbon-based nucleophiles, discovered in 1868 by William H. Perkin, who was 

investigating the action o f acetic anhydride on aromatic a l d e h y d e s . H e  synthesised 

coumarin (252) by heating a mixture o f sodium salt o f aldehyde 250 and acetic 

anhydride (251). Further investigation o f reaction between aromatic aldehydes and 

enolisable anhydrides led to the development of the synthetic route to cinnamic acids 

and the process was named as the Perkin reaction.^^'

'O  Na
+ 'O '  ^

250 251

Scheme 1.65 Synthesis of coumarin (252) reported by Perkin in 1868

Fittig and co-workers proposed a mechanism for the Perkin reaction.^^^ The aldehyde 31 

in the Perkin reaction reacts with the sodium salt o f the enolate o f the anhydride similar 

to aldol condensation to give the P-hydroxy acid 253, which upon loss o f a water 

molecule forms an a,P- unsaturated carboxylic acid 254 (Scheme 1.66).^^^

o  o
o  II II OH o  o

V
AcONa

31 253 254

Scheme 1.66 Anhydride addition to benzaldehyde at low temperature proposed by 

Fittig

Upon performing the Perkin reaction o f benzaldehyde (31) with succinic anhydride 

(255) at low temperature, Fittig obtained the y-phenylparaconic acid (257) instead of 

unsaturated carboxylic acid (Scheme 1.67). The lactone 257 can undergo 

decarboxylation on heating and generates P,y-unsaturated carboxylic acid 258. Erdmann 

et al. also observed the formation o f y-lactones when succinic anhydride and aromatic 

aldehydes were heated in the presence o f sodium acetate.
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Scheme 1.67 Perkin reaction of cyclic anhydrides with aromatic aldehydes.

In 1931, Muller extended the reaction by employing homophthalic anhydride in the 

Perkin reaction and obtained dihydroisocoumarin a n a l o g u e s . M u c h  later, Pinder et 

alP^ obtained similar results to those observed by Muller when they reacted the sodium 

enolate of homophthalic anhydride {i.e. 261) with piperonal (259) at room temperature 

to obtain the dihydroisocoumarin derivative 262 (Scheme 1.68). These experiments 

confirmed that the reaction between enolisable anhydrides and aldehydes involves the 

use of anhydrides as carbon nucleophiles.

o
O AcONa

260

H

259

ONa
OH

262

O

Scheme 1.68 Homophthalic anhydride (260) in a formal cycloaddition reaction with 

aromatic aldehydes

1.8.2.1.1 Overview of the mechanism

The mechanism of the formal cycloaddition between cyclic anhydrides and aldehydes 

promoted by either a Lewis acid or base is shown in Scheme 1.69.^^  ̂ Preliminary 

reports by Fittig, Erdmann, Muller and Pinder {vide supra) concluded that the reaction 

is generally deemed to proceed via the nucleophilic attack of the aldehyde carbonyl by 

the enolate of anhydride. A Lewis acid or carboxylate base could promote the 

enolisation of the anhydride and this enolate\enol 261a or 261b is sufficiently 

nucleophilic to add the carbonyl group of aldehyde. Addition of enolate\enol to the 

aldehyde generates the 263a or 263b, either of which can undergo further 

rearrangement to the lactone product through an intramolecular process followed by



proton transfer afford the dihydroisocoumarin unit 265. The mechanism was also 

supported by {inter alia) the observation that the enols derived from homophthalic 

anhydrides are more reactive than simpler, non-benzo fused analogues, reacting with 

aldehydes at room temperature

261b 31 263b 264a

Scheme 1.69 Mechanism of the formal cycloaddition reaction between benzaldehyde 

and homophthalic anhydride (260)

1.8.2.1.2 Enantio- and diastereoselectivity of the reaction

Recently, Connon et al. envisaged that in the absence o f a strong pronucleophile, 

cinchona alkaloid based-bifunctional catalysts could activate enolisable anhydrides as 

nucleophiles in the cycloaddition reaction.^^"^ For the firsttime they developed a protocol 

which could be used to couple enolisable anhydrides with aldehydes in the presence o f a 

chiral bifiinctional organocatalyst (promoting keto-enol tautomeric equilibrium of 

anhydrides and simultaneous activation o f aldehydes through hydrogen bond donation) 

to generate lactone products. They introduced al cinchona alkaloid catalyst 266 which is
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obtained by modification of Rawals’s squaramide-substituted catalyst.^^^ Using a 

catalyst 266 and optimised conditions; they obtained dihydroisocoumarin derivatives 

{i.e. 267) in the formal cycloaddition of homophthalic anhydride (260) with different 

aldehydes (Scheme 1.70). The products formed in this process have two new 

stereocentres and were obtained with excellent diastero- and enantioselectivity. The 

methodology was extremely robust to electron-deficient- 268, heteroaromatic- 269 and 

hindered 270 aldehydes and afforded corresponding lactone products in excellent yields 

and enantio-, and diasteroselectivities.

o

1 .2 6 6  (5 mol%) 
MTBE(0.1 M ),-15°C

 ̂ 2. TMSCHN2  (1.2 equiv.)
MeOH, rt, 30 min

O

R
C02Me

260 200 267

MeO,
CF.

266

Me02C

268 93%, 96% ee

Me02C 

269 90%, 98% ee

Me02C 

270 95%, 99% ee

Scheme 1.70 Cycloaddition reactions of anhydrides with aldehydes

Cormon and co-workers also extended the scope of the cycloaddition reaction by 

developing a method to synthesise paraconic acid (y-butyrolactone) derivatives 272 

(Scheme 1.71).

o
J

271 Ar = 4 -NO2 -C6 H4  200

1. 266 (5 mol%), 
MTBE(0.1 M), -15 °C

2. TMSCHN2 , iPrOH M e02C Ar

272 56-92% 
up to 99:1 dr 
up to 99% ee

Scheme 1.71 One step synthesis of paraconic acid derivatives using formal 

cycloaddition of anhydrides and aldehydes
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Cycloaddition reactions o f aryl substituted succinic anhydrides 271 with aldehydes in 

the presence o f a bifunctional cinchona alkaloid based-catalyst 266 afforded highly 

enantio- and diastereoenriched y-butyrolactones 272 which have two new 

stereocentres.^^^

1.8.2.2 The annulation reaction between homophthalic anhydride and ketones

Formal cycloaddition reactions between ketones and anhydrides have received 

considerably less attention. The low electrophilicity o f non-activated alkyl and aryl 

ketones when compared to aldehydes has prevented their widespread use as 

electrophiles in cycloaddition reaction with anhydrides. Lactones bearing a quaternary 

stereocentre could be obtained when asymmetrically-substituted ketones are employed 

as substrates in the reaction. There are only three studies reported in the literature using 

ketones in cycloaddition reactions with cyclic anhydrides.^^*’̂ ^̂ ’̂ '*® However, no 

catalytic asymmetric variants of the reaction were reported.

Lawlor et al. reported the use of symmetric ketones for the first time in a formal 

cycloaddition re a c tio n .S u c c in ic  anhydride (255) reacted with ketones 273-275 in the 

presence o f triethylamine and a Lewis acid such as zinc chloride (Scheme 1.72). The 

proposed mechanism for this reaction similar to that involving aldehydes and requires 

nucleophilic attack on the carbonyl o f ketone by the enolate o f anhydride and 

subsequent cyclisation in the reaction leads to the formation o f lactone 271. Inferior 

yields o f y-lactones 276 and 277 were obtained when benzophenone (273) and 

cyclohexanone (274) were reacted with anhydride 255 respectively in the presence o f 2 

equivalents o f Lewis acid and triethylamine at room temperature (Scheme 1.72). 

However, the use o f fluorenone (275) as the ketone component, afforded paraconic acid 

derivative 278 in excellent yield (98%).
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(1.5 equiv.)

O ZnCl2  (2 . 0  equiv.), 
NEt3  (2 . 0  equiv.)

CH2 CI2 , rt

273  b enzophenone
274  cyclohiexanone
275  fluorenone

HOOC

276-278

HOOC I  'Ph  
Ph

HOOC
HOOC

276 36% 277 50% 278 98%

Scheme 1.72 Formal cycloaddition between succinic anhydride (255) and ketones

In 1999, cycloaddition reactions of homophthalic anhydride (260) and ketones 

promoted by a Lewis acid (i.e. BF3-Et20) were reported by Gesquiere et Aromatic 

ketones such as benzophenone and acetophenone failed to react with anhydride 260, 

however, aliphatic ketones such as acetone (11) and butan-2-one (279) afforded S- 

lactones in the reaction in low to moderate yields (Scheme 1.73). It is noteworthy that 

the use of butan-2-one (279) represents the only known example of the use of an 

asymmetric ketone in these transformations. However, the reaction afforded both 

diastereomers of 281 and no data on their ratios was reported.

O BF3  ■ EtjO
,  (7.0 equiv.)

CH2 CI2 , rt, 5-24 h
COOH

260 1 1  Ri = r2  = CH3 , 280 = R2 = CH3  50%

279 R'' = C2 H5 , r2  = CH3 , 281 R ’ = C2 H5 , = CH3  22%

Scheme 1.73 Cycloaddition reaction between homophthalic anhydride (260) and 

aliphatic ketones.^^^

Palamareva et examined the reaction between homophthalic anhydride and

cyclohexanone (274) in the presence of either DMAP or Bp3»Et20 complex as a catalyst 

(Scheme 1.74). The spiro-substituted 5-lactone 282 was obtained as result of 

cycloaddition reaction between homophthalic anhydride (260) and ketone 274 in 

excellent yields using as Bp3*Et20 complex as catalyst (Scheme 1.74). The lactone 282
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can be further transformed in to an amide 283 which was evaluated for their 

antimicrobial properties.

o
B F 3  ■ E t 2 0  

(7.0 equiv.)

CH2 CI2 , rt, 8 h”

CO2H

282 82%

1. SOCI2 , CgHs

2 . Q m

283 76%260 274

Scheme 1.74 Synthetic utility o f formal cycloaddition reaction reported by 

Palamareva. '̂*®

1.8.2.3 The formal cycloaddition of anhydrides with imines

The first examples of formal cycloaddition reactions between cyclic anhydrides and 

imines were reported by Castagnoli in 1969. '̂ '̂ Formal cycloaddition reactions o f 

imines with enolisable anhydrides generate substituted lactams. Castagnoli synthesised 

y-lactam by treating succinic anhydride (255) with A^-aryl imine 284 under thermal 

conditions. With the help of NMR studies, they were able to observe the formation of 

two diastereomers of lactam 285 in the reaction. However, only the trans-2S5 

diastereomer was isolated with 71% yield (Scheme 1.75). The same research group later 

extended the substrate scope of the reaction by using glutaric anhydride to obtain a 

diastereomeric mixture of 5-lactams.

Ph I CgHg
N ' reflux, 36 h_ ^ N '

■ 'p h ^ H  2. H3O" r " ' P h
HOOC

255 284  frans-285 71%

Scheme 1.75 Succinic anhydride (255) in the formal cycloaddition reaction with imine 

284.2^'

In 1977, Cushman^'*^ and Haimova^'^'' independently reported the use o f homophthalic 

anhydride in cycloaddition reaction with imines. The reaction between homophthalic 

anhydride (260) with imine 286 at room temperature afforded diastereomeric mixtures
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of dihydroisoquinolonic acids 287 as shown in Scheme 1.76. Later Cushman 

extensively studied the reaction and proposed a mechanism.^'*^

o
1, CH2 CI2 , reflux

COOH

260 286 287 91 %

Scheme 1.76 Homophthalic anhydride (260) in the formal cycloaddition reaction with 

imine 286 in the study reported by Haimova.̂ "̂ "̂

1.8.2.3.1 Overview of the reaction mechanism

The nature of the mechanism of the formal cycloaddition reaction between cyclic 

anhydrides and imines has been controversial. Cushman extensively studied the stereo 

chemical outcome of the reaction between homophthalic anhydride (260) and imines. 

He proposed three plausible pathways for the reaction with homophthalic anhydride and 

imines: (I) a concerted [4+2] aza Diels-Alder reaction; (II) a stepwise process involving 

the attack of the enol form of the anhydride on the electrophilic imine and (III) the 

asynchronous iminolysis of the anhydride.^''^ Based on steric- and electronic properties 

of substituent on nitrogen atom of imine, and ratios of cis- and ?ra«.s-products formed in 

the reaction, Cushman was able to identify the accepted mechanism at the time.

c/s-290 289b 261b 288 289a trans-290

Scheme 1.77 Concerted [4+2] aza Diels-Alder reaction pathway proposed by 

Cushman

The first invoked mechanism involves Diels alder reaction of tautomer of homophthalic 

anhydride (i.e. 261b) with imine 288 (Scheme 1.77). However, the authors excluded 

this mechanism mainly because, imines are weak dienophiles^'^^’̂ '̂ ’and they require
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heating to participate in Diels-Alder reactions. However, in reality the reaction between 

homophthalic anhydride (260) and imine 288 proceeds at room temperature in the 

presence of base. Examination of the two transition states 289a and 289b proposed for 

the hypothetical imino Diels-Alder pathway leads to the conclusion that bulky 

substituents on the nitrogen would tend to favour formation o f the rra«5-290 over cis- 

290. Bulky substituents on nitrogen o f Schiff base should lead to preferential formation 

of the trans reaction product, however, completely opposite observed in the reaction. 

For these reasons, the aza Diels-Alder pathway for formal cycloaddition o f imines with 

homophthalic anhydride (260) was not accepted.

A second possible pathway proposed for the reaction was the nitrogen analogue o f the 

Perkin reaction (Scheme 1.78). This step wise mechanism involves the nucleophilic 

attack of enol 261b on the imine electrophilic carbon followed by the formation o f 

lactam 290 upon reaction between the amine and the anhydride functionalities via the 

tetrahedral intermediate 291. However, the authors concluded this pathway also to be 

unlikely, as the competition reaction o f aldehyde and imine with anhydride 260 should 

form lactone because aldehydes are more electrophilic than nitrogen and both reactions 

are proceed through same mechanism, however, the opposite was observed in the 

reaction. In a competition experiment, imine 288 was allowed to compete with 

benzaldehyde for the reaction with homophthalic anhydride in the presence of 

triethylamine. However, the mixture of isoquinolones was formed predominantly in the 

competitive experiment,thus ruled out a Perkin type mechanism (Scheme 1.78).

260

261b

Ar

N transfer

288

transfer transfer

291 292

290

Scheme 1.78 Postulated mechanism o f the cycloaddition reaction between 

homophthalic anhydride (260) and imine 288

The third proposed mechanism is step-wise iminolysis which is in good agreement with 

the current thinking and also explained some o f the stereochemical outcomes of the 

reaction. Cushman favoured an iminolysis mechanism in which the imine nitrogen is
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acylated by the anhydride leading to a zwitterion 293 (Scheme 1.79). Subsequently the 

intramolecular Marmich reaction of the enolate form of the pendant carboxylate with 

iminium ion in the zwitterion 294a or 294b leads to the formation of lactam. According 

to this pathway, the c/^-isoquinolone arises fi'om iminolysis of the ^-imine, while the 

fra«5-isoquinolone is formed from the corresponding reaction of the Z-imine. However, 

the reaction produced cis/trans mixture of diastereomers when Schiff base (Z-imine) 

reacted with homophthalic anhydride (260). The authors explained the outcome of the 

reaction by considering different rate limiting steps in reaction pathway. For the cis- 

isomer of 290 the authors assumed that the slow step would be the iminolysis of the 

anhydride 260 by the nucleophilic attack of the nitrogen atom of imine 288, where as in 

the formation of the /7'a«5-diastereomer, the rate-limiting step could be the E-Z 

isomerisation of the imine 288.^''^’̂ '*̂

Scheme 1.79 Iminolysis as mechanism of the cycloaddition of anhydride to imines.

1.8.2.3.2 Multicomponent reactions of cyclic anhydrides and imines

Multicomponent reactions (MCRs) are become more popular transformations and usefiil 

for synthesis of products in highly atom economical way. Multicomponent reaction 

(MCR) is a reaction between three or more reagents in a single vessel, which have been 

added at the same time. The order of addition of reagents does not influence the 

outcome of the reactions. Furthermore, the components are, to a certain extent, 

independently variable; which maximises the potential structural diversity of the
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products formed.^^® These transformations have been known for over a century, and 

their use has recently gained prominence with the surge o f combinatorial chemistry, 

diversity-oriented synthesis and high throughput screening techniques.

Yadav and co-workers^^' observed the lactam products o f the imine-anhydride reaction 

can arise from a three component condensation reaction. A mixture o f homophthalic 

anhydride (260), amine 295 and benzaldehyde (31) were stirred at room temperature in 

the presence o f an imidazolium-based ionic liquid. The reaction afforded lactams 296 in 

high yields exclusively as cw-isomers (Scheme 1.80). Yadav did not postulate any 

mechanism for this multi component reaction.

COOH

260 31 295 296 90%

Scheme 1.80 Three component reactions for the synthesis o f dihydroisoquinolonic acid 

analogue 296.^^'

In 2007, Azizian et al}^^ developed a similar three component reaction, using Lewis 

acid as catalyst instead of ionic liquid. Using alum (KA1(S04)2'12 H2O) as Lewis acid 

catalyst, reaction of a mixture of anhydride 260, aniline (295), and aldehyde 31 obtained 

c/5-isoquinolonic acid (Scheme 1.81). Analysis o f the reaction using NMR confirmed 

the formation o f the intermediates 297 and also no imine was detected. The authors 

proposed a mechanistic pathway based on the observed hemiamide 297. The first step 

involves the regioselective reaction o f the amine with homophthalic anhydride to 

provide the hemiamide 297. This intermediate was speculated to subsequently react 

with the aldehyde component and cyclise via the iminium ion 299 to form cw-isomer of 

dihydroisoquinolonic acid 296.
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0 & , *

KAI(S04)2 ■ 12 H2O 
(0.5 equiv.)

MeCN, rt

260 291 31

COOH

296 91%

PhCHO
,Ph

H
Ph

OH H2O

O
Ph

Ph

HO O

297  298  299

Scheme 1.81 Proposed pathway for the three component reaction in the synthesis of 

dihydroisoquinolonic acids.^^^

Shaw et alP^  disclosed four component reactions for the synthesis of tetra- and penta- 

substituted y-lactams having two or three adjacent stereocentres. The thermal reaction of 

maleic anhydrides, aldehydes, a primary amine and a thiol followed by the in situ 

esterification of the carboxylic acid products, allowed the synthesis of lactams 

equivalent to those formed by cycloaddition reaction between an imine and thioether- 

substituted succinic anhydrides {vide supra).

Aromatic and aliphatic amines and aromatic aldehyde were well tolerated in this 

process. Aromatic and sterically-hindered thiols provided the best results in terms of 

diastereoselectivity, with the predominant formation of cw-isomers.

o
" P h -^ H  o

O W
1. T o lu en e

300 32  ►

2 . K2 C O 3 , Mel S^,.n2 ^

295 301 302  90%, cfr 90:10

Scheme 1,82 Four component reaction for the synthesis of y-lactams.^^®
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The reaction o f  a 3-alkyl-substitued maleic anhydride (i.e. 300) with aniline (295), 

benzaldehyde (31) and thiol 301 allowed the synthesis o f  penta-substituted y-lactam 302 

in good yield and good diastereoselectivity (Scheme 1.82).

1.8.3 Conclusions

The reactions o f  cyclic anhydrides in C-C bond-form ing processes give rapid access to a 

diverse array o f structures. The enantioselective reactions o f  enolisable cyclic 

anhydrides with aldehydes are well-developed by Connon et The reactions o f

im ines 253,254,255 cyclic anhydrides to form lactams have been used for the synthesis 

o f  a wide variety o f  heterocycles, including m any alkaloid natural products. W hile some 

o f  the described m ethodologies (MCRs) allow the synthesis o f  substituted lactam 

products with high levels o f diastereoselectivity. However, in general their applicability 

is lim ited by narrow substrate scope and/or low activity, leading to long reaction tim es 

and harsh conditions. No catalytic, asymmetric variants o f  these reactions have been 

reported in literature.

1.9 Purpose o f this Doctoral thesis

The m ost direct and atom-economical m ethod for the preparation o f  crossed acyloins is 

through the coupling o f two different aldehydes. For the last 180 years, due to poor 

chem oselectivity and yields o f the crossed acyloin products, this reaction has been o f  no 

synthetic utility. Excellent progress has been m ade in recent years regarding the 

enantioselective hom o-benzoin condensation.^* However, the developm ent o f catalytic 

crossed acyloin condensation between two different aldehydes is still formidable. One 

o f  the main aims o f  this present doctoral thesis is to develop catalytic enantioselective 

crossed acyloin condensation.

The chapter 2 and 3 in this thesis describes the developm ent o f crossed acyloin reaction 

between different aldehydes and coupling o f  a-ketoesters with aldehydes. A new 

protocol for the formation o f crossed acyloin products using a bifunctional protic 

pentafluorophenyl-substituted triazolium  precatalyst was developed.
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Chapter 4 and 5 illustrate the experiments carried out in NHC- catalysed aerobic 

oxidation of aldehydes in collaboration with in the group. The mechanism for the 

reaction was established using a series of chemical reaction conducted along with Ms. 

C. L. Fagan and Mr. E. Delany. The scope of the oxidative esterification reaction was 

evaluated.

In chapter 6 and 7, the cycloaddtion reactions of enolisable anhydrides with 

electrophiles such as ketones and imines have been tested using cinchona alkaloid acids. 

This part of the thesis is the extenstion to the work of Dr. C. Comaggia and Dr. Dr. E. 

Torrente De Haro. Importantly it was shown for the first time that the reaction between 

enolisable anhydrides and imines could be catalysed by using bifunctional chinchona 

alkaloid catalysts.

72



Results and discussions

Chapter 2

2.0 A'-Heterocyclic carbene-catalysed umpoliutg reactions

The research objectives for chapter 2 can be summarised as follows

• Evaluate the chemoselectivity obtained by the use of different azolium ion-based 

precatlysts in crossed AC.

• Investigate the substrate control in the crossed acyloin reaction.

• After the potential control over the chemoselectivity of the crossed AC, the 

enantioselective version of the reaction will be examined.

2.1 Crossed acyloin condensation reactions

Recently, Connon et al.^^ reported that hydrogen bonding could be utilised as a control 

element in enantioselective homobenzoin condensation reactions. The 

pentafluorophenyl substituted bifunctional triazolium ion-based precatalyst 73 could 

promote the formation of benzoin (32) from benzaldehyde with excellent efficiency and 

stereocontrol (Scheme 1.24, Section 1.2.2.3). We then seized the opportunity to attempt 

to solve the chemo- and enantioselective problems encountered with the crossed AC 

reaction in order to make it possible to form a single product out o f 4 possible products 

(Scheme 1.35, Section 1.4.1).

In approaching this problem, we considered what we regarded as the key question; the 

aldehyde is the electrophile in both the Breslow intermediate (BI, Scheme 2 .1: III)- and 

stereo centre-forming steps, so if, for instance, aldehyde 133 is the superior electrophile 

in the Bl-formation step (Scheme 2.1; I ^ I I I ) ,  on what basis (using tradhional catalyst 

design strategies) can we expect 133 not to be the superior electrophile in the 

subsequent stereocentre-forming step (Scheme 2.1; III—»-IV) leading to the homodimer 

A instead of cross product D (Scheme 2.1 A and D)?
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1®* nucleophilic 
^  attacl<4 possible 

addition products

2"'^ nucleophilic 
attack

addition products
4 possible

C

+  I
HO r ' 

D

enam inol
(Breslow)

interm ediate

Scheme 2.1 General mechanism o f triazolium ion derived-carbene catalysed crossed 

acyloin condensation

We thought that the rigid, hindered nature o f 73, coupled with the presence o f  a 

hydrogen bond donating group on the catalyst, would allow the catalyst to potentially 

distinguish between the two aldehyde electrophiles based on the recognition o f  two 

different substrate properties: steric bulk and Bronsted basicity (Figure 2.1).

F igure  2.1 The bifiinctional triazolium ion- based precatalyst 73

2.2 C ross acyloin condensation reactions: p re lim inary  experim ents

Before attempting to examine the potential o f  hydrogen bonding as a control element in 

these reactions, we first wished to orient ourselves with respect to the natural bias (if 

any) a triazolium- or thiazolium- ion derived carbene devoid o f  protic substituents

chiral linker
(conform ationally m ore rigid)

nudeophile
generating

electrophile 
activating (H-bonding)
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would display toward one o f the coupling partners in a crossed AC reaction. As a model 

process, we chose the AC reaction between benzaldehyde (31) and the relatively 

unhindered hydrocinnamaldehyde (304) in the presence o f the achiral precatalysts 93, 

96 and 97 and base {i.e., conditions which had proven conducive to the promotion o f 

homo-benzoin condensation reactions in our lab). The results o f these experiments are 

outlined in Table 2.1. (Note: Precatalyst 93 is commercially available, precatalyst 96 

obtained from our collaborators (Prof Zeitler) and precatalyst 97 is synthesised from 

known procedure reported by Rovis et al.y^^

Precatalysts 93 and 96 promoted an unselective, low yielding crossed acyloin 

condensation. However the pentafluorophenyl-substituted precatalyst 97 proved a far 

superior system to 93 and 96 under the same reaction conditions (Table 2.1, entries 1-3).

Table 2,1 Screening o f achiral precatalysts in the crossed acyloin condensation

Ph'

O

31

P h ^
304 (1.0 equiv.) 

RbsCOj (4 mol%)

THF(1.1 M), 40 h 
cat. (4 mol%)

Ph O

Ph

O
OH

O

303A

Ph

303B

OH

^ P h ^ Ph

OH

303C

Ph

303D

^ ^ P h

P>=N -  P>=N
HO 93 96 97

entry catalyst time

h

yield

(%)“

yield

(%r
yield

(%r
yield D“

(%r

1’’ 93 76 2 4 13 12

2 96 40 2 10 2 10

3 97 40 26 20 11 48

" Y ie ld  detemiined by ’H N M R  spectroscopy using styrene as an internal standard * E tjN  used as base in case o f

catalyst 93
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The coupling of benzaldehyde and aliphatic aldehyde 304 proceeded with poor 

chemoselectivity - with a marked preference for the formation o f products derived from 

the aliphatic Breslow intermediate via initial attack of the carbene catalyst on 304 {i.e. 

303A+303D vs 303B+303D) was observed. While all four possible products 

(homodimers 303A/303B and crossed products 303C/303D) were formed, none were 

present at synthetically usefiil levels.

In order to introduce a fiirther level of control, in addition to catalyst control, we 

envisaged that a degree of substrate control could be brought to bear on the process in 

the form of a removable chemoselectivity-enhancing substituent in the ortho position of 

the aromatic aldehyde (Figure 2.2). Stetter et had reported that o-chloro

substituted benzaldehydes participated in more selective crossed AC reactions than their 

unsubstituted counterparts. Thus, we proposed that a halogen atom could be used in this 

capacity, which could later be either easily removed by hydrogenolysis or utilised as a 

functional handle in further structural elaboration o f the product.

Synergistic combination of steric ef fects  and catalyst control

MV.'

removable,
O chemoselectivity

O ^  directing group
1,^ + capable of modulating

R substra te 's
branched/ ^ electrophilicity

unbranched ^  ... . j ,  *versatile handle for
further
functionalisation

BF. F F 
97

triazolium catalyst 
' with high activitiy 

under mild conditions

. increased steric 
bulk relative to 

thiazolium system s

Figure 2.2 Proposed approach to chemoselective crossed acyloin condensation.

We then turned to evaluate the performance o f pentafluorophenyl-triazolium ion- based 

precatalyst 97 in the crossed acyloin condensation o f hydrocinnamaldehyde and 

substituted benzaldehydes. We wished to determine if our proposed strategy of using o- 

substituted aromatic aldehydes could attain any chemoselectivity over that obtained 

using the corresponding m- and /(-substituted aromatic aldehydes. The results o f this 

study are outlined in Table 2.2. The activation of the aromatic aldehyde component with 

a chlorine atom in either the m- or p-position failed to influence chemoselectivity to any 

appreciable extent (entries 1 and 2). The preference for the cross-coupled products D 

was slightly improved, at the expense of the formation of increased amounts o f the aryl
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hom o-benzoins B. H ow ever, the use o f  the o-substituted analogue 30 7 , generated 313D  

as the dominant product in moderate yields (entry 3).

T a b le  2.2 Crossed AC reactions: prelim inary experim ents

304 (1.0 equiv.) 

O RbgCOa (4 m ol% )^

THF (1.1 M), 40 h 
97 (4 mol%)

305-310

entry substrate product yield  A

(%)'’

y ield  B

(%)"

yield  C

(%)"

yield  D

(%)"

1 4 -CI-C6H4 305 311 53 44 2 43

2 3-Cl-Cf,H4 306 312 44 34 6 50

3 2 -CI-C6H4 307 313 8 15 9 51(48)'’

4 2-MeO-C6H4 308 314 20 16 21 59

5 2-CF^-C6H4 309 315 8 6 10 81*

6 2-Br-C6H4 310 316 0 9 8 49

^ Y ield  determ ined by 'H  N M R  spectroscopy using styrene as an internal standard . N ote: y ields o f  A  and B account 
for the  2:1 stoichiom etry. To obtain the niol%  o f  these m aterials d iv ide the y ield  by  2. * Isolated y ield

Further investigation revealed that the im proved ch em oselectiv ity  associated  w ith  the 

use o f  o-substituted aldehydes is primarily related to the steric requirem ent o f  the 

substituent, although its electronic characteristics do also seem s to play a m inor role. 

H ow ever, the use o f  larger units such as the electron donating m ethoxy- and the electron  

w ithdrawing trifluorom ethyl-substituents (entries 4 and 5 respectively) a llo w  relatively  

se lective  crossed AC reactions to occur -  with the latter suppressing the pathways 

leading to 315A -C  to the extent that 3 1 5 D  w as form ed in 81%  yield. The crossed AC
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reaction o f  310 w ith 304 gives 49%  o f  desired product D w ith very  low quantities o f  

316A -C . W e then optim ised the conditions for the crossed AC reaction using 8 m ol%  

precatalyst 97 and an excess o f  aliphatic aldehyde 304 (Schem e 2.2, N ote: Dr. S. 

O ’Toole optim ised the reaction conditions).

Br o 304 (1.7 equiv.) q  
Rb2 C0 3  ( 8  mol%)

OH Br

THF (1.1 M), 4 0 h  
97 ( 8  mol%) Ph

310 (1.0 equiv.) 3160 91%

Schem e 2.2 O ptim ised crossed AC reaction betw een arom atic and aliphatic

aldehydes.

T ab le  2.3 E valuation o f  the substrate scope o f  the coupling reaction betw een 

aliphatic aldehydes w ith o-arom atic aldehydes

o

(x equiv.)

62 Y = H 
316Y = CH3  

3 1 7 Y  = n-C3H7 
318 Y = Ph

X O
97 ( 8  mol%)

THF (1.1 M) 
Rb2C0 3  (8 mol%) 

1 8 °C, 4 0 h

309 X = CF3

310 X = Br
319 Y = H, X = CF3  321 Y = n-C3 H7 , X = Br
320 Y = CH3 , X = Br 322 Y = Ph, X = Br

entry ‘a liphatic’

aldehyde

X

equiv.

‘arom atic’

aldehyde

product yield D (%)

1 152 lO.O 309 319 78'’

2 316 1.7 310 320 68*

3 317 1.7 310 321 7 7 b

4 318 1.7 310 322 16“

"Isolated yield. ''Y ield determined by 'H  NM R spectroscopy using styrene as an internal standard.
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The scope of the process with respect to the ‘aliphatic’ or ‘‘umpolung" aldehyde 

component was next investigated. 0-substituted electrophiles 309 and 310 were coupled 

to a range of unbranched aldehydes (62 and 316-318) under our optimised conditions in 

the presence o f precatalyst 97 at room temperature (Table 2.3). Acetaldehyde (62) 

proved a challenging substrate to utilise at ambient temperature due to its low boiling 

point (entry 1) and gave a good yield. The less volatile unbranched aldehydes propanal 

(316, entry 2), «-pentanal (317, entry 3) and phenyl acetaldehyde (318, entry 4) could be 

efficiently coupled to either 309 or 310 with good product yields using a smaller excess 

(1.7 equivalents) of aliphatic aldehyde.

2.3 Exploitation of a removable o-bromo substituent

To demonstrate the potential use o f an o-bromo substituent as a solution to circumvent 

the inherent lack of chemoselectivity in crossed AC reactions involving aromatic 

aldehydes, we carried out the coupling o f a variety o f o-bromobenzaldehydes (310 and 

323-325) equipped with both electron neutral (entry 1), electron donating (entries 2-3) 

and electron withdrawing (entry 4) substituents with 304 (Table 2.4).

Excellent yields of cross-coupled products were obtained in each case under standard 

conditions. Adducts 316D and 326D-328D were then smoothly and conveniently 

debrominated under an atmosphere of hydrogen in the presence of Pd/C to give 

hydroxyketones 303D and 329-331 respectively in uniformly excellent yields. Hence 

we have shown that the o-bromo substituent can be employed as a temporary group 

which can first divert the course o f an otherwise relatively unselective coupling reaction 

towards the formation o f a single major product (irrespective of the overall electronic 

nature of the aromatic aldehyde coupling partner), and then either serve as a functional 

handle if required or be cleanly removed to give debrominated products not otherwise 

accessible in high yield directly from a carbene-catalysed AC process.

Table 2.4 Crossed AC reactions with a removable bromo substituent

pit"

3 0 4  (1 .7  eq u iv .) 
97  (8 mol% )

p  T H F (1 .1  M), 4 0  h 

R b2 C 0 3  (8 mol% )

P d/C , H2  (1 atm .) 

M eO H , 2 0  h, rt

79



acyloin yield reduction yield
enoy Aldehyde

OH

316D

OH

326DMeO'

OMe

310

81

93

.OH

303D

.OH

329

OMe

90

80

OMe OMe

Br O Ph O
.OH

324 327D
88

Ph 0
^OH

330
93

Br O Ph O
k ^ ^ O H

325 328D

X x ,

80

Ph O

331
92

“ Isolated yield

Since it appeared that some aspects o f Stetter’s findings"^ (in particular the 

chemoselectivity associated with the use o f o-chlorobenzaldehyde and heterocyclic 

aldehydes as a coupling partner) are not in good agreement with our above study, we 

decided to repeat selected examples from Stetter’s original work (condition set A), and 

compare the results with those of an analogous reaction involving triazolium ion- based 

precatalyst 97 under conditions optimised for its use (condition set B). Aldehydes 307, 

332 and 333 were reacted with isobutyraldehyde (140) in either a 3:1 (condition set A 

‘Stetter’) or a 1:1 ratio (condition set B) respectively.

Table 2.5 Crossed AC reactions under either Stetter’s original conditions 

(reference and repeated) or under optimised conditions using 97
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A r ^  co nd ition s H O ^ 'P r  ^ H O ^ A r  ^ H O ^ 'P r  H O ^ A r  
A or B

307 Ar =  2 -C I-C 6 H4 334A  334B  334C  334D
332 Ar = 2-furanyl 3 3 5 8  335C  335D
333 Ar = 2-thlenyl 336B  336C  336D

C ondition  set A  (S tetter) C on d ition  set B

(3.0 equiv. aliphatic aldehyde) (1:1 ratio of aldehydes)

37 (10 mol%) 97 (10 mol%)

NEta (60 mol%) Rb2 C 0 3  (10 mol%)
EtOH, reflux, 16 h TH F, 60 °C, 20 h

entiy condition product
yield A 

(%)^

jdeld B

(%r
yield C

(%r
yield D

(%r

1 A (ref.*) 334 _ . 81 0

2 A (rep.^^ 334 <2 8 <2 64

3 B 334 <2 <2 <2 68

4 A (ref.*) 335 - - 84 4

5 A (rep.^’) 335 5 <2 78(36)'' 7

6 B 335 <2 13 33 28

7 A (ref'’) 336 - - 79 0

8 A (rep.^) 336 <2 9 44 <2

9 B 336 <2 14 31 0

° Yield determined by IH NMR spectroscopy using (£)-stilbene as an internal standard. Note: yields o f  334-336a and 334- 
336b account for the 2:1 stoichiometry. * Data from re f  115. Repeat o f  the experiment outlined in re f  115 data from the 
average o f  a minimum o f two experiments. '̂  Isolated yield.

In our hands, the coupHng o f o-substituted aldehyde 307 under Stetter’s conditions did 

result in a chemoselective process; however, rather than the reported formation o f 334C 

as the sole product (entry 1), 334D was identified as the major constituent o f the 

reaction mixture in 64% yield (entry 2). In the triazolium ion-mediated reaction, 334D 

was also formed as the sole product in similar yield (entry 3). It is certain that the 

assignment of the major product from the reaction involving thiazolium ion- based 

precatalyst as 334C instead o f 334D by Stetter is an error, most likely related to the



disparate focus of Stetter's study (which concentrated on the mixed oxidised hemW-iype 

products) and the limitations of NMR instrumentation at the time.

Another aspect of Stetter’s work we found intriguing was the reversal o f the 

chemoselectivity observed in the presence of Ji-excessive heterocyclic aldehydes. For 

instance, as Stetter had disclosed previously (Table 2.5, entry 4), we found that fiirfural 

(332) could be added to 140 in the presence of thiazolium salt 37 to furnish 335C as the 

major product in high yield (Table 2.5, entry 5). To our surprise, the corresponding 

reaction catalysed by the triazolium-derived carbene proved reproducibly inefficient and 

unselective (Table 2.5, entry 6). In addition, thiophene-2-carbaldehyde (333) underwent 

selective crossed AC reactions with 140 in the presence of either 37 or 97 to produce 

336C; with the thiazolium salt-derived carbene providing higher product yields (Table 

2.5, entries 7-9). It is clear from these investigations, that o-substitution of the 

benzaldehyde component allows for chemoselective crossed AC reactions to occur, 

favouring the cross-product derived from initial catalyst attack on the aliphatic aldehyde 

to take place, regardless of the catalyst employed.

2.4 Crossed AC reactions of unhindered benzaldehydes

The potential of 97 to serve as a precatalyst for the promotion of selective and 

synthetically useful crossed AC reactions involving a- branched aliphatic aldehydes and 

benzaldehydes devoid of an o-substituent was evaluated (Scheme 2.3). Gratifyingly, 

lack of steric bulk at the ortho position is no impediment to a chemoselective process in 

the presence of precatalyst 97 and importantly higher temperature. Reaction of one 

equivalent of 140 with either an activated or a deactivated benzaldehyde {i.e., 337 and 

338) at 60 °C afforded 339 and 340, respectively, in appreciable isolated yield (Note: 

yield of 339 was determined by 'H NMR spectroscopy using styrene as internal 

standard). Cyclohexanecarbaldehyde (341) could also participate in these processes at 

higher temperature; reaction with />-bromobenzaldehyde (337) generated coupled 

product 342 in 63% yield. It could be rationalised that at higher temperatures these 

crossed acyloin reactions are most likely reversible and under thermodynamic control.
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140

(1.0 equiv.)

337 R = Br
338 R = OMe

97 (10 mol%) 
Rb2C0 3 (1 0 mol%) 
THF, 60 °C, 20 h

339 R = Br 70%
340 R = OMe 80%

341

O

(1.0 equiv.)

97(10m ol% ) 
RbsCOj (10 mol%)

OHBr

THF, 60 “C, 20 h 

337 342 63%

Scheme 2.3 Crossed AC condensation without an ortho substituent at higher 

temperature

2.5 Chemo- and enantioselective crossed acyloin condensation

While the methodologies outlined above allow one to carry out highly chemoselective 

crossed AC reactions using a combination o f catalytic control and the steric effects o f 

the substrates, the ability to control the stereochemical outcome o f these reactions, 

while maintaining a high level of chemoselectivity, is the ultimate goal. We set out to 

evaluate the performance of bifunctional precatalyst 73 in the enantioselective cross 

acyloin condensation. We found that the hindered chiral precatalysts react far slower 

and give rise to lower yields in comparison to the achiral precatalyst 97. Surprisingly, 

formation o f products obtained from attack o f the carbene catalyst on the aromatic 

aldehyde {i.e. 303B and 303C) was completely suppressed leading to formation o f only 

two products. The aliphatic aldehyde dimer 303A and cross acyloin product 303D 

(originating from attack of the carbene catalyst on the aliphatic aldehyde) were obtained 

in the enantioselective cross acyloin condensation catalysed by bifunctional carbene 

precatalyst 73. From the enantioselective crossed acyloin studies o f Dr. S. O’ Toole, it 

was observed that the precatalysts having hindered substituents around the hydrogen 

bond donating moiety (-0H  group) were more efficiently catalyse the reaction 

enantioselectively. For this reason we synthesised the precatalyst bearing 3,5-dimethyl-
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phenyl substituents {i.e. 343). (For initial reactions the catalyst was provided by Dr. S. 

O’Toole)

The chiral hydrogen bond donating NHC precatalysts were synthesised from a 

procedure developed in our laboratory (Scheme 2.4). The synthesis started by using 

commercially available enantiopure pyroglutamic acid (344). Esterification of 344, 

using DOWEX (ion exchange resin) in methanol afforded ester 345 quantitatively. 

Reaction of ester with Grignard reagents (346 and 347) in THF solvent furnished the 

alcohols 348 and 349 respectively. The alcohols obtained after the Grignard reactions 

were protected with silyl group using trimethylsilyl chloride, triethylamine and catalytic 

amount of DMAP.

o H

3 4 4

D o w ex  5 0  W  
(X 8 -1 0 0 )

M eO H  (0 .8 3  M) 
9 0  °C , Ar, 3 6  h

rwo

O M e

3 4 5  96%

RM gBr (3 .5  eq u iv .)  
THF (0 .7 8  M)
-7 8  °C , Ar, 2  h 
rt, Ar, 8  h

3 4 6  R = Ph
3 4 7  R = 3,5-(CH 3)2CeH 3

R
R

OH

3 4 8  R = Ph
3 4 9  R = 3,5-(CH 3)2CeH 3

R
R

OH

DM AP (1 0  mol% ) 
NEt3  (3 .5  equ iv .) 
TMSCI (9 .7  equ iv)

CH 2 CI2 , (0 .21  M) 
rt, Ar, 18  h

3 4 8  R = Ph
3 4 9  R = 3,5-(CH3)2C6H3

R
O TM S

1. (C H 3 )3 0 BF4  (1 .0  eq u iv .) 
C 6 F6 NHNH 2  (1 .0  eq u iv .) 
C H 2C l2(0 .21  M), rt, 12  h

2 . H C (O Et3 ) (5 .0  eq u iv .) 
CgHsCi (0 .11  M)

3 . TM SBr (3 ,9  eq u iv .)  
M eOH (0 .0 3  M)

CfiF,el's

R
R

OH
B F.

3 5 0  R = Ph
351  R = 3,5-(CH3)2C6H3

7 3  R = Ph
3 4 3  R = 3,5-(CH 3)2CeH 3

343

bifunctional hyd rogen -b on d in g  ca ta ly st

Scheme 2.4 Synthesis of chiral triazolium ion-based precatalysts 73 and 343

The silylated y-lactams 350 and 351 obtained after silyl protection of alcohols 348 and 

349 respectively were purified by column chromatography. And the lactams 350 and
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351 could be converted to triazolium ion-based precatalyst in one pot cyclisation and 

deprotection of silyl groups and subsequent recrystallisation furnished the pure 

triazolium ion- based precatalysts 73 and 343.

In the study of substrate control in enantioselective cross acyloin condensation, Dr. S. 

O’Toole found that the fluorinated aromatic aldehyde 309 rendered the best result in the 

enantioselective cross acyloin condensation. We evaluated the cross condensation 

aliphatic aldehydes with 309 and the results are shown in Table 2.6.

We performed the coupling reaction of 309 with excess hydrocinnamaldehyde (2.5 

equiv.) at 18 °C, using 8 mol% of precatalyst 73 and obtained a yield of 58% of 315D 

with 66% enantiomeric excess (Table 2.6, entry 1). Even phenylacetaldehyde underwent 

a highly chemoselective crossed condensation, providing exclusive formation of cross 

product 353D with acceptable yield and enantioselectivity (Table 2.6, entry 2). The 

cross coupling of the fluorinated aromatic aldehyde 309 and propanal at 14 °C, using 8 

mol% of precatalyst, was relatively low yielding and provided a yield of 38% cross 

product 354D, although with gratifying enantiomeric excess of 79% (Table 2.6, entry 

3). Even at low temperature (10 °C), the enantioselectivity of reaction not changed. 

However, increasing the catalyst loading led to improvement in the yield of cross 

product 354D even at low temperature (Table 2.6, entry 4). Under similar conditions 

acetaldehyde (62) condensed with aromatic aldehyde 309 and furnished the cross 

product 355D with moderate yield and enantiomeric excess; also in this case the 

formation of homoacyloin product 355A of acetaldehyde was completely suppressed 

(entry 5).

The novel bifianctional precatalyst 343 which possesses a larger diarylcarbinol unit is 

less active than 73 and promoted the same reaction at 18°C with improved 

enantioselectivity (81% ee) albeit at the expense of product yield (Table 2.6, entry 6). 

Attempts to enhance the yield of cross acyloin product 354D were made by increasing 

the loading of precatalyst 15 mol% and 20 mol% (Table 2.6, entry 7 and 8). The 

maximum yield of 58% was obtained for cross acyloin product 354D, without any loss 

in enantioselectivity of reaction (Table 2.6, entry 7).
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Table 2.6 Chemo- and enantioselective cross acyloin condensation

CFa O Q 73 or 343

THF(1.1M) 
R’’ RbjCOa, 40 h

309 132 (2.5equiv.)

N=rN=-

73 343

bifunctional hydrogen-bonding catalyst

entry R' cat.

cat.

(mol

%)

Rb2C03 

(mol %)

temp.

(°C)
prod.

yield

A%%)

yield

D*(%)

ee

D"(%)

1 CH2CH2Ph 73 8.0 8.0 18 315D 48 58 66
2 CHiPh 73 8.0 8.0 18 353D 0 61 66

3 CH2CH3 73 8.0 8.0 14 354D 30 38 79

4 CH2CH3 73 10.0 10.0 10 354D 35 50 77

5 CH3 73 10.0 10.0 10 355D 0 40 56

6 CH2CH3 343 10.0 10.0 18 354D 14 45 81

7 CH2CH3 343 15.0 15.0 18 354D 12 58 81

8 CH2CH3 343 20.0 20.0 18 354D 17 57 81
“■ Determined by 'H NMR spectroscopy using styrene as an internal standard. Note: yields o f  a product account for 
the 2:1 stoichiometry, to obtain the mol% o f  this material divide the yield by 2. * Isolated yield. Determined by 
using CSP-HPLC.

2.6 Rationale for chemoselectivity obtained using precatalysts 73 and 97

The question regarding the origin of chemoselectivity observed in the above studies is 

both intriguing and difficult to explain at this juncture. It was clear from the above 

studies that achiral triazolium ion- based precatalyst 97 and bifunctional precatalyst 73 

exhibited similar chemoselective bias in the coupling reactions- the use of sterically 

hindered ortho-substituted aromatic aldehyde in conjunction with less hindered aliphatic
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aldehydes invariably led to form ation o f  the cross product ‘d ’ as predom inant product. 

O ur rationale is depicted below  w hich is based on tw o standpoints: (a) selectivity 

arising from  w hich aldehyde is involved in form ation o f  the Breslow  interm ediate 

(Schem e 2.5) and (b) the subsequent selective addition o f  the B reslow  interm ediate to 

an aldehyde (Schem e 2.6). By com paring the perform ance o f  the pentafluorophenyl- 

substituted precatalyst 73 and A^-phenyl variant 96 w e could assum e that the larger 

factor contributing to the observ'ed chem oselectiv ity  o f  73 and 97 w as the presence o f  

the pentafluorophenyl m oiety on both precatalysts. In addition, superior 

chem oselectivity  w as obtained using the sterically dem anding bifiinctional precatalyst 

73 albeit with reduced product yields.

(a)- R ationale for chem oselec tiv ity  in th e  fo rm ation  of B reslow  in term ediate

128A 128D

unfavoured favoured

Q  = aliphatic  a ldehyde  g ro u p  

o  = a rom atic  g ro u p

ste ric  c la sh

OH

le s s
hindered

Sterically dem and ing  bulk g ro u p s  on  ca ta ly st a llow s prefrential reac tio n  with th e  sm all 
aldehyde

Schem e 2.5 C hem oselective form ation o f  B reslow  interm ediate

The selective form ation o f  B reslow  interm ediate from  achiral precatalyst 97 with 

aliphatic and arom atic aldehydes are show n in schem e 2.5. The B reslow  interm ediate is 

an enolam ine and adopts the m ore energetically  favourable ^-conform ation . The 

form ation o f  B reslow  interm ediate show n in m odel I suffers from  the steric clashes 

betw een A^-pentafluorophenyl group o f  the catalyst and the hindered o-substituted 

arom atic aldehyde, and as a result retards the rate o f  attack o f  the carbene on the 

arom atic aldehyde. This leads to increased concentrations o f  the Breslow  interm ediate
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derived from initial attack o f  the carbene on the aliphatic aldehyde (model II). One 

could also presume that the benzaldehyde carbonyl moiety, having access to the n- 

electrons o f the aromatic ring, is electronically well disposed towards attack by the 

catalyst (i.e. it is also less electrophilic than the aliphatic aldehyde on electronic 

grounds.)

What is difficult to explain, is why this intermediate model II, (rather than counter 

intuitively) then prefers to react with the presumably more hindered o-substituted 

benzaldehyde over another molecule o f aliphatic aldehydes. A possible explanation for 

the predominant formation o f acyloin product ‘D ’in the presence o f carbene catalyst is 

an attractive n-iminium ion interaction which lowers the energy o f  the developing 

transition state while the enolamine is attacking the aromatic aldehyde (Scheme 2.6).

(b) Selectivity of aldehyde with Bresiow intermediate:

III

Aromatic 
moiety is away 
from trizolium- 

ion ring

No possibility 
of iminum ion

I V
interactions

Aromatic moiety is near 
to  triazolium ion ring 
Therefore greater 71- 

aromatic -iminium 
interactions

n-iminium ion interactions of aliphatic and arom atic aldehdyes

Scheme 2.6 n-iminium ion interactions between aldehydes and Bresiow intermediate

Model III shows how this favourable interaction would be greatly reduced if  an 

aliphatic aldehyde (such as hydrocinnamaldehyde) were to add to the Bresiow 

intermediate, due to larger distance from iminium ion to the aromatic moiety. In 

addition, for aliphatic aldehydes lacking an aromatic side chain, for example propanal 

these 71-iminium interactions would obviously be impossible and would clearly be not 

present (model IV). The attractive 71-iminium interaction between an aromatic aldehyde 

and the Bresiow intermediate is shown in model V.

Thus it is difficuh to justify exactly why the Bresiow intermediate (model II, Scheme 

2.5 formed from attack o f carbene on the aliphatic aldehyde) prefers to react with 

hindered aromatic aldehyde over another molecule o f  aliphatic aldehyde. In a natural
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product synthesis study involving an intramolecular acyloin condensation step Miller^^ 

has suggested that a stabilising interaction between orthogonally aligned carbonyl and 

aromatic moieties (known to exist in a-phenyl ketones in cases where it is sterically 

permitted) may influence the chemoselective outcome o f acyloin condensation reactions 

between aliphatic and aromatic aldehydes. It is tempting to draw parallels in this study, 

that is, that the observed preference for the a-arylketone cross-product over the a- 

substituted aromatic ketone analogue is related to the contribution of this interaction, 

which presumably results in greater reversibility o f the latter cross-product over the 

former.

In an attempt to further shed light on the origins o f the observed chemoselectivity, a 

number o f crossover experiments were carried out. In the first instance, we wished to 

establish the degree of reversibility o f these processes. We therefore treated the 

o-substituted aldehyde 310 with the precatalyst 97 under our standard conditions in the 

presence of homodimer 303A (Expt. 1, Scheme 2.6). The slow dimerisation of 310 was 

observed but no crossed products (such as 316D) derived from the retro-acyloin of 

303A could be detected.

Expt. 1: R eaction o f an arom atic aldehyde (o -substituted) and the hom odim er o f an aliphatic aldehyde

97 (8 mol%) Q
Rb2 C 0 3  (8 mol%)

THF (1.1 M), 40 h

310

Ph

SOSA (0.5 equiv.) 316B  16%

•OH

Ph'

316D
not detected

Scheme 2.6 Crossover experiment o f homodimer 303A and an aromatic aldehyde

Next we investigated the opposite pairing of starting materials, i.e., an ‘aliphatic’ 

aldehyde 304 and a homodimer derived from a /(-substituted aromatic aldehyde {i.e. 

31 IB, Expt. 2, Scheme 2.7). Interestingly, this experiment afforded significant amounts 

of the cross-product 31 ID, along with free aldehyde 305 (which also stems fi'om a retro- 

acyloin reaction) and the homodimer 303A. When the experiment was repeated where 

the aliphatic aldehyde 304 was replaced with its homodimers 303A (Expt. 3, Scheme 

2.7), again retroacyloin of 31 IB  was observed but, in this case, no coupling to form 

cross-product 31 ID  occurred. These results seemed to indicate that the benzoin 31 IB  is
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able to revert to its parent aldehyde under the reaction conditions, whereas the 

homodimer 303A derived from hydrocinnamaldehyde is not.

Expt. 2: R eaction  of an a lip h atic  a ld eh y d e  and th e  hom od im er o f an arom atic  a ld eh y d e  (p -sub stitu ted )

o o o O-'
RbzCOa (8 mol%)

THF(1.1 M), 40  h
97 (8 mol%) ph^

Ph

304
Cl

3 1 1 B (0.5 equlv.) 303A  40%

Xo

P h ^'6
31 ID  15% i ,  

Cl 305 1%

Expt. 3: R eaction  o f  th e  h o m o d im ers derived  from  arom atic (p -su b stitu ted ) and aliphatic a ld e h y d e s

o Ovo
HO

Ph
Ph

303A

•OH

Cl
311B

THF(1.1 M), 40  h 
97 (8 mol%)

305 5%
311D

not d e tec ted

Scheme 2.7 Crossover experiments between aromatic homodimer 311b and aliphatic 

aldehyde, and its dimer

To probe this further, the o-isomer of benzoin {i.e. 313B, Expt. 4) was treated with an 

aliphatic aldehyde 355 in the presence of the precatalyst and standard conditions. 

Gratifyingly, no cross product 313D was detected in this experiment (Expt. 4, Scheme 

2 .8).

Expt 4: R eaction  o f an a lip h atic  a ld eh y d e  and the  h om od im er o f  an arom atic  a ld eh y d e  (o -su b stitu ted )

O
•OH

355 313B

Rb2 C0 3  (8 mol%) |_|q

THF(1.1 M), 40  h 
97 (8 mol%)

356A  10% 313D

not d e te c te d

Scheme 2.8 Crossover experiments under optimised conditions using triazolium ion 

based-precatalyst 97
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Thus it would appear that the o-substituted 313B is more stable towards the catalyst 

than its /?-isomer 31 IB, which, together with the rather slow rate o f dimerisation o f o- 

bromobenzaldehyde (310) and hydrocinnamaldehyde (304) and the reluctance o f the 

‘aliphatic’ homodimer 303A to undergo a retro-acyloin reaction, goes some way 

towards explaining the chemoselectivity observed in these processes. In a similar 

crossover experiment involving the crossed product 303D and the aliphatic aldehyde 

355, we observed trace amounts o f benzoin (32) which could only arise from the 

retroacyloin o f 303D (Expt. 5, Scheme 2.9). No crossed product 356D was detected. 

Finally, exposure o f the cross product 316D derived from reaction o f o- 

bromobenzaldehyde (310) and hydrocirmamaldehyde (304) to the precatalyst 97 under 

standard conditions failed to produce any products (Expt. 6, Scheme 2.9).

Expt 5: Reaction of an aliphatic aldehyde and the cross-product 303d

0

THF(1.1 M), 40  h 
97 (8 mol%)

303D355

Expt 6: Attempted retro-acyloin reaction of the cross-product 316d

O

HO. OH
Ph'

Ph

356A 12% 32 1%
not detected

356D

•OH

316D

no reactionR b 2 C 0 3  (8 mol%)

THF(1.1 M), 40  h 
97 (8 mol%)

Scheme 2.9 Crossover experiments under optimised conditions using

triazolium ion based-precatalyst 97

A number of conclusions can be drawn from these crossover reactions:

• Aliphatic and o-substituted benzaldehydes dimerise, but do so slowly (Expts. 1, 

2 and 4-5). This is central to attaining high chemoselectivity in these processes.

• The homodimers derived from ‘aliphatic’ aldehydes do not participate in retro- 

acyloin chemistry under these conditions and are essentially formed irreversibly 

(Expt. 1 and 3)
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• Unhindered benzoins (i.e., homodimers of aromatic aldehydes) will participate 

in retro-acyloin chemistry under these conditions, whereas o-substituted isomers 

will not (Expt. 2-4).

• The a-arylketone cross-product (the major product under our conditions) from 

the reaction of an ‘aliphatic’ and an aromatic aldehyde undergoes retro-acyloin 

either slowly (Expt. 5) or not at all (Expt. 6).

• The crossed acyloin reactions involving unhindered benzaldehydes are subject to 

a far greater degree of thermodynamic control than those involving hindered 

analogues (Expt. 1-6). Given that the energy differences between the acyloin 

products are likely to be small and this results in relatively unselective reactions 

where benzaldehydes devoid of o-substitution are employed.

To support the theory that crossed products derived from reactions involving activated, 

unhindered benzaldehydes are more amenable to retro-acyloin reactions (and hence are 

formed in lower yields) we synthesised 331 and subjected it to the reaction conditions in 

the presence of pentanal (355). We were pleased to observe increased levels of products 

(357B and 357D, Scheme 2.11) derived from the retro-acyloin reaction of 331 relative 

to those observed using benzaldehyde as the reacting partner (Expt. 5-6 and Scheme 

2.9). Thus it is clear that the reversibility of the process is also influenced by the 

electronic nature of the benzaldehyde partner, with more activated aldehydes 

participating in less chemoselective reactions.

HO, OH.OH
+ +

THF(1.1 M), 40 h 
97 (8 mol%)

356A 25% 357B 1% 357D 5%

OH
+

Ph-

331349

Scheme 2.11 Investigation of the use of crossed pnxlucts derived th)m activated yet unhindered 

aldehydes

Overall, it is clear that crossed-coupling is facilitated by the slow dimerisability of the 

aliphatic aldehyde and o-substituted benzaldehydes. Given that none of the products 

derived from the cross-coupling of these aldehydes could participate in retroacyloin 

reactions, it is still necessary to explore why cross-coupling is faster than dimerisation

92



and why the a-arylketone cross-product is favoured over the other. W e would propose 

that it is reasonable to assume that initial attack o f  the carbene on the aliphatic aldehyde 

is preferred on electronic grounds; that is, the m ore electron-rich benzaldehyde carbonyl 

moieties make for poorer electrophiles in the first step o f  the catalytic cycle. This is 

supported by the observation that the use o f  m ore activated, halogen-substituted 

benzaldehydes generate greater levels o f  hom o-benzoin products derived from initial 

attack on the benzaldehyde m oiety (see entries 1 - 4 ,  Table 2.2). In the case o f  o -  

substituted benzaldehydes, this preference for the aliphatic partner as the initial site o f 

attack would obviously be exaggerated for steric reasons; this argum ent can be 

underlined by the decreasing amount o f  these hom o-benzoins detected with increasing 

size o f the o-halogen substituent (o-F, o-Cl, o-Br with 45%, 15%, and 9% o f 

homocoupled product respectively; Table 2.2). It is difficult to establish w hy the BI then 

prefers to attack the hindered aromatic aldehyde over another m olecule o f  aliphatic 

aldehyde.

However, it should be noted that the seem ingly logical extension o f  this argument, to 

account for the preference for cross-product formation over aliphatic aldehyde 

dimerisation, is less sound at this juncture since we could not observe any retroacyloin 

chemistry involving the aliphatic dimers. W hat can be safely inferred is that 

chemoselectivity in these processes is not governed by  a single factor alone but rather a 

confluence o f factors depending on the catalyst employed and the steric and electronic 

nature o f  the reactants. That being said, it is clear that one can achieve high selectivity 

in the diverse array o f AC reactions exam ined in this study by using precatalyst 97 in 

the presence o f an aromatic aldehyde incorporating a (removable) o-brom o substituent, 

irrespective o f other substrate characteristics.

2.7 Conclusions and outlook

In summary, we have developed the first efficient, chem oselective intermolecular 

crossed AC reactions involving triazolium ion- based precatalysts.^^^ A  key discovery is 

the use o f an o-bromo substituent as a tem porary chem oselectivity-controlling group 

which can subsequently be rem oved conveniently in high yield. The m ethodology is o f  

very broad scope: hindered, activated, deactivated and electron-rich arom atic aldehydes 

are compatible, as are both unbranched and m ore hindered branched aliphatic
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aldehydes. Importantly, unlike the previous benchmark study in the literature involving 

a thiazolium catalyst, in these reactions the expected product from the cross-coupling of 

two aldehydes can be confidently predicted beforehand, and the methodology is 

complementary to existing methodologies based on enzymatic catalysis, as it 

consistently furnishes the opposite (in an umpolung context) crossed-product in high 

yield (with the exception of some pyruvate decarboxylases capable of accepting 

aliphatic aldehydes as donors in place of their natural a-ketoacid substrates). It was 

found that the use of the triazolium ion- based precatalyst 97 is also critical for the 

promotion of chemoselective reactions. New triazolium ion-based precatalysts were 

synthesised and successfully employed in enantioselective crossed acyloin condensation 

and the results obtained in the project were the first examples of enantioselective 

crossed acyloin condensation reactions.

However, the excellent chemoselectivity obtained in the crossed acyloin condensation is 

still need to be addressed with better theoretical and experimental support. Also it 

requires furthermore development of chiral triazolium precatlyst to improve the 

enantiomeric excess of the crossed acyloin product obtained in the reaction.
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Chapter 3

3.0 Cross acyloin reaction between aldehydes and ketoesters

• Evaluating the scope o f a-ketoesters in crossed acyloin reaction with aldehydes.

• Devlopment o f the enantioselctive crossed acyloin reaction o f ketoesters and 

aldehydes using triazolim precatalysts.

• Exploring the use o f a-hydroxy-(3-ketoesters in the synthesis o f asymmetric 

acyloins

Despite o f the recent advances in NHC catalysed iim poliing  processes in which highly 

enantioselective intermolecular homocoupling o f aldehydes has been achieved, the 

study o f the chemo- and enantioselective coupling o f acyl anion equivalents with 

different carbonyl partners remains in its infancy.^^^ a-Hydroxy-P-ketoacid derivatives 

incorporating a quaternary stereogenic centre in the a-position (i.e. 360, Scheme 3.1) 

are structural features in a range o f natural products."^’

a-hydroxylation
of p-ketoesters

O O

OH 360

C-C bond 
formation

NHC-catalyzed R ^
cross coupling

3

■ often require harsh oxidative conditions
■ limited functional group compatibility
■ rarely catalytic

- selective C-C coupling
- inexpensive starting materials
- versatile, catalytic methodology
- requires avoidance of a known 

hydroacylation pathway

acetolactate synthase

thiamine pyrophosphate 
as cofactor  ̂ OH 

acetolactatepyruvate

Scheme 3.1 a-Hydroxy-P-ketoacid derivatives: known approaches and a proposed 

direct catalytic C-C bond forming route.

In addition, they are densely functionalised, highly synthetically-pliable molecules 

which can serve as useful precursors to the a-hydroxyacid/-a hydroxy ketone motifs 

remarkably common in naturally occurring bio molecules,"^* tetracycline/glycylcycline
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antibiotics,^^^ artificial P-amino acids/alcohols and a,p-dihydroxylated acids (in addition 

to a plethora o f other useful building b l o c k s ) . T h e  undoubted synthetic utility o f  these 

materials is curtailed by the synthetic routes to these compounds which are based in the 

main on often functional-group sensitive a-oxidation methods (A, Scheme 3.1)."^'

Inspired by the mode o f action o f  the thiamine pyrophosphate-dependent enzyme 

acetolactate synthase, which catalyses the coupling o f two molecules o f pyruvate to 

generate acetolactate (a precursor to valine, leucine and isoleucine, Scheme 3.1),‘®~ we 

envisaged the possibility o f developing an analogous route to 360 from the direct N -  

heterocyclic carbene-catalysed coupling o f an o f  an aldehyde 132 and an a-ketoester 

359 in a chemoselective crossed acyloin condensation (AC) reaction (B, Scheme 3.1).

3.1 Hydroacylation avoided

While the coupling o f a ketoester to an aldehyde moiety would obviously represent a 

considerable advance over literature methods (which often require the use o f  excess o f 

one coupling partner) in terms o f greater synthetic flexibility, two major barriers (Path 

A and Path B outlined in Scheme 3.2) to its development were identified.

360 OH

^ O  r 1 o
©

desired  
C-C c r o s s  coupling

O
R2

0R3 
o  359

N N -C eFg  

NHC-1

I  / - N  I
l & N

- n " ^ x

NHC 361

Y -X  ©O 367 OH 363

F  OH
-H*

Y -X 2gg [path B: proton abstraction

path A: hydride transfer 

364

NHC

R2 O

\  ^  30R3 
O 365  
hydroacylation  

(undesired)

OH 1 N^N Mq
f

O hom obenzoin  
303B (undesired)
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Schem e 3.2 Three possible pathways involving the reaction o f  132 and 359 in the 

presence o f either electron-rich or electron deficient carbenes

Firstly, in previous studies involving the NHC-catalysed reaction o f  aldehydes and a- 

ketoesters,^^^’̂ "̂̂ upon reaction o f  carbene 361 with the aldehyde 132, hydride transfer to 

form the hydroacylation product 365 via the coupling o f  the initially formed alcohol 363 

and acyl-triazolium ion 364 was observed. We noted that these hydroacylation 

reactions^^^ were promoted by relatively electron-rich NHCs {e.g. NHC-2, Scheme 3.2). 

This led to the proposal that the use o f  a carbene incorporating a powerful inductive 

electron-withdrawing substituent {i.e. NH C-1) would destabilise a developing positive 

charge in the transition state leading to the acyl-triazolium ion 364. This would 

subsequently disfavours the hydride transfer pathway in favour o f  a proton-transfer step 

leading to the nucleophilic Breslow intermediate 366. Next, for chemoselective cross 

coupling to occur 366 must eschew reaction with 132 (leading to homobenzoin 303B) 

and add preferentially to ketoester 359 to afford the cross-coupled product 360 via 

adduct 367.

Examples o f intermolecular chemoselective crossed-acyloin reactions involving two 

aldehydes are very rare, and also the only ketone substrates that have been shown to 

participate in these processes are highly activated heterocyclic trifluoromethylketones 

(Scheme 1.41, Section 1.4.1). We were familiar with the performance o f  NHC-1 

in crossed acyloin condensations involving two different aldehydes and were confident 

given a combination o f the relatively mild reactivity o f  NHC-1 and superior 

electrophilicity o f  359 over 132 in previously reported hydroacylation studies that if  366 

could be formed selectively, then the crossed acyloin pathway would be dominant and 

this hydroacylation process could be completely avoided {i.e. 365 Path A, Scheme 3.2).

3.2 Prelim inary experim ents

We initiated our studies by reacting hydrocinnamaldehyde (304) with ethylpyruvate 

(368) in the presence o f  8 mol% o f  the NHC precatalyst 97 and 8 mol% Rb2C03 

(Scheme 3.3). Fortunately, the reaction is chemoselective and generated cross product 

369 with acceptable yield. Surprisingly, increasing the loading o f  base (10 mol%) even 

with low amounts o f precatalyst (97, 5 mol%) made the reaction completely
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chemoselective and excellent yields o f cross product were obtained (Note: Dr. Rose 

(University o f Regenburg) optimised the reaction condition and also evaluated other 

azolium ion based-precatalysts in the reaction).

o

Ph

o

o THF(1.1 M), 24 h 
97 (8 mol%)

Rb2 C0 3  (8 mol%)
HO

Ph
Ph

O O

Ph

304 368 303A  12% 369 62%

Scheme 3.3 Chemoselective cross coupling o f aldehyde with a-ketoester

With chemoselective cross-coupling established and convenient conditions identified, 

we next turned to a systematic examination o f the reaction scope and the results 

obtained are showed in table 3.1. Beginning with aliphatic aldehydes (Table 3.1), we 

were pleased to find that substrates incorporating hydrocarbon chains were converted to 

the corresponding a-hydroxy-P-ketoesters 371-375 in uniformly excellent isolated 

yields (entries 1-3).

Coupling o f hydrocinnamaldehyde (304) with ethyl pyruvate in our optimised 

conditions furnished cross product 374 with excellent yield (entry 4). Aliphatic 

aldehydes in particular are challenging coupling partners in NHC-catalysis because o f 

their low reactivity and the presence o f enolisable protons under basic conditions. 

Aliphatic aldehyde having peripheral double bond {i.e. 370, entry 5) was also 

compatible in the process and obtained cross product 375 with moderate yield. The 

lower yield o f cross product 375 might be due to either competitive Stetter reaction or 

homoenolate^^^ pathways.

Table 3.1 Coupling o f aliphatic aldehydes to ethyl pyruvate
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o

97  (5 mol%)
O O

K2 C O 3  ( 1 0  mol%)
THF (1.1 M), 40 -C, 20  h OH 97

entry aldehyde product yield (%)“

O 0 0 37*1 09

^
'  OH

o 9 9 372 93
316

O H °

o 9 9 373 94
z '  317

Ph-'

O
OH

o 95II
304

o 48
y  370

Ph'
OH

OH

“ Isolated  yield. *■ Y ield determ ined  b y  'H  N M R  sp ectro scopy  using  (£ )-s tilb e n e  as an in ternal standard.

Initially, the efficiency o f the corresponding coupling reactions involving aromatic 

aldehydes (Table 3.2) was disappointing, for example the crossed AC reaction between 

p-chloro-benzaldehyde (305) and 368 proceeded in 56% yield (entry 1). After 

considerable experimentation it was found that the use o f chloroform as the reaction 

solvent allowed the circumvention of this difficulty. Thus, 305 could be converted to 

377 in 83% yield in the presence o f 97 (10 mol%>) in chloroform solvent (entry 2). In a 

similar fashion, activated {i.e. 337, entry 3) and electron-neutral (i.e. 31 and 376, entries 

4-5), in addition to deactivated (i.e. 338, entry 6 ), aromatic aldehydes could be coupled 

with 368 to afford 378-381 respectively in good to excellent isolated yields.

Table 3.2 Coupling o f aromatic aldehydes to ethyl pyruvate
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o o
J  •    l A  ,

A r^ n K2CO3 (20 mol%) O
O CHCI3 (1.1 M), 40 °C, 20 h /  OH

363 (1.2 equiv.)
97

entry aldehyde product yield (%)“

1*

2

'o

305

337

376

O

338

377

OH
Cl

9  9  378

OH
Br

9 379

OH

56

83

76

86

84 

93

“ Isolated yield. * Reaction conditions: 97 (10 mol%), K.2CO 3 (20 mol% ), 1 equiv. o f  363, THF (1.1 M ), 40 °C, 16 h. 
reaction time: 48 h and experiments conducted by Dr. Rose (University o f  Regensburg).

The methodology is not limited to the use of 368 and is also applicable to other a- 

ketoester coupling partners (Table 3 .3). For instance, ethylbenzoyl formate (382) could 

be coupled to 304 with excellent efficiency (entry 1).

Table 3.3 Coupling of aliphatic and aromatic aldehydes with various a-ketoesters.
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I I  , U  ^  97 (1 0 m o l% ) O O

R'  ̂ Ph K2CO3 (20 mol%) R''
O CHCl3(1.1 M), 4 0 ° C ,  2 0 h  Ph OH

382 383-387
97

entry aldehyde product yield (%)“

3 87

Isolated yield. * used 3 .0  equiv. o f  333

Aromatic ketoesters proved difficult substrates, however these reactions responded well 

with an increase in the amount of precatalyst (10 mol%) and base (20 mol%), which 

allowed the formation of 383-385 in yields >80% (entries 1-3). Aromatic and 

heteroaromatic aldehydes could also be coupled to aromatic ketoesters and obtained 

corresponding a-hydroxy-P-ketoesters 386 and 387 with good yield (entries 4-5).

To investigate the origins of the chemoselectivity we exposed ethyl pyruvate to the 

homobenzoin product of benzaldehyde in the presence 97 under identical conditions to 

those outlined in Table 3.1. Less than 1% of cross-coupled product 379 was observed 

(Scheme 3.4). In a similar fashion, the homodimer of hydrocinnamaldehyde 303A failed 

to undergoes retroacyloin and coupling with ethylpyruvate (368) under identical 

conditions (Scheme 3.4). We would therefore suggest that the chemoselectivity observed in 

these processes is due to kinetic control.
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o 97 (5 mol%)

Ph
Ph

O O

OH

32

K2C0 3 (1 0 mol%) 
THF(1.1 M), 40°C , 20 h

368

Ph^ ^  O 
OH

379 <1%

97 (5 mol%)
*■ [no reaction]

^  K2C0 3 (1 0 mol%) ----------------
THF(1.1 M), 40 °C, 20 h 

303A 368

Scheme 3.4 Crossover experiments between homo-acyloin products and 

ethylpyruvate (368)

3.3 Enantio- and chemoselective crossed acyloin reactions between aldehydes 

and a-ketoesters

Chiral quaternary stereocentres are ubiquitous in natural products^^^ and thus the 

development of reliable methods to access them is crucial for synthetic organic 

chemists. Significantly few catalytic asymmetric protocols (often having narrow 

substrate scopes) have been described for the efficient creation of chiral quaternary 

stereocentres^^'’ and the synthesis of these structural features often represents the most 

challenging step of a sjmthetic procedure. After developing the novel protocol using 

achiral precatalyst 97 for the synthesis of a-hydroxy-p-ketoesters bearing quaternary 

carbon and the scope of the process systematically explored, we were ready to examine 

the possibility of carrying out asymmetric variants of these reactions. We started to 

explore the performance of bifunctional precatalyst 73 in the enantioselective cross 

coupling of aldehydes with a-ketoesters under the conditions we previously employed 

in intermolecular cross condensation of aldehydes. From the outset it was evident that 

reactions employing hindered ketoesters were low yielding but afford good 

enantioselectivities.

Table 3.4 Asymmetric crossed AC using chiral precatalysts
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73(10mol%)
^  Rb2C03(10mol%) O O

OEt n THF, Ar, rt, 24h U Jl
^  OH

entry R' aldehyde product yield(%)“ ee(%)*’

o o

o o

“ Isolated yield. * Determined by using CSP-HPLC.

The scope of the a-ketoesters in the enantioselective cross acyloin reaction was then 

investigated. The results obtained from this chemoselective study are shown Table 3.4. 

The coupling of hydrocinnamaldehyde (304) with ethylpyruvate (368) in the presence 

o f precatalyst 73 furnished the desired cross-acyloin product 376 in an acceptable yield 

and less enantioselectivity (68% yield, 36% ee, entry 1). Short linear aldehydes such as
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propanal (316) and butanal (317) led to the corresponding cross-acyloin products 372 

and 373, respectively, in good yields and less enantiomeric excess (entries 2-3). The use 

of aromatic aldehyde 305 in cross coupling afforded cross product 377 with modest 

yield and enantioselectivity (entry 4).

Interestingly, phenyl substituted a-ketoester acceptors furnished the desired cross 

acyloin products with moderate to good yields and enantioselectivities. The cross 

coupling of ethylbenzoylformate (382) with hydrocinnamaldehyde (304), using 10 

mol% of bifunctional precatalyst 73, was relatively low yielding, providing a yield of 

32% of chemoselective product 383, although with gratifying enantiomeric excess of 

52% (entry 5). It was found that the chemoselective reaction of the less hindered simple 

aliphatic aldehyde 316 with ketoester 382 under similar conditions afforded cross 

product 385 with improved yield but less enantiomeric excess (entry 6). Enantiomeric 

excess of cross product could be improved using heteroaromatic aldehydes but this 

proceeded at the expense of product yield. Chemoselective coupling of heteroaromatic 

aldehydes with ketoester 382, in the presence of precatalyst 73 afforded cross product 

387 with 69% enantiomeric excess but poor yield (entry 7).

3.4 Evaluation of other a-ketoesters in the enantioselective crossed acyloin

condensation

Encouraged by the enantioselectivities of the cross product obtained using ethyl 

benzoylformate (382), we decided to evaluate the use of benzoyl formate substrates 

bearing different ester groups. Using the commercially available phenylglyoxylic acid 

(388) and the appropriate alcohol, we synthesised the a-ketoesters 389 and 390 from 

literature procedures^^^’̂ ^̂  and obtained them in low to moderate yields (Scheme 3.5).
o o

Cond. A or B

R'' = *Bu 389 Cond. A 60% 
388 r 2 = Bn 390 Cond. B 49%

Conditions A Conditions B:

ROH (2.5 equiv.), DCC (1.0 equiv.) ROH (1.2 equiv.), PhMe, 80 “'C, 16 h
DM AP(10m ol% )
PhMe, 0 °C to rt, 16 h
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Scheme 3.5 Synthesis o f a-ketoesters 389 and 390

We were gratified to find that augmentation of the steric requirement o f the a-ketoester 

derivative resuhed in improved levels o f product enantiomeric excess relative to that 

obtained using ethyl pyruvate (368) and ethylbenzoylformate (382). Once again we 

found that precatalyst 343 was less active than 73, promoting the same reaction with 

improved enantioselectivity, albeit at the expense o f product yield (Table 3.5).

Table 3.5 Highly enantioselective cross AC using bifiinctional precatalysts

Ph
O

0

389 R̂  = 'Bu
390 R̂  = CHoPh

73 or 343 (10 mol%) 
Rb2 C0 3  (20 mol%)

THF, rt, 40  h
R' X  'O

Ph OH 

391-392

,R̂

343

yield ee
entry catalyst aldehyde ketoester product

(%)“ (%)*’

1 73 152 389 o O 1

Ph-̂  OH 391

80 69

2 343 152 389 0 O 1 

Ph OH 391

58 73

3 73 333 390 O O 19 83

V - S  Ph OH 392

“ Isolated yield. * Determined by CSP-HPLC.

For instance, protection of the acid functionality as the easily removed tert-huXyX ester 

{i.e. 389) allowed coupling with acetaldehyde (acetaldehyde is used in excess due to its 

high volatility with heavier aldehyde partners stoichiometric loadings could be 

employed) to occur in 80% yield and 69% ee using the chiral precatalyst 73, where 

precatalyst 343 catalysed same reaction with 58% yield and 73% ee o f cross product 

391 (Table 3.5, entries 1-2).
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We also performed the coupling of ketoester 390 with hetero-aromatic aldehyde 333 in 

the presence of precatalyst 73 at room temperature, and obtained the cross product 392 

in good enantiomeric excess, although with reduced yield of 19% (entry 3). A possible 

explanation for this high enantioselectivity might be stabilising effects of Ti-stacking 

between the hetero aromatic residues in the Breslow intermediate and the hydrogen 

bond between the ketoester and carbinol moiety o f bifunctional catalyst.

3.5 Synthetic utility of crossed acyloin products

Finally, while the potential utility of such densely functionalised adducts as synthetic 

building blocks is reasonably obvious, we were also interested in investigating the use 

of the pyruvate unit as a ‘masked aldehyde’ in crossed acyloin reactions between two 

aliphatic aldehydes (395, Scheme 3.6). While there has been a recent surge in interest in 

the investigation of the factors which influence the outcome of crossed acyloin 

reactions, in all cases where useful selectivity was observed the system consisted of the 

reaction between one aliphatic aldehyde and one aromatic aldehyde where the inherent 

differences in electrophilicity and steric bulk of the two substrates can be exploited to 

bring about a measure of selective (although rarely completely chemoselective) 

coupling.^^® However, no examples of chemoselective crossed acyloin reactions 

between two aliphatic aldehydes catalysed by an NHC catalyst are known (Scheme 3.6). 

We envisaged obtaining the cross acyloin products of type 395 and 396 from a- 

hydroxy-P-ketoesters {e.g. 394) obtained in this project.

o o , 9
j j  +  J J  s e l e c t i v e  ^

R’ cross acyloin ^  |

acyl donor acceptor ,, 393

I
0

■

0

o 1  ^S,^R^aliph or 
^  h p i la  1

395 OH 3 9 6 ° ^
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Scheme 3.6 An a-ketoester as a masked aldehyde for the synthesis o f selective AC 

reaction products

Given that the AC reactions detailed above (Tables 3.1-3.3) are 100% chemoselective, 

we reasoned that the product 397 obtained from coupling o f  an aliphatic a-ketobenzyl 

ester and an aliphatic aldehyde would, on hydrogenolysis o f  the benzyl group, result in 

situ decarboxylation to give a product o f  type 398 formally derived from the 

chemoselective coupling o f  two aliphatic aldehydes.

O O Pd/C O
MeOH

397 398

Schem e 3.7 Proposed synthesis o f crossed acyloin derived from different aliphatic 

aldehydes

Benzylpyruvate (400) was easily synthesised from the reaction between pyruvic acid

(399) and benzyl alcohol in the presence o f  catalytic amount o f  DMAP and 2.0 

equivalents o f DCC.

BnOH (2.5 equiv)
O DCC (1.0 equiv) O

j l  OH DMAP (10 mol%)

O PhMe, 0 °C to rt, 8 h q

399 400  42%

Schem e 3.8 The synthesis o f benzylpyruvate (400)

To validate this hypothesis, we synthesised the compound 401 using benzyl pyruvate

(400) and hydrocinnamaldehyde (304) in the presence o f  97 (5 mol%) in excellent yield 

(Scheme 3.9). Subjecting the compound 397 to decarboxylation conditions using Pd/C 

and H2 gas in methanol solvent, unfortunately afforded the mixture o f  two regioisomers 

402 and 403.
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Ph O
304  O O o  OH

9 7 (1 0 m o l% )  ^  X  A  H2 , Pd/C

A h ° ® "  b o a c  P h - y  "
OBn T H F (1 .1 M )  OH O

40  °C, 20 h
O 400 401 402 403

Scheme 3.9 An aliphatic a-ketoester as a masked aldehyde in an AC reaction for the 

synthesis of crossed aliphatic acyloins.

The rationale for the formation of regioisomers is showed in scheme 3.9. The a- 

hydroxy-p-keto-carboxylic acid 404 obtained after debenzylation of product 401, was 

prone to undergo decarboxylation and generates the intermediate 405. The intermediate 

405 undergoes keto-enol tautaomerisation and gives the mixture of regioisomers (402 

and 403). To avoid the formation of regio-isomers in debenzylation process we decided 

to protect the hydroxyl group of 401 with acetyl chloride.

o

403 °

Scheme 3.10 Rationalising the formation of regioisomers during decarboxylation of 

401

After acylation of the tertiary alcohol 401 using 4-dimethyIaminopyridine (DMAP) 

catalyst, hydrogenolysis of 406 in the presence of Pd/C led to the clean formation of 

407 which is formally derived from the completely chemoselective crossed AC reaction 

between 304 and one equivalent of acetaldehyde (Scheme 3.10). Under the basic 

conditions associated with crossed acyloin conditions, it is unlikely if a direct, high 

yielding crossed AC reaction between two aliphatic aldehydes is possible. Thus by 

utilising an a-ketoester partner with the requisite a-substituent followed by a simple 

acylation/hydrogenolysis protocol it is now conceivable to generate the acylated product 

derived from the AC reaction between any two aliphatic aldehydes (within the substrate
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scope outlined in Tables 3.1-3.3) with complete control over which aldehyde formally 

acts as the acyl-anion synthon.

9 9 D M A P (10m ol% ) 9 9 H2 , P d/C

r ^ % s ; ^ O B n  AC2O (2.0 equiv.) EtOAc
/  OH NEta (2.5 equiv.) '  OAc

Ph CHCI3 , rt, 20  h

401 8 8 % 406  98%

Scheme 3.11 Synthesis o f acyl-protected crossed acyloin 407

Apart from the selective formation of crossed aliphatic acyloins 406 derived from two 

different aliphatic aldehydes, this acetylation/decarboxylation approach can easily be 

extended to generate other crossed acyloin products which are difficult to synthesize 

using other methodologies. While partial solutions are available for the selective 

coupling o f aliphatic and aromatic aldehydes,^^^ a general NHC-mediated method for 

accessing crossed aromatic benzoins {i.e. between two different aromatic aldehydes) has 

remained elusive until now. We have now brought this new methodology to bear on this 

long-term problem. Heteroaromatic aldehydes also proved to be suitable substrates 

(Scheme 3.12).

//
' S ' 3 3 3  9 7 { lO m o l% )

O

Ph
OBn

K2C O 3 (20  mol%) 
T H F ( l l M )
40  °C, 20 h

O

DMAP (10 mol% )

AC2O  (2 .0  equiv .) 
NEt3 (2 .5  equiv.) 
CH 2CI2 , rt, 2 0  h

EtOAc

OBn H2,Pd/C 

OAc

4 0 8  (2.0 equiv.) 409  84% 410 98% 411 94%

Scheme 3.12 Chemoselective crossed AC followed by acetylation/decarboxylation to 

generate benzoin acetate formally derived from the chemoselective 

coupling o f thiophene carbaldehyde and benzaldehyde.

Thiophene aldehyde (333) could be coupled with ketoester 408 to allow access to the 

crossed aromatic acyloin acetate 411, which is formally derived from a selective AC 

reaction between two aromatic aldehydes o f very similar steric and electronic 

properties.



3.6 Conclusions and outlook

In summary, we have developed the first chemoselective, intermolecular crossed AC 

reactions between aldehydes and inexpensive a-ketoesters catalysed by an NHC 

catalyst. Through the selection of a more electron-deficient carbene promoter the 

hitherto dominant hydroacylation pathways can be completely avoided. In contrast with 

the majority of previous attempts to affect such transformations in the literature, in this 

reaction the two partners can react in a 1:1 ratio to furnish densely functionalised 

products of high potential synthetic utility containing a quaternary stereo centre in good 

to excellent yields. The scope of the process is extraordinarily broad: both aliphatic and 

aromatic aldehydes are well tolerated, while also both aromatic and aliphatic 

substituents at the a-carbon (in addition to various ester functionalities) are 

accommodated in the a-ketoester electrophile. A preliminary study has established that 

a high degree of stereochemical control over the reaction can also be exercised via the 

use of a chiral NHC precursor. In addition, a benzyl a-ketoester can be utilised as a 

masked aldehyde equivalent thus practitioners can synthesise {via a chemoselective AC 

reaction) acylated AC products formally derived from the 1:1 coupling of two 

aldehydes (even if they have very similar steric/electronic characteristics) with absolute 

control over which partner will behave as the acyl anion equivalent and which will 

serve as the electrophile.

However, the enantioselective version of the developed crossed acyloin condensation 

reaction between ketoester and aldehyde lacks both efficient product yield and 

enantioselectivity. Moreover, the determination of absolute configuration of the a- 

hydroxy-P-keto-ester product and design of the new triazolium prcatalyst based on the 

stereochemistry of the product are still highly anticipated in this project.
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Chapter 4

4.0 Aerobic oxidation of the aromatic aldehdyes catalysed by NHC: Scope and 

mechanism

Reseacrh objectives for chapter 4

• The work presented in this chapter was conducted along with Mr. E. Delany and 

Ms. C.L. Fagan.

• Study o f the carbene catalysed additive free oxidation of aldehyde and its scope.

• Elucidation of the mechanism o f NHC catalysed aerobic oxidation based on 

experimental observations.

Recently, interest has grown rapidly in the development o f selective protocol for the 

aerobic oxidation of organic substrates. The oxidative esterification of aldehydes 

catalysed by a NHC in combination with external oxidant was received considerable 

attention.'^^ '^^’’̂ '' While significant progress has been made in this methodology, 

however, a mild, additive-free NHC-mediated protocol of broad scope for the aerobic 

oxidation o f aldehydes has yet to be developed. Our studies led to the development of 

an aerobic oxidation of aldehydes using a simple NHC at room temperature in alcoholic 

medium without any added co-oxidants and employing oxygen as terminal oxidant.^^^

4.1 Preliminary Experiments

Preliminary experiments conducted by Ms. A. Mari revealed that 31 could be esterified 

to a conveniently detectable extent in methanolic THF (1:1 v/v) in the presence of 

triazolium ion- based precatalyst (15 mol%) and a small excess o f base (DBU) under an 

air atmosphere. After screening various thiazolium- and triazolium ion- based 

precatalysts, it was found by Mr. E. Delany that the precatalyst 412 efficiently mediated 

the oxidation of aldehydes in the presence of DBU. In the oxidation o f benzaldehyde 

using methanolic THF (1:1 v/v) as a solvent, 1.1 equivalents o f DBU and 15 mol% 

precatalyst 412, obtained 94% of the desired ester 194 under an atmosphere o f air 

(Scheme 4.1).
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o
II 4 1 2 (1 5 m o l% )

DBU (110 mol%)

THF/M eOH 
rt, 24 h, air

31 194 94%

Scheme 4.1 The aerobic oxidation of benzaldehyde under optimised conditions

It is also important to note that the oxidative esterification of benzaldehyde (31) did not 

occur in the absence of triazolium ion- based precatalyst (Scheme 4.2). We also 

performed the same reaction using precatalyst 412 and DBU in the presence of argon 

instead of air. Surprisingly, the only product observed in the reaction was benzoin (32) 

and the absence of ester formation in the reaction inferred the importance of air in the 

oxidative process (Scheme 4.3). These experiments confirm that the oxidative 

esterification of aldehydes do not proceed in the absence of both carbene and air.

o
^  «  D B U (1 1 0 m o l% ) ,-------------------- ,

H ___________________ ^ [ no reaction ]
THF/M eOH (1:1 v iv )  
rt, 12 h

31

Scheme 4.2 The oxidative esterification of benzaldehyde in the absence of precatalyst

4 1 2 (1 5 m o l% )
D B U (1 1 0 m o l% )

THF/M eOH (1:1 vIv) 
rt, Ar

31 32 36%

Scheme 4.3 The oxidative esterification reaction of benzaldehyde under argon 

atomspehere

4.2 NHC-mediated aldehyde esterification: reaction scope

This esterification of aromatic aldehydes at room temperature in the absence of either an 

added stoichiometric oxidant, an alkyl halide or a dedicated catalyst for the activation of 

triplet oxygen^^"*’̂ ’ ’̂̂ ’  ̂ is remarkable. Also the precatalyst 412 could be easily 

synthesised from commercially available starting material. Methylation of commercially
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available 1,2,4-triazole (413) followed by an alkylation o f 414 with ethyl iodide 

afforded precatalyst 412 in low yield (Scheme 4.4).

Mel 
Ar, 0 °C

I  N~

CH3CH2I 
(2.1 equiv.) -N

2 h, rt

413 4 1 4  38% 412  29%

Scheme 4.4 The synthesis of the triazolium ion-based precatalyst 412

With a useful protocol in hand, we investigated the compatibility of the new process with 

different aldehydes. The results are shown in Table 4.1.

Table 4.1 Reaction scope: aldehyde component

O 4 1 2 (1 5 m o l% ) Oj ______  ̂ X
R DBU (110 mol%) R

THF/MeOH (1:1) 
rt, air

/= N

412

entry substrate time (h) product yield (%)''

382

24

12

^  194

OMe
415

94

90

Cl
305

O

(VV s  333

12

18

C l'

OMe
416

V s  417

72

65 (69)*

“ Yield o f  isolated product. * The value in parenthesis is the yield o f  isolated product obtained when this reaction was 
repeated in the collaborating research group (University o f  Regensburg) using independently synthesised/purified 
materials and precatalyst.

113



Electron-neutral aromatic aldehydes {i.e. 31 and 382) were converted to the corresponding 

methyl esters (194 and 415 respectively) in excellent isolated yields in the presence of 412, 

DBU, methanol and air (entries 1 and 2). Activated benzaldehydes such as p- 

chlorobenzaldehyde (305) provided the ester 416 with a 72% yield (entry 3). Substrate 

incorporating oxidisable heterocyclic functionality {i.e. 333) was converted to its methyl 

ester analogues with good yields (417, entry 4). During the oxidative reaction of 2- 

thiophene carbaldehyde, colour changes were observed which were absent in the case of 

other substrates. We presume unwanted photochemical reactions could be the reason for 

the lower yield of 417.

Overall, we have developed an efficient NHC-mediated esterification of aldehydes 

involving alcohols and air {i.e. oxygen) as the oxidant. No other added stoichiometric 

oxidants or catalysts to activate molecular oxygen are required. Unhindered aromatic 

aldehydes (including heterocyclic analogues) can be converted to the corresponding methyl 

esters with good to excellent yields at ambient temperature (Mr. E. Delany performed 

oxidative esterification of various aldehydes and obtained corresponding esters with good to 

excellent yields).^^^

4.3 NHC-mediated aldehyde esterification: mechanistic studies

After the development of the first examples of efficient A^-heterocyclic carbene (NHC)- 

mediated aerobic oxidative methyl esterifications of aromatic aldehydes,^^"* we wished to 

ascertain the nature of the oxidised intermediates that were involved in these aerobic 

oxidative esterifications. The results of our studies (Table 4.1 along with other extended 

aldehyde and alcohol scope studies carried out by Ms. C. L. Fagan and Mr. E. Delany) are 

not readily reconciled with either ‘oxidative’ (Scheme 1.57) or ‘oxygenative’ mechanisms 

(Scheme 1.58). For instance, the ‘oxygenative’ esterification reaction requires alkyl transfer 

from an electrophile (such as an alkyl halide). In our method, oxidative esterifications of 

aldehydes were carried out using alcohols {i.e. nucleophilic species). Furthermore the 

oxidative esterification reaction of benzaldehyde with deuterated methanol under identical 

conditions afforded deuterated ester 418, this experiment also supports the hypothesis that 

alcohol acts as a nucleophile and the alkoxy group of ester comes fi’om alcohol (Scheme 

4.5). For these reasons and so forth, the ‘oxygenative’ pathway does not appear to 

explain our results.
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o o o

DBU(110mol%) 
THF/CD3 OD (1:1 viv) 
rt, air, 16 h

412(15mol%)
OCD3  ^ OH

31 (1.0 mmol) 418 (0.90 mmol) 227 (0.06 mmol)

Scheme 4.5 The oxidative esterification o f benzaldehdye with deuterated methanol

The ‘oxidative’ esterification mechanism is also unsatisfactory here, as the sensitivity o f the 

process described in our work to the steric bulk of both the nucleophilic and electrophilic 

reaction components is not consistent with the previous study from our laboratory (Scheme 

4.6).'^^ For instance, using azobenzene as a stoichiometric oxidant and in the presence of 

precatalyst 208, o-tolualdehyde (146) was converted to ester 419 in almost quantitative 

yield. Whereas the same reaction carried by Mr. Delany employing aerobic oxidative 

condition only afforded 28% yield of ester 419 (Scheme 4.6 A). Similarly, using iso- 

propanol as the nucleophile, benzaldehyde was oxidised to ester 420 with 83% yield, 

however under our aerobic condition ester 420 did not form (Scheme 4.6 B). Thus the 

hindered aldehydes and alcohols (nucleophiles) served as excellent coupling partners in 

NHC-mediated oxidative esterification reported by Connon et al. via acylazolium ion 208a 

(Scheme 4.6),'^^ while in the current study^^^ both are poor substrates. This strongly 

indicates that our aerobic oxidative esterifications outlined above do not proceed via acyl 

azolium ion intermediates.
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4 12(10m ol% )

DBU (110 mol%) 
THF/MeOH (1;1) 
rt, air

O MeOH (1.0 equiv.)
II 208 (5 mol%)

A zobenzene (1.0 equiv.) 
NEta (7.5 mol%), rt, 24 h

419 28% 146 419 97%

a
o

o

420 0%

4 12(10m ol% )

DBU (110 mol%) 
THF/MeOH (1:1) 
rt, air

31

/so-propanol 
208 (5 mol%)

O

A zobenzene (1.0 equiv.) 
NEta (7.5 mol%) 
rt, 24 h

420 83%

Scheme 4.6 A: The oxidative esterification of o-tolualdehyde using precatalyst 208. B: 

The oxidative esterification of benzaldehyde with hindered nucleophile.

Since the esterifications do not proceed in the absence of O2 (Scheme 4.2), we were forced 

to consider alternative species as the intermediates being oxidised in the presence of air in 

these reactions. In the presence of Argon, exposure of benzaldehyde under oxidative 

esterification conditions, produced benzoin product (Scheme 4.3). We supposed that the 

most likely candidate which underwent oxidation is the benzoin (32). The slow, base- 

catalysed aerobic oxidation of benzoin to benzil by O2 is known in the literature (Scheme 

The keto-enol tautomeric equilibrium established in the presence of air and base 

would facilitate the formation of the enediolate intermediate 422 via deprotonation of enol 

421 (Scheme 4.7). The enediolate intermediate 422 fiarther reacts with oxygen to form 

benzil (423).^^^

Ph
Ph

air
base

Ph'

OH
L^OH

OH Ph

H - _ 
o ' 'O

Ph^  ̂ Ph

O Ph

PhH
32 421 422 423
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Scheme 4.7 The aerobic oxidation o f benzoin in the presence of air under basic reaction 

conditions.

The use of benzoin instead of benzaldehyde in the oxidative esterification reaction afforded 

an ahnost equal amount of methylbenzoate (194) and benzoic acid (Scheme 4.8A). The 

same reaction employing pyrrolidine (more nucleophilic and less acidic than methanol) 

under our aerobic oxidative conditions resulted in only benzoic acid formation (227, 

Scheme 4.8 B). These experiments indicate the sensitivity of the acidity of pronucleophile 

in the oxidative process.

412 (15 mol%) 412(15mol%)

DBU (110 mol%) 
THF/MeOH (1:1 viv)

OCH^

t I : i  , i k, 11,  a i l  ^  1 1 1 1 /  i v i c w n  \  I . I V I V  )

pyrrolidine air, rt

227 80% 32 (0.5 mmol) 194 (0.43 mmol) 227 (0.40mmol)

Scheme 4.8 A: The oxidative esterification o f benzoin in the presence o f methanol.

B: The oxidative esterification o f benzoin in the presence o f pyrrolidine

OH
412(15mol%)

DBU (110 mol%) 
THF, air, rt

32 (1 mmol) 424(0.37 mmol) 227 (0.57 mmol)

Scheme 4.9 The oxidative esterification o f benzoin in the absence o f methanol

o

We also treated the benzoin (32) to the oxidative esterification conditions in the absence of 

methanol and obtained a considerable amount o f hydroacylated product 424 and benzoic 

acid (227, Scheme 4.9).

We have never isolated or observed benzil in any of the reactions outlined above. Since 

benzil is a highly electrophilic species, its rapid destruction in the presence of the relatively 

unhindered carbene derived from 412 and methanol would not be implausible. We 

conducted an experiment by subjecting benzaldehyde (31) to the esterification conditions 

in the absence o f methanol. To our delight, we observed the formation o f both 32 and 423
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after just 5 min reaction time (Scheme 4.10). After 20 min, both these species have been 

replaced by a hydroacylation product 424 (in good yield) and the acid 227 (presumably 

formed due to the presence of adventitious water). (Note: The experiments shovra in 

Scheme 4.10 were conducted by Ms. C. L. Fagan and yields were calculated by 'H  NMR 

spectroscopy using styrene as an internal standard.)

31

412 (15 mol%)

DBU (110 mol%) 
THF, rt, a ir

32 63%

O
423 24%

OH
+

424 63% 227 36%

Scheme 4.10 The observation o f benzil as an oxidised intermediate in the absence of 

methanol.

We have developed the methodology for the efficient oxidative esterification o f 

aromatic aldehydes using alcohols. Our NHC-mediated aerobic oxidative esterification 

process uses air as the sole oxidant and excellent yields were obtained with simple-, 

activated- and deactivated benzaldehydes superior to any other known literature 

methods.^^^ However, or/Zzo-substituted aromatic aldehydes and hindered nucleophiles 

were problematic in our methodology. Also for instance, oxidative amidation of 

benzaldehyde using the hindered nucleophile such as pyrrolidine only afforded 30% of 

amide 425, whereas the oxidative esterification o f benzaldehyde using methanol gave 

94% of ester 194 (Scheme 4.11).

[I J  D B U (110m ol% ) [ I  J  DBU (110m ol% ) ]\ J  \ /
THF/MeOH (1:1) THF, rt, 24 h, air
rt, air pyrrolidine

194 94% 31 425 30%

Scheme 4.11 Comparison o f the NHC-mediated oxidative esterification and amidation 

processes
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Scheldt et al?^^ have previously reported the formation of the hydroacylated product 

424 in the NHC-mediated reaction between benzaldehyde (31) and benzil (423). They 

rationalised this in terms of a hydride transfer process between the carbene-aldehyde 

adduct 427 (formed from the reaction o f carbene 426 with electrophilic moiety of 

aldehyde 31) and benzil (423). The formation of benzoin from benzil occurs via hydride 

transfer from the alkoxide 427 to the carbonyl group o f benzil (423). Further acyl 

transfer from the in situ generated acyl azolium ion 428 to the alkoxide 32a affords the 

hydroacylated product 424 and carbene 426, which re-enter the catalytic cycle (Scheme 

4.12). The reaction outlined in Scheme 4.9 is the first example o f the efficient NHC- 

mediated formation of a hydroacylation product 424 from an aldehyde 31 alone in the 

presence of air.

Ph

Ph--=YPhA,Ph- O •• 426
424

acylation hydride transfer

O
PhPh+

Ph- 423
Ph

32a 428

Scheme 4.12 Formation of the hydroacylated product from benzil through the 

hydroacylation pathway proposed by Scheldt

To probe fiirther into the mechanism of our aerobic oxidative esterification methodology, 

we wished to conduct some experiments involving the postulated intermediates such as 

benzil and hydroacylated product 424. For that reason, we synthesised benzil and the 

hydroacylation product 424 using slightly modified known literature procedures.^* 

Synthesis of benzoin (32) from NHC -mediated organocatalysis followed by its oxidation 

with pyridinium chlorochromate in dichloromethane afforded benzil (423) with good 

yields (Scheme 4.13). The hydroacylated product 424 is easily obtained by the general base 

catalysed acylation of benzoin (32) with benzoyl chloride (Scheme 4.13).

119



o C l ^  ?
O N+ II _
^  H O 9

°  97 (5 mol%) (2.5equiv.)

Ph R b,C 0 3 (5 mol%) I C H ,C b ,r t ,4 h
Ar, rt, 16 h Ar

31 32 94% 423 75%

O

Cl OO

OH DM AP(10m ol% ) OCOPh
EtsN (1.2 equiv)

32 CH2 CI2 , rt, 4 h, Ar 424  72%

Scheme 4.13 Synthesis of benzil (423) and hydroacylated product 424 from known 

literature procedures

The carbene-catalysed reaction o f 32 with an equivalent amount o f 423 in the absence o f 

both air and MeOH generated the hydroacylation product 424 as the major constituent of 

the crude reaction mixture (Scheme 4.14), indicating that benzoin may also be able to play 

the role o f the nucleophilic alcohol in these reactions. The hydroacylation product 424 is 

conspicuously absent in the 'H NMR spectra of reactions involving methanol. Therefore 

we next assessed the stability o f 424 under anaerobic reaction conditions; as a result o f 

which smooth acyl transfer to afford methyl benzoate (194) in excellent yield was 

observed (Scheme 4.15A). We also treated the hydroacylated product 424 to the aerobic 

oxidative conditions in the absence o f precatalyst 412 and noticed formation o f 

methylbenzoate (194) and a small amount o f benzil (423) and aldehyde 31 (Scheme 

4.15 B).

O O O O
32 (1 mmol) Jl Ph ^  Ph JJ iL

4 1 2 n 5 m o l% l^ 4 1 2 (1 5 m o l% )^ P h ^ ^  + P h '^  Y  + P h ^  + P h ^ O H

423(1  mmol) DBU (110m ol% ) OCOPh OH
THF, rt, Ar

424 (0.95 mmol) 32 (0.41 mmol) 31 (0.15 mmol) 227 (trace)

Scheme 4.14 The NHC-mediated reaction o f benzil with benzoin in the absence o f O2 .
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J  + Ph
O
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o
DBU(110mol% ) Ph'

THF/MeOH (1:1 Wv) 
rt, Air

a
A

o

DBU(110mol% )
THF/MeOH (1:1) 
rt, Ar

31
(0.01 mmol)

194
(0.75 mmol)

423
0.05 mmol

424  (1.0 mmol)
89%

194

Scheme 4.15 A: Sensitivity of 424 to oxidative conditions in absence o f  air. B: 

Reaction o f 424 in the oxidative conditions with out precatalyst 412.

Overall, a mechanistic rationale consistent with the data outlined above and experiments 

conducted by colleagues (Mr. E. Delany and Ms. C. L. Fagan) is shown in Scheme 4.16. 

The carbene 429 reacts with 31 to fomi the enaminol 430, which on addition to another 

molecule o f 31 results in the rapid formation o f 32 which is oxidised by air in the presence 

of base to benzil (423, Scheme 4.7). Since our results are not consistent with acyl azolium 

ion fomiation, we would propose that the electrophilic diketone 423 is attacked by NHC 

429 to give the tetrahedral intemiediate 431, which is converted to 432 (presumably v/a 

intramolecular general base catalysis). The hemiacetal 432 can then collapse to reform the 

enaminol 430 and methyl benzoate 194. The formation o f the hindered hemiacetal 432 

would be likely to depend on both the steric bulk and the pÂ a o f  the alcohol. It is important 

to note that the formation o f intermediate 432 was proposed by Fatin ef al. in a different 

NHC-mediated study and it was also supported by our NHC- catalysed crossed acylation 

studies involving aldehydes and ketoesters (i.e. 362 in scheme 3.2).̂ -̂̂ '̂ -̂’ In the absence o f 

added alcohol, it is possible that a similar process takes place involving 32 as the 

nucleophile, which affords the hydroacylation product 424 (as observed in Scheme 4.8 and 

4.9). In the presence o f MeOH, the hydroacylated product 424 is quickly converted to 32 

and 194 via 433 (observed in Scheme 4.15 A).
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Ph^ O
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presence of 62 but 
absence of added ROH

\ J o f - 0 - M e

431

N. N

423 O

N
N=/ 429

MeOH
DBU
412

423 O

P h ^ O  4 3 3  

MeO OH

Scheme 4.16 Mechanistic rationale for the NHC- mediated oxidative esterification o f 

31 with MeOH in air

Our proposed mechanistic model was also supported by the inefficiency o f  the 

corresponding amidation chemistry (Scheme 4.17). The oxidative esterification reaction 

involved pyrrolidine, which is a more nucleophilic but less acidic reagent than MeOH 

and afforded only 30% o f amide product 425. This reaction would be hampered by 

considerably less efficient general base catalysis o f the attack on the ketone involving the 

considerably less acidic amine. Steric hinderance o f pronucleophile may also play a less 

important role here.

412(15mol%)

DBU (110mol%) 
THF, rt, 24 h, air 
pyrrolidine

o
425 30%

Scheme 4.17 The NHC-mediated oxidative amidation o f benzaldehyde.

4.4 Conclusions and outlook

In summary, we have developed a novel protocol for the NHC-mediated esterification o f 

aldehydes. It was found that these reactions proceeded efficiently in the presence o f air. 

These reactions have also been shown to be mechanistically distinct from other either NHC- 

mediated ‘oxidative’ or ‘oxygenative’ esterifications in that the species which reacts with
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oxygen in the air is not the Breslow intermediate, but the aryloin (or more accurately, its 

enol). In aqueous solvent benzoic acid (227) is accessible from aldehyde 31 in excellent 

yield. The primary attraction of such a process is avoidance of the use of any external and 

often toxic oxidants. Furthermore, the mild reaction conditions would be agreeable to a 

range of fianctionalities. The novel triazolium ion-based precatalyst 412 proved to be the 

most efficient in aerobic oxidative esterification o f aldehdyes. However, the use o f aliphatic 

aldehydes in the aerobic oxidation using NHCs is more challenging and anticipated 

extension of the project
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Chapter 5

5.0 Organocatalytic cleavage of cyclic 1,2-diketones by NHCs 

Reserch objectives for cliapter 5

• Application o f aerobic oxidation developed in chapter 4

• Synthesis o f diesters from cyclic 1,2-diketones

Carbon-carbon bond formation and carbon-carbon bond breaking are more important 

processes in the synthetic organic chemistry.^*'* The oxidative cleavage o f  1,2-diols to 

carbonyl functionalities is a well-known reaction and there is a range o f peroxy-reagents 

available to catalyse this process.^*^’̂ *̂  By contrast, the corresponding oxidative 

cleavage o f 1,2-diketones to yield carboxylic acids is a little-studied reaction. There are 

a number o f methods available for this transformation involving the use o f oxidants 

such as oxone^'^,^^’ calcium perchlorate,^** CuCl/pyridine/02^*^ and sodium 

percarbonate/alkaline However, most o f these methods use super

stoichiometric amounts o f metal salts and reactions were performed at higher than room 

temperature with possible release of toxic substances. The photochemical aerobic 

oxidation o f phenanthrene on silica gel is possible, but yields multiple products.

Although a few examples o f the oxidative cleavage o f acyloins were reported in 

literature,^^^’̂ '̂*’̂ ^̂  no dedicated study o f reactions involving organocatalytic oxidative 

cleavage o f cyclic 1,2-diketones is known. In the study o f chemoselective cleavage o f 

acyloin products by Momose et a i, a single example o f the oxidative esterification o f a 

1,2-diketone catalysed by dichloroethoxyoxyvanadium in ethanol (under an O2 

atmosphere) was reported. Therefore, the discovery of a transition metal-free method to 

achieve carbon-carbon bond cleavage in 1,2-diketones is still fascinating and such a 

process definitely counts to the functional group interconversion (such as 1,2-diketone 

to carboxylic acid or esters) methodology in organic synthesis.

We developed the oxidative esterification o f aromatic aldehydes using a simple NHC in 

the presence o f air, stoichiometric amount o f DBU, methanol and no added oxidants
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(Scheme 5.1). During our study of the mechanism of the oxidative esterification, we 

detected and confirmed the intermediacy of benzil (423, a 1,2-diketone) in the process 

of oxidising benzaldehyde (31) to methyl benzoate (194). When benzaldehyde was 

exposed our oxidative esterification conditions, in situ benzil formation takes place via 

the oxidation of benzoin in the presence of air and DBU. The carbene generated from 

precatalyst 412 catalyses the formation of methyl benzoate (194) from benzil (423) in 

the presence of methanol (Scheme 5.1).

I 412
9 (15m ol% ) DBU, Air 412 (15 mol%)  ̂ o

Ph DBU(110mol% ) "  P h ^ P h

31 32 423 194

Scheme 5.1 A previously observed oxidative esterification reaction of benzaldehyde 

involving the intermediacy of benzil.

This led us to propose that if one exposed a cyclic 1,2-diketone 434 (instead of an 

aldehyde) to similar conditions it could bring about an organocatalytic oxidative 

cleavage reaction (Scheme 5.2) to give diesters (i.e. 435). The development of such a 

metal free-process under milder conditions would definitely advance any of the 

literature procedures to cleave 1,2-dicarbonyl functionality. It is also very important to 

note that the 1,2-diketone functionality is more electrophilic and breaking the carbon- 

carbon bond between the two carbonyls always cumbersome.

o o o o
NHC catalysis

MeOH/THF MeO V y  OMe 
base, air

434 435

Scheme 5.2 The proposed organocatalytic oxidative cleavage of 1,2-diones in the 

NHC-mediated esterification process

5.1 Preliminary experiments



To test this hypothesis, we initiated our studies by examining the reaction of 

phenanthrene-9,10-dione (436) with methanol in air with the presence of precatalyst 

412 and DBU. In 1:1 THF:MeOH at ambient temperature, we were pleased to obtain 

the ring-opened diester 437, albeit in low yield (Scheme 5.3).

o
M e O -^

412(15mol%) \ __

DBU (1.1 equiv.) ^  /) \ __ /
THF/MeOH (1:1) — \
rt, air, 20 h ^ ^ O M e

O

437 26%

Scheme 5.3 The NHC-mediated aerobic oxidative esterification of phenanthrene- 

9,10-dione

We further went to optimise the reaction by altering temperature, increasing the amount 

of base and concentrations of the reaction (Table 5.1). However, increasing the reaction 

concentration to 1.0 M had only marginal influence on efficiency (entry 1) and thus for 

operational convenience 0.2 M was selected as the concentration of choice for further 

studies. Increasing the loading of base improved the product yield to 41% (entry 2).

Table 5.1 NHC mediated oxidative cleavage of 436: preliminary experiments

o o
412(15mol%)

\  ^  \ __J  DBU (X equiv.)
THF/MeOH (1:1) 
rt, air, 20 h

436

entry product X temp CQ conc.(M) THF:MeOH yield

(%r

1 437 1.1 rt 1.0 1:1 31

2 437 2.2 rt 0.2 1:1 41
“ Determined by 'H NMR spectroscopy using styrene as an internal standard.
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It appears that diacid formation (these reactions are carried out in air, so the intervention 

o f adventitious water is difficuU to prevent) is problematic in these experiments. We 

next investigated the corresponding transformations involving water as the nucleophile. 

Speculating that reactions involving 1:1 THF:H20 would not be optimal from both 

carbene-generation and substrate-solubility standpoints, we began by retaining the 

conditions previously used in the methanolysis experiments in a 5:1 THF:H20 mixture 

(Scheme 5.4). Under these conditions the diacid 438 was generated in low yield (21%).

412 (15 mol%)

DBU (2.2 equiv.) 
THF/H2 O (5:1) 
rt, air, 20 h

436 438 21%

Scheme 5.4 Oxidative cleavage o f 436 using H2O as nucleophile

We wished to optimise the reaction conditions for the formation o f diacid 438 (Table 

5.2). We obtained improved yield o f 438 by decreasing the amount water in the reaction 

(entry). Further reduction in the contribution o f the protic solvent (H2O) allowed the 

eventual preparation of the cleaved diacid in 83% yield in a 20:1 THF:H20 solvent 

mixture (entry 2). It would seem likely that the requirement for elevated base loadings is 

related to the need to prevent protonation o f the carbene catalyst by the dicarboxylic 

acid product.

Table 5.2 NHC mediated oxidative cleavage o f 436: preliminary experiments

436

412(15m ol% )
HO-

0

-OH

DBU (2.2 equiv.) 
THF/H2 O (x:x) 
rt, air, 20 li

0

438

entry THF:H20 yield {Vof

1 1 0 :1 24

2 2 0 :1 83
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Detennined by 'H NMR spectroscopic analysis using styrene as an internal standard.

5.2 NHC-mediated oxidative cleavage of 1,2-diketone: substrate scope

With an efficient protocol in hand, our attention turned to substrate scope and different 

types of cyclic 1,2-diketones were examined. Table 5.3 summarises the results obtained 

from the oxidative esterification of different cyclic 1,2-diketones. While the aqueous 

protocol leading to carboxylic acids proved the most effective in our preliminary 

studies, we were also interested in extending the methodology to oxidative cleavage to 

produce diesters. Thus, in these reactions MgS04 was added to sequester the water from 

the solvent after the C-C bond-breaking processes involving 440 and 443-447 were 

complete, and the dicarboxylate products were then esterified via the addition of methyl 

iodide.

Under these conditions, 436 could be converted to the biaryldiester 437 in high yield 

(entry 1). The dinitro substrate analogue 439 was easily synthesised from usual 

electrophilic nitration reaction. Refluxing of 9,10-phenanthrenequinone with 

concentrated nitric acid and sulphuric acid afforded a yellow solid Scheme 5.5.^^  ̂This 

solid was recrystallised from acetic acid and obtained yellow crystals of 439. Oxidative 

cleavage of nitro substrate 439 underwent smooth transformation to 440 (entry 2).

HNO3, H2SO4

re f lu x , 1 h

436 439 54%

Scheme 5.5 The synthesis of 2,7-dinitro-9,10-phenanthrenequinone (439) by nitration

Gratifyingly, the phenanthroline-derived dione 441 produced the bipyridyl diester 442 

(of synthetic potential as a starting material for transition-metal ligand synthesis) in 

70% yield (entry 3). In this instance esterification with an electrophile introduces a 

chemoselectivity problem (additional nitrogen nucleophilic centres), which is readily 

circumvented through Fischer esterification with MeOH. Exposure of the tricyclic 

quinone 443 to the reaction conditions resulted in the isolation of the relatively strained 

1,8-naphtalene dicarboxylic acid dimethyl ester (444) in slightly reduced yield (entry 4).

1 2 8



Table 5.3 Scope of the 1,2 diketone oxidative cleavage

1 .4 1 2  (1 5  mol% )
DBU (2 .2  eq u iv .) 
TH F/H 2O (20 :1 ) 
rt, air, 2 0  h

2. M gS 0 4 , Mel (5 .0  eq u iv .)

entry 1,2-diketone product yield

4 3 9

NO2

o, ,0

o, .0

4 4 3 4 4 4

82

80

70

66

Isolated yield. '’ A lkylative esterification replaced  with an in situ  F ischer esterification w ith M eOH and H2SO4

5.3 Conclusions and outlook

In our novel protocol for the oxidative esterification of benzaldehyde, we proposed a 

complex mechanism (supported by inter alia both the spectroscopic observation of
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intermediates and the results o f competition experiments). The intermediate benzil 

(formed from the aerobic oxidation o f benzoin in basic media) can be attacked by both 

the carbene and the alcohol nucleophile to give an adduct which collapses to form the 

Breslow intermediate and the carboxylic acid ester (Section 4.4, Scheme 4.8). In the 

absence o f evidence to the contrary, these distinct but related oxidative cleavage 

transformations could be potentially rationalised in a similar fashion.

In summary, we have demonstrated a novel organocatalytic oxidative cleavage reaction 

o f cyclic 1,2-diones. The use o f water as the nucleophile allows the generation o f a 

diacid in high yield under mild conditions. While the corresponding methanolysis 

transformation occurs, it is less productive. Coupling an in situ esterification with the 

more efficient acid-generating reaction allows the formation o f esters in good yields 

from a variety o f cyclic diketones. The process is promoted by an NHC derived from a 

readily prepared, simple triazolium ion precursor 412, and no strong stoichiometric 

oxidants are required. However, the evaluation o f aliphatic 1,2-diketones in this 

protocol would be highly anticipated challenge.
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6.0 Development of enantioselective cycloaddition reactions using unsaturated 

enolisable anhydrides and ketones

Research objective for chapter 6

• Evaluating the scope o f activated ketones in cycloaddition reaction with 

enolisable anhydrides

• Exetending the scope o f the reaction beyond homophthalic anhydride

Lewis acid-catalysed cycloaddition reactions involving enolisable anhydrides and 

ketones have previously been reported in the literature.^^* These reactions generate 

lactones bearing up to two chiral centres if  unsymmetrical ketones are employed as 

substrates and have been reported with variable yields and diastereoselectivity. 3̂9,240 

The main disadvantage in these previously studied racemic reactions was the use of 

super stoichiometric amounts o f Lewis acids, and more importantly, only one example 

of the use of asymmetric ketones as a substrate exists.^^^ Due to the prevalence o f 5- 

lactones in natural products,pharm aceuticals,^^* and functional m a te r ia ls ,e f f ic ie n t 

methods for the synthesis o f these compounds has become an important challenge in 

organic chemistry.^*^®

Work in our laboratory has focused on the development of the first organocatalytic 

enantioselective cycloaddition reaction between homophthalic anhydride and various 

asymmetric ketones. Dr. C. Comaggia developed the novel protocol for the 

cycloaddition reaction o f various asymmetric ketones {i.e. 445) with homophthalic 

anhydride (260) in the presence o f a bifunctional cinchona alkaloid-based catalyst 447 

(Scheme 6.1). Following this procedure, lactone 446 was synthesised in excellent 

enantio- and diastereoselectivity and isolated in high yield (Scheme 6.1).
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o o o

■o
+

Br

1. 447 (5 mol%)
CF3  MTBE (0.1 M), -30 °C

2. TMSCHN2  (1.2 equiv.) 
MeOH, rt, 30 min C02Me

Br

260 445 446 92%, 95% ee

MeO

447

Scheme 6.1 The first enantioselective cycloaddition reaction of unsymmetrical 

ketones with homophthahc anhydride developed by Dr. C. Comaggia

These reactions were proposed to operate via formation of the enol of 260 (i.e. by 

general base catalysis exploited by the catalyst) followed by the nucleophilic attack of 

the enolate on the electrophilic ketone, which then undergoes intramolecular 

lactonisation to form the dihydroisocoumarin-derived product 446 (Section 1.7.2.2).^^* 

The formal cycloaddition reactions between enolisable anhydrides and ketones generate 

lactones bearing a carboxylic acid group. These products could then be isolated as 

methyl ester derivatives by in situ esterification using trimethylsilyldiazomethane 

(TMSCHN2) in methanol. It is also important to note that the use of unsymmetrical 

ketones as substrates generates 8-lactones possessing a quaternary stereocentre, which 

are often very difficult to synthesise in an enantioselective fashion.^®'’̂ ®̂

After the development of the efficient protocol for the enantioselective formal 

cycloaddition reaction between ketones and homophthalic anhydride (260) by Dr. C. 

Comaggia, we wanted to extend the synthetic value of the process by turning our 

attention to the use of various other enolisable anhydrides in the place of the 

homophthalic anhydride. We chose to start with the phenylglutaconic anhydride 448 

which, after the formal cycloaddition reaction with ketones, would fiamish a,p- 

unsaturated-5-lactones as products (Scheme 6.2). These unsaturated 5-lactones are 

precursors for the synthesis of many biological and natural organic molecules.^®^’̂ '̂ '*’̂*’̂  

We also decided to start our initial studies using the more electrophilic 2.2,2- 

trifluoromethylacetophenone (449) as the electrophilic substrate, as this would result in
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the formation o f trifluoromethyl-substituted lactones such as 450, that, to the best o f our 

knowledge, represent the first example of such a reaction between these classes of 

substrates (Scheme 6.2).

o

PIT

o X+ P h ^  CF3
1. cat., MTBE

2. TMSCHN2 . MeOH
COoMe

448 449 450

Scheme 6.2 Proposed cycloaddition reaction between anhydride 448 and ketone 449

6.1 The synthesis of the phenylglutaconic anhydride 448

The anhydride 448 was easily synthesised following the literature procedure involving a 

three step synthetic pathway (Scheme 6.3) employing the commercially available 

starting materials 451 and 452.̂ '̂ * In the presence o f a catalytic amount of sodium 

hydroxide, ethyl acetoacetate (451) undergoes base-induced reaction with 

phenylpropiolate (452) in 1,4-dioxane at 90 °C to form the lactone 453. After 

purification by recrystallisation, compound 453 was hydrolysed using sodium 

hydroxide in water at 80 °C followed by protonation with hydrochloric acid to afford 

the bis-azid 454. The anhydride 448 was then obtained by cyclisation o f  the Z)/5-acid 

454 in the presence of acetyl chloride at reflux temperature (55 °C).

OEt

451

COOEt

Ph

452

NaOH (20 mol%)

1,4-dioxane 
90 °C, 16 h

453 65%

1. NaOH (5.0 equiv.) 
H2 O, 80 °C, 5 h

2. HCI (conc.), rt

Ph O 

H O '^ O

OH

454 78%

Cl

55 °C, 4 h P h

O

O

448 51%

Scheme 6.3 The synthesis o f anhydride 448.
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6.2 Preliminary results

We began our studies by reacting anhydride 448 with the activated ketone 449 in the 

presence of a catalytic amount {i.e. 8 mol%) of catalyst 455 using methyl tert-hnXyX 

ether (MTBE) as solvent at room temperature. Much to our surprise the reaction did not 

provide the expected product 450, but instead its decarboxylated variant 456, that was 

then isolated in 92% yield by column chromatography (Scheme 6.4). We were pleased 

to observe that product 456 was obtained with 62% ee when the reaction was promoted 

by the cinchona alkaloid-based bifiinctional catalyst 455. We reasoned that the 

decarboxylation of 450 could have occurred either during the reaction at room 

temperature, or when heating the crude reaction mixture while removing the solvent.

o
o
X

P h - - O  -  CF3

1. 455 (8 mol%)
MTBE (0.1 M), rt, 24 h

2. TMSCHNj (1.2 equiv.) 
MeOH, rt, 30 min

Ph-

O
CFj

Ph

448 449 456 92%, 62% ee

Ph
MeO. Ph

455

Scheme 6.4 The formation of the decarboxylative product 456 in the cycloaddition 

reaction between anhydride 448 and ketone 449

In order to further investigate this novel process, the reaction was repeated at -10 °C in 

presence of 8 mol% of catalyst 455 and then purified by column chromatography 

without removing the solvent from the crude reaction mixture (the ’H NMR spectrum of 

the crude reaction mixture was not very helpful in identifying any of the products). This 

time, however, the product isolated was the regioisomer of 456 {i.e. 457) rather than the 

ester product 450 (Scheme 6.5). These results proved that the decarboxylation of 450 

takes place during the course of the reaction, even when conducted at -10 °C. At this
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temperature, the reaction of 448 with activated ketone 449 was relatively slower 

compared to the one performed at room temperature (Scheme 6.4), however the ee {i.e. 

66%) of the product obtained {i.e. 457) was slightly higher than its regioisomer 456 

which was obtained when conducting the reaction at room temperature.

°  Q 1 .4 5 5  (8 m ol%) °

'O  0 M TBE(0.1 M ),-1 0 °C , 4 8 h

 ̂ 2. T M S C H N 2(1 .2equ iv .) ^*^3
MeOH, rt, 30 min

4 48  449 4 5 7  80% , 66%  e e

Scheme 6.5 The cycloaddition reaction between 448 and 449 conducted at lower 

temperature

Encouraged by the improved enantiomeric excess obtained in the formation of product 

457 when carrying out the reaction at -10 °C, we decided to conduct the experiment at a 

lower temperature still. Fortunately, at -50 °C, the reaction between anhydride 448 and 

activated ketone 449, in the presence o f 8 mol% of catalyst 455, afforded, after the in 

situ esterification o f the acid obtained, the desired product 450 in 72% yield with 

complete diastereoselectivity and 96% ee after 6 days (Scheme 6.6).

o

Ph O

448

Ph

O
A C F ,

449

1. 4 5 5  (8 mol%) 
MTBE (0.1 M) 

- 50 °C, 6 d

2. T M SC H N 2(1.2 equiv.) 
M eOH, rt, 30 min

Ph E Ph 
OO2M6

45 0  72% , 96%  e e

Scheme 6.6 The formal cycloaddition reaction between 448 and 449 at -50 °C

We then repeated the reaction outlined in Scheme 6.4, purifying the reaction mixture 

without removing the solvent, and were pleased to observe the formation o f product 

457. This led us to conclude that alkene 457 was formed under kinetic control. We 

observed that heating product 457 at 30 °C in the presence o f a small amount of silica 

gel (acidic medium) in dichloromethane produced the regioisomer 456 quantitatively 

(Scheme 6.7).

135



o
o o o
y o  1 .4 5 5  (8 mol%) II j [

'^TBE (0.1 M), rt, 24 h A [|

P h ^ ^ O  2 .T M SC H N 2(1 .2eq u lv .) silica gel ‘
MeOH, rt, 30 min

448  449  457 456

Scheme 6.7 The controlled formation of the kinetic and thermodynamic products in 

the cycloaddition reaction between 448 and 449

The rationale for the formation of products 450, 456 and 457 is shown in Scheme 6.8. 

The basic moiety of the cinchona alkaloid-based catalyst promotes the keto-enol 

tautomeric equilibrium of the anhydride 448. Subsequent addition of enol 458 to ketone 

449 leads to the formation of alcohol 459 that readily undergoes intramolecular 

lactonisation via 460 to give the product 461. The lactone 461, which bears two chiral 

centres, is stable enough at -50 °C to be alkylated by trimethylsilyldiazomethane 

(TMSCHN2) in methanol to generate the ester product 450.

3 aikylation

Decarboxylation p rocess

J)
O

Ph" ^

461

OH

CF3
Ph -CO2

Ph
> C F 3  

' Ph

462

\  (kinetic control ^
Ph

457

O
O

C F ,
P h ^ ^ ^ ^ ^ P h  ( thermodynam ic control ^

4 56

Scheme 6.8 Rationale for the products formed in the cycloaddition reaction between 

448 and 449 in the presence of bifunctional cinchona alkaloid catalyst

However, due to the presence of the conjugated enone functionality, the carboxylic acid 

product 461 would be prone to undergo decarboxylation to generate dienol 462.
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Kinetically controlled tautomerisation o f dienol 462 affords the product 457 (Scheme 

6.8), whereas when the process is thermodynamically controlled, formation of product 

456 is preferred (Scheme 6.8).

We next evaluated a range of cinchona alkaloid-based catalysts, shown in Figure 6.1, in 

the cycloaddition reaction between anhydride 448 and the activated ketone 449 

(catalysts provided by Dr. S. Tallon, Dr. C. Comaggia and Dr. F. Manoni). The results 

obtained are shown in Table 6.1. The reaction (previously reported in Scheme 6.4) 

catalysed by 455, at room temperature, afforded 456 in excellent yield (92%) and with 

good enantioselectivity (62% ee). In order to improve the enantioselectivity o f the 

process we decided to vary the substituent on the C-9 position and on the C-2’ position 

of the cinchona alkaloid-based catalysts, performing the reaction under the same 

conditions reported in Scheme 6.4.

OMe

NH

NH
Ph

Ph- Ph

OMe

NH

NH

OMe

NH

NH

463 464 465

OMe

NH

NH

Ph' Ph

OMe

NH

NH
Ph

OMe

NH

NH
Ph

OF.

466 467 468

Figure 6.1 Catalysts evaluated in cycloaddition reaction between anhydride 448 and 

ketone 449

Catalyst 463, which bears a tert-h\iXy\ substituted urea at the C-9 position, catalysed the 

reaction with a slightly improved yield (93%), at the expense o f enantiomeric excess of
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the product 456 (entry 1). Replacing the hydrogen bond-donating urea moiety of the 

cinchona alkaloid-based catalyst with the squaramide moiety (i.e. catalyst 464, entry 2) 

allowed the reaction to proceed in 90% yield, albeit furnishing poor enantiomeric excess 

(17% ee). From these results it is evident that the catalyst incorporating the urea moiety 

exerts better control than that incorporating the squarimide. The more hindered catalyst 

465, presenting a phenyl substituent at the C-2’ position and triphenylmethyl (trityl) as a 

substituent of the C-9 urea moiety, surprisingly catalysed the reaction in a higher yield 

(i.e. 94%) without any considerable change in enantiomeric excess of the product 456 

(entry 3). The larger terphenyl substituted C-2’ cinchona alkaloid catalyst 466 also 

catalysed the reaction in good yield (84%) and moderate enantiomeric excess (entry 4).

Table 6.1 Catalyst evaluation in the reaction between 448 and 449 to furnish 456

cat. (8 mol%)
MTBE (0.1 M), rt, 24 h

448 449 456

entry catalyst yield (%)“ ee (%)*

1 463 93 56

2 464 90 17

3 465 94 61

4 466 84 54

5 467 90 53

“ Isolated yield. Determined by CSP-HPLC.

The thiourea-based catalyst 467 (entry 5) promoted the reaction in high yield (90%) and 

moderate enantiomeric excess (53% ee), although it did not result in any noticeable 

improvement over the urea-based catalysts. From these results, we concluded that 

bifunctional catalysts bearing sterically encumbering substituents on the C-9 urea 

moiety of the catalyst proved to be more effective in catalysing the reaction with good 

yield and ee.
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Based on the performance of catalysts 455 and 465 in the reaction between anhydride 

448 and activated ketone 449, under the conditions that favour the formation of 

thermodynamic- product 456, we next turned our attention to the optimisation o f the 

catalyst structure and reaction conditions necessary to afford the kinetic-controlled 

product 457. The results are shown in Table 6.2. During our initial studies, we observed 

that catalyst 455 promoted the cycloaddition reaction between 448 and 449 to form 457 

in 80% yield and 66% enantiomeric excess (Scheme 6.5). Under the same reaction 

conditions, the use of the C-2’ substituted analogue o f 455 {i.e. 465) improved the yield 

o f 457, albeit with lower enantiomeric excess (entry 1). However, upon cooling the 

reaction to -30 °C, an increase in the ee o f the product was observed at the expense o f 

the yield (entry 2). The thiourea catalyst 467, which was moderately effective in the 

previous case (Table 6.1, entry 5), promoted the reaction to afford the kinetic-controlled 

product at room temperature with 90% yield and 62% ee (entry 3).

Table 6.2 Catalyst evaluation and temperature optimisation for the formation of 

kinetically-controlled product 457

cat. (8 mol%) 
MTBE (0.1 M)

448 449 457

entry catalyst temp. (°C) time (days) yield (%)“ ee (%)*

1 465 -10 2 89 62

2 465 -30 3 62 75

3 467 rt 1 90 62

“ Isolated yield * Determined by CSP-HPLC.

We then concentrated on optimising the conditions for the cycloaddition reactions 

between 448 and 449 in order to increase the yield o f the ester product 450. The results 

are shown in Table 6.3. In preliminary studies, product 450 was obtained with complete 

diastereoselectivity, excellent enantiomeric excess and in good yield when the reaction 

was promoted by catalyst 455 (Scheme 6.6). Employment of the C -2’ substituted
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analogue of catalyst 455 {i.e. 465) under the same reaction conditions furnished the 

desired product in only 60% yield, although as a single diastereomer, and with 

improved enantiocontrol (entry 1). Upon increasing the amount of ketone in the reaction 

we observed an improvement in the yield of product 450. Using 2.0 equivalents of 

ketone 449, in the presence of catalyst 455, the reaction between anhydride 448 and 

ketone 449 afforded 80% yield and 96% ee (entry 2). The C-2’ phenyl substituted urea- 

based cinchona alkaloid catalyst 468 also proved to be active in the reaction and 

promoted the formation of 450 with 70% yield and 91% enantiomeric excess (entry 3). 

The yield of the product was found to be improved further by increasing the equivalents 

of ketone and loading of catalyst in the reaction. By using 3.0 equivalents of ketone 449 

and 15 mol% of catalyst 465, we obtained product 450 in 90% yield and 96% 

enantiomeric excess in 6 days (entry 4).

Table 6.3 Catalyst evaluation and temperature optimisation for the formation of 

product 450

o
[I O 1. ca t. (8 mol%)

r r ^ O  + 0 MTBE (0.1 M), -30 “C
I I  I P h ^ C F ,  ------------------------------------•

2. TMSCHN2 (1.2 equiv.) 
MeOH, rt, 30 min

448 449

entry catalyst temp. (°C) time (days) yield (%)“ ee (%)*

1 465 -50 6 60 98

2' 455 -50 6 80 96

3 468 -10 3 70 91
4d 465 -50 6 90 96

“■ Isolated yield * Determined by chiral CSP-HPLC. 2.0 Equiv. o f  449, 3.0 Equiv. o f  449 and 15 mol% o f  464.

We then hoped to retain this high level of enantiopurity by the decarboxylation of 

enantiopure 461 (Scheme 6.9), thus allowing us to obtain 456 and 457 in a higher 

enantiomeric excess than under previous reaction conditions, hi order to do this we 

began by repeating the reaction between anhydride 448 and ketone 449 at -50 °C 

(Scheme 6.9). The crude reaction mixture was then split into two batches, one of which

o

COaMe

450

140



was esterified with TMSCHN2 at -50 °C to determine the enantiomeric excess o f the 

product 450 formed. The second batch o f the reaction mixture was allowed to warm to - 

10 °C in order for decarboxylation to occur, furnishing the product 457. The 

enantiomeric excess of 457 was determined to be 79%.

Scheme 6.9 Synthesis of products 450, 456, 457 by decarboxylation o f the highly 

enantiopure carboxylate 461

In a similar way, we obtained the thermodynamic product 456 from the decarboxylation 

of 461 at 30 °C, with 76% enantiomeric excess. The decrease in the ee o f products 456 

and 457 derived from the decarboxylation o f 461 might be a consequence o f the 

possible retrocycloaddition, followed by cycloaddition again at the higher temperature, 

followed by decarboxylation. Overall we were able to isolate products 456 and 457 with 

excellent yield and very good ee.

6.3 Conclusions and outlook

In summary, we have developed, for the first time, a simple and efficient 

enantioselective cycloaddition reaction catalysed by bifunctional cinchona alkaloid-

o

448 449

465  (8 mol%)
MTBE (0.1 M), -50 °C

n O O
TMSCHN2 (1 .2eq u iv .)  
MeOH, rt, 30 min

457  79% e e
461 450  96% e e

30 °C

O

456, 76% e e

141



based catalysts involving unsaturated enolisable anhydrides and activated ketones. The 

lactone product 450 formed in the reaction bears two chiral centres one of which 

quaternary and is always formed with complete diastereoselectivity, high yield and 

excellent enantioselectivity. Also, the decarboxylated products 456 and 457 could be 

obtained in excellent yield and good ee by controlling the temperature at which the 

reaction was performed. The trifluoromethyl substituted products obtained in the 

annulations reaction between anhydride 448 and ketone 449 are very valuable in the 

view of widespread application of fluorinated compounds in pharmaceuticals, agro 

chemistry, and materials. This reaction is undergoing further study by colleagues in our 

laboratory.
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7.0 Formal cycloaddition reactions of cyclic anhydrides with imines

Research objectives for Chapter 7

• The coworkers in our laboratory started the evalutaion catalytic cycloaddition 

reaction reaction between enolisable anhydrides and aldehydes.

• The objective of the work presented in this chapter is to devlop the catalytic and 

enantioselctive cycloaddition reaction between imine and enolisable anhydride.

The C-C bond forming reactions involving anhydrides can be used to generate a diverse 

array of s t r u c t u r e s . T h e  reaction o f imines with enolisable anhydrides gives rapid 

access to lactams, which are structural motifs o f many natural and biological 

heterocyclic organic m o l e c u l e s . W h i l e  lactams are o f great importance, their 

synthesis remains very challenging. In 1969, Castagnoli reported the generation o f 

lactams, by heating a mixture of an anhydride and an imine, in good yields and good 

diasteroselectivity.^"^' Recent developments in multi-component reactions involving 

anhydrides, carbonyl compounds and amines, independently disclosed by Shaw et al. 

and Nair et al., contributed to the synthesis o f lactams.^^®’̂ '̂ However, while the 

cycloaddition reaction of imines to anhydrides was discovered 40 years ago, the 

catalytic, enantioselective, formal cycloaddition reaction between imines and enolisable 

anhydrides remains elusive.

The proposed research in our laboratory involves the development o f a route for the 

synthesis o f chiral lactams using bifunctional cinchona alkaloid-based organocatalytic 

reactions between anhydrides and imines. However, our colleagues observed that the 

reaction between imine 469 and homophthalic anhydride (260) proceeded towards the 

formation of lactam 470 in the absence o f catalyst at either room temperature or -78 °C 

(Scheme 7.1).

o o

MTBE (0.1 M) 
2-4 h

rt

CO2H

260 469 c/s-470
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Scheme 7.1 Formal cycloaddition reaction between the imine 469 and homophthalic 

anhydride (260)

The mechanism of cycloaddition reactions of enolisable anhydrides to imines has been 

disputed. As discussed in Section 1.7.2.3.1, the reactions were believed to proceed 

through the iminolysis mechanism proposed by Cushman (Scheme 7.2). This 

mechanism involves the acylation of the nitrogen of the imine 471 via nucleophilic 

attack of nitrogen on the electrophilic carbon of the anhydride 260. The Zwitterion 472 

generated, undergoes tautomerisation to 473 which then participates in an 

intramolecular Mannich reaction famishing the lactam product 474.̂ ^̂ ^

■ o i ,
COjH

471 260 472 473 474

Scheme 7.2 Iminolysis pathway for the reaction between imine 471 and anhydride 

260 as proposed by Cushman

However, based on computational studies, Shaw has very recently disclosed a step-wise 

mechanism for the cycloaddition reaction of an imine to an anhydride (Scheme 7.3). 

Proton transfer from the enol of anhydride 260 (i.e. 261) to imine 471 forms the 

iminium ion 476. Unlike in Cushman’s proposed pathway, the initial step in Shaw’s 

mechanism involves the Mannich reaction between the iminium*ion 476 and the enolate 

of anhydride 260 (i.e. 475) and generates the amine 477. The transacylation of the 

nitrogen in amine 477 affords the lactam product 474.^°^
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Scheme 7.3 Mannich-acylation pathway for the reaction between imine 471 and 

homophthahc anhydride (260) as proposed by Shaw.

Since the reaction o f imine 469 with anhydride 260 proceeds at room temperature 

without any catalyst (Scheme 7 . 1), we wished to find a controlling step in the process. 

We reasoned that, if the nucleophilicity of the nitrogen o f imine 471 is nucleophilic 

enough to attack the anhydride, the reaction between imine 471 and anhydride 260 

follows either Cushman’s iminolysis pathway (Scheme 7 .2) or Mannich-acylation 

pathway (Scheme 7 .3) proposed by Shaw. For this reason, no possible control element 

could be found in cycloaddition reactions using imine as nucleophilic component.

We envisaged that if  the nitrogen centre of the imine is rendered less nucleophilic by 

placing an electron-withdrawing substituent on it, these uncatalysed pathways would be 

suppressed {i.e. Scheme 7.2 and Scheme 7.3). In the cycloaddition reaction with

anhydrides, the use o f imines having amply electrophilic carbon and less nucleophilic

nitrogen, would follow another mechanism proposed by Cushman (Scheme 7.4). While 

Cushman stated this pathway involving the imine as the electrophilic component was 

improbable in his report (Section 1.7.2 .3 . 1), we presumed that this pathway would be 

favourable if the imine is sufficiently electrophilic to react with the enol o f the

anhydride. The enol 261 o f anhydride 260 would react with imine 478 followed by

proton transfer to form the amine 479. The amine 479 undergoes cyclisation and proton 

transfer and generates the intermediate 480 which is further transformed into the lactam 

product 481 (Scheme 7.4). The cycloaddition reaction following this pathway could be 

controlled by using a bifunctional cinchona alkaloid-based catalyst which promotes the 

keto-enol tautomeric equilibrium of anhydride by general base catalysis and assist in the 

reaction between enol and imine by general acid catalysis for the formation of amine 

479, in a controlled chiral environment.

260

Cat.

OH,EWG
transfertransfer ,EWG transfer

,EWGOH
OH

261 478 479 480 481
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Scheme 7.4 Proposed mechanism for the cycloaddition reaction between electrophilic 

imine 479 and anhydride 260

We next attempted to identify suitable substituents on the imine which would render the 

nitrogen less nucleophilic (basic) and simultaneously enhance the electrophilicity of the 

carbonyl-derived carbon atom. Such type of imines would not participate as a 

nucleophilic component in cycloaddition reactions and could be used as electrophilic 

components in catalysed cycloaddition reactions with enolisable anhydrides. In order to 

achieve this, we conducted the reactions without any catalyst at room temperature 

between homophthalic anhydride (260) and a range of imines having different 

substituents on the nitrogen atom. The imines 469, 482 and 485 were synthesised 

following standard literature procedures using corresponding carbonyl compounds and 
amines (.Scheme 7 .5 )309,310,311

Table 7.1 Evaluation of reaction between homophthalic anhydride (260) and 

various imines in the absence of a catalyst

rt

0

f Y ' i "
C X A o  •

MTBE, 0 .2  M
1 r ^
CO2H

260 4 6 9  R = Ph, R1 = H ■ R  ̂= n-butyl 470 R = Ph, r ’ = H ■ r 2 = n-butyl
48 2  R = Ph, = H ■ r 2 = Ph 486 R = Ph, R'' = H ■ r 2 =Ph
4 8 3  R = Ph, = H ■ r 2 = Tosyl 487 R = Ph, r ! = H ' r 2 = Tosyl
4 8 4  R = Ph, R  ̂ = H, r2  = 4 -NO2-C6H4 488  R = Ph, R̂  = H ■ r2  = 4 -NO2-C6H4

4 8 5  R = Ph, R'' = C F j' R2=Ph 489 R = Ph, R̂  = CF3 • r 2  =Ph

Tosyl = p-T oluene sulphonyl

entry imine time (h) lactam yield ( % ) “

1 469 2 470 62

2 482 4 486 39

3 483 24 487 0

4 484 24 488 0

5 485 24 489 0
Y ields determ ined by 'H N M R  u sin gp -iod oan iso le  as internal standard.
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As expected the electrophilic strength o f the imine substrates seemed to play a major 

role; if  the imine is made more electrophilic and its nitrogen centre made less 

nucleophilic then the lactams were not formed in the absence o f catalyst (Table 7.1). 

The simple «-butyl substituted imine 469 derived from benzaldehyde and «-butylamine 

reacted with homophthalic anhydride and afforded lactam 470 in 62% yield (entry 1). 

The imine 482, having a phenyl substituent on the nitrogen atom, and thus a less 

nucleophilic/basic nitrogen, was also reacted with homophthalic anhydride. However, 

this modification was seen to cause the reaction to proceed with a much slower reaction 

rate and formed the lactam 486 in 39% yield at room temperature in 4 hours (entry 2). 

Furthermore, the electron-withdrawing sulfonyl group on the nitrogen of imines 483 

and 484 causes it to lose nucleophilicity, hence the reaction does not proceed to form 

any lactams (entries 3-4).

We also explored the use o f ketimine 485 as substrate which is more electrophilic at 

carbon and less nucleophilic at nitrogen. This imine was derived from the reaction of 

trifluromethylacetophenone and aniline. Employing imine 485 in the reaction with 

anhydride 260 yielded no product even after 24 hours (entry 5). We then decided to 

employ bi functional cinchona alkaloid-based catalysts to promote the reaction between 

homophthalic anhydride and imines incorporating electron-withdrawing sulfonyl groups 

(e.g. 483).
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o J
^Tosyl 1 .4 9 0  (5 mol%)

N MTBE, 24 h, 0.1 M

260

Ph-

483

2. TMSCHNj (1.2 equiv.) 
MeOH, rt, 30 min

COoMeCOzMe
c/s-487trans-A87

34% ee

dr 81:19

-j-jp p  1. 468 (5 mol%)
MTBE, 24 h, 0.1 M

2. TMSCHN2 (1.2 equiv.) 
MeOH, rt, 30 min

260 491
TiPP = 2,4,6-triisopropylbenzenesulphonyl

TiPP

COoMeCO2M6
trans-492

\  1 5 % ee

dr 86:14

OMe OMe

NH NH

NHNH •CF.
Ph Ph

CF-CF.
490 468

Scheme 7.5 Representative examples from the work of Dr. C. Comaggia and Dr. E. 

Torrente De Haro

It should be noted that preliminary experiments conducted by our colleagues (Dr. E. 

Torrente De Haro and Dr. C. Comaggia), had previously shown that the cycloaddition 

reactions between homophthalic anhydride (260) and iniines (e.g. 483) could be 

catalysed to form lactams by employing bifunctional cinchona alkaloid-based catalysts 

(Scheme 7.5). Although they obtained very good yields and diastereomeric ratios for 

the lactam products formed, the poor enantiocontrol of the reaction curtailed the 

process. The reaction between homophthalic anhydride (260) and imine 483 in the 

presence of catalyst 490 afforded the trans- lactam 487 in 34% ee. Even employing 

imine 491, which has a hindered substituent on the nitrogen atom, and in the presence of 

catalyst 468, no improvement in the ee of lactam 492 could be achieved. However, an 

enhanced diastereomeric ratio (86:14 trans'.cis) 492 observed (Scheme 7.5).

7.1 Preliminary experiments
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We wished to start our investigation by varying the substituent on the sulfonyl group of 

the imine to achieve substrate control in the reaction. We initiated our studies using a 

simple methanesulfonyl-substituted imine (as the reaction employing hindered imines 

were not shown good enantioselectivity in our colleagues’ study) in the cycloaddition 

reaction with homophthalic anhydride (260) under identical conditions to those 

employed by our colleagues. Imine 493 was easily synthesised from benzaldehyde (31) 

and methanesulfonamide in the presence o f a stoichiometric amount o f TiCU (Scheme 

7.6).^'^

CH3SO2NH2 1^ J
TiCU, EtjN, 0 °C 
rt, 12 h, CH2 CI2

31 493  73%

Scheme 7.6 Synthesis of mesyl-substituted imine 493

Homophthalic anhydride (260) was obtained by heating the commercially available 

homophthalic acid (494) under reflux in acetic anhydride (Scheme 7.7).

oil.
494 260

Scheme 7.7 Synthesis o f homophthalic anhydride (260)

The reaction between imine 493 and anhydride 260 catalysed by the C-2’ phenyl- 

substituted cinchona alkaloid-based urea catalyst 468 furnished lactam 495 with good 

diastereomeric ratio {trans'.cis 76:24) and 100% conversion. The lactam 495 obtained in 

the reaction was esterified in situ with trimethylsilyldiazomethane (TMSCHN2) in 

methanol upon completion of the reaction and the isolated ^/'a/w-diastereomer 495 was 

obtained in 47% ee (Scheme 7.8). As the results obtained using imine 493 were better 

than those employing any other sulfonyl substituted imines {i.e. 483 and 491), we

AC2O

reflux, 2 h
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wished to optimise both the reaction conditions and catalyst for the reaction outlined in 

Scheme 7.8.

1. 468 (5 mol%)
MTBE (0.2 M), rt, 24 h

2. TMSCHN2(1.2 equiv.) 
MeOH, rt, 30 min

260 493 trans-495 47% ee c/s-495

dr 76:24

Scheme 7.8 Cycloaddition reaction between homophthalic anhydride (260) and imine

To gain insight into the catalyst control o f the reaction, we evaluated a range of 

cinchona alkaloid-based urea-, thiourea- and squaramide-catalysts available in our 

laboratory (kindly provided by fellow researchers, Figure 7.1). The results obtained are 

shown in Table 7.2. All the catalysts employed in the reaction were able to catalyse the 

reaction with 100% conversion o f the reagents at room temperature. The diastereomeric 

ratios o f carboxylic acids obtained in the reactions were determined by 'H NMR 

spectroscopic analysis o f crude reaction mixtures. In every case the crude mixture was 

esterified using trimethylsilyldiazomethane (TMSCHN2) in methanol. The major trans- 

diastereomers of the lactam products were purified by column chromatography and the 

enantiomeric excesses were determined by CSP-HPLC.

Figure 7.1 Catalysts evaluated in the reaction between imine and anhydride.

493

496 X = O
497 X = S

498 499 500 R = H
501 R = Ph
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We started our studies by employing C-2’ unsubstituted analogue o f 468 {i.e. 496, entry 

1) but unfortunately we observed a decrease in dr o f the lactam 495 and a lower 

enantiomeric excess o f the isolated trans-495 when compared with the results obtained 

using catalyst 468 (Scheme 7.8). It was also noted that an exchange o f the 3,5- 

6/5(trifluoromethyl)phenyl substituent of the urea moiety o f catalyst for a ?-butyl group 

{i.e. 498) resulted in an improvement in the ee o f the ?ra«5-diastereomer but with no 

change in the dr o f the product 495 (entry 2). Further improvement o f the enantiomeric 

excess of trans-A9S was achieved employing the more hindered trityl-substituted urea- 

based catalyst 499 (entry 3). These results (entries 1-3) indicate the importance o f steric 

bulk in the vicinity o f hydrogen-bond donating moiety and also of the substitution at C- 

2’ position of cinchona alkaloid-based catalyst.

We explored the catalytic performance o f cinchona alkaloid-based catalysts 500 and 

501 bearing a squaramide at C-9 position (catalysts 500 and 501 were kindly provided 

by Dr. S. Tallon).

Table 7.2 Evaluation of several catalysts in the cycloaddition reaction o f imine 493 
with anhydride 260

oit. • 1 ' °  Ph^H

1 . cat. (5 mol%)
MTBE, 0.2 M, rt, 24 h

2, TMSCHN2 (1.2 equiv.) 
MeOH, rt, 30 min

C02Me
0^5

C02Me

260 493 trans-49S c/s-495

entry cat. conv. {%)“ dr (transicis)'’ CCtrans C^)*^

1 496 100 60:40 20

2 498 100 72:28 51

3 499 100 73:27 66

4 500 100 58:42 19

5 501 100 81:19 25

6“ 468 100 77:23 35

“■ Conversion o f  both reactants determ ined by 'H N M R  spectroscopic analysis. * D iastereom eric ratio o f  acids 
determined by 'H NM R spectroscopic analysis. Determined by using CSP-HPLC. Reaction performed at 4 0  ° C .
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However, the enantiocontrol of the reaction diminished when squaramide-substituted 

catalysts 500 and 501 were used and failed to promote a selective reaction compared to 

the urea-based cinchona alkaloid catalysts (entries 4 and 5). The reaction conducted at 

higher temperature exhibited similar diastereoselectivity, although we observed lower 

ee of the rra/j^'-diastereomer 495 (entry 6).

Prompted by the results outlined in the Table 7.2, it was decided to conduct the 

reactions at lower temperature. The results of these experiments are shown in Table 7.3. 

Conducting the reaction between anhydride 260 and imine 493 at -30 °C in the presence 

of 5 mol% catalyst 468, improved the enantioselectivity of the reaction. However, both 

the diastereomers were formed in almost equal amounts (entry 1). Encouraged by this 

imorovement in enantiocontrol, we further cooled down the reaction to -50 °C andX ”

observed slower reaction rates.

Table 7.3 Optimisation of the temperature of the reaction between imine 493 and 

anhydride 260

a X
9̂/,sN' V),+ 1 

P h ^ H

1. cat. (5 nnol%)
MTBE (0.2 M)

2. TMSCHN2 (1.2 equiv.) 
MeOH, rt, 30 min

COsMe

a
o o
COzMe

260 493 trans-495 c/s-495

entry cat.
temp.

rc)
time

(h)
conv. (%)“ dr (trans'.cisf’

S6trans S6cis

(Vof (% f

1 468 -30 40 100 54:46 71 28

2 468 -50 40 95 62:38 68 34

3 498 -30 48 96 56:44 56 n.d

4 499 -30 48 60 46:54 19 n.d

5 497 -30 48 100 53:47 33 n.d

“■ Conversion o f  both reactants determined by 'H NMR spectroscopic analysis. Diastereomeric ratio o f  acids
determined by 'H NMR spectroscopic analysis.'' Determined by CSP-HPLC.
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At -50 “C, using 5 mol% of catalyst 468, we obtained no significant ciiange in 

enantiomeric excess for the /7'a«5-isomer 495 however the ee o f the cis -isomer was 

improved (entry 2). We then employed catalyst 498 (which possesses ?-butyl group on 

the C-9 urea substituent) in the cycloaddition reaction we obtained moderate 

diastereoselectivity and did not observe a significant change in the enantiomeric excess 

of trans-^9S. The catalyst 499 which promoted the reaction at room temperature with 

good diastereo- and enantioselectivity promoted the cycloaddition relatively slowly at - 

30 °C. However, the enantiomeric excess of product 495 was also reduced (entry 4). 

Replacing the hydrogen-bond donating urea moiety o f catalyst 496 with thiourea {i.e. 

catalyst 497) did not lead to any improvement in diastereo- and enantioselectivity (entry 

5). From the results in Table 7.3, it is evident that cycloaddition reaction between imine 

493 and anhydride 260 could be catalysed by the cinchona alkaloid based-catalyst 468 

at -30 “C with moderate diastereoselectivity and in good enantiomeric excess (for the 

major //-a«s-diastereomer).

Examination of the results outlined in Table 7.2 and 7.3 reveals that the ?ra«5-isomer of 

the lactams was always fonned in higher ee and yield than the cw-isomer. We never 

observed any epimerisation of lactams formed in the cycloaddition reactions, although 

some o f the results from the study conducted by Dr. C. Comaggia were shown to 

undergo such a process and might be a possible reason for the lower enantioselectivity 

of the reaction.

7.2 Evaluation of substrate scope: the imine component

With the established procedure and conditions based on the use o f catalyst 468, we next 

turned our attention to the evaluation of the substrate scope of the reaction. We screened 

a wide range o f imines derived from different aromatic aldehydes in the cycloaddition 

reaction.
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o
J

CH3 S 0 2 NH2

CH2 CI2

TiCU, EtjN
N '

J
' b

R

502-506

502 62%

O

Br

503 43% 504 40% 505 54%

O
N ' ''

506 34%

Scheme 7.9 Imines synthesised for the evaluation of the reaction scope

The imines were synthesised following a literature procedure based on the reaction 

between methanesulfonamide and the corresponding aromatic aldehydes (Scheme 7.9). 

The imines were then purified by recrystallisation prior to use in the reaction.

Table 7.4 Imine substrate scope in the cycloaddition reaction with anhydride 260

o
N '

A
R ^ H

1. 468 (5 mol%) 
MTBE (0.2 M) 
-30 °C, 48 h

2. TMSCHN2  (1.2 equiv.) 
MeOH, rt, 30 min COoM© COsMe

entr

y
imine prod.

conv.

(%)“

dr(trans:cis)
b

trans-

yield

{%y

S^trans
cis

yield

(%)^

SCcis

(%y

1 502 507 100 47:53 43 41 46 11

2 503 508 98 49:51 41 65 42 10

3 504 509 97 65:35 56 71 28 34

4 505 510 99 64:36 58 46 31 19

5 506 511 100 48:52 40 67 46 72

“ ■ C onversion o f  both reactants determined b y  'H N M R  spectroscopy analysis. * D iastereom eric ratio o f  acids 
determined by 'H N M R  spectroscopy analysis. “̂ Isolated yield . Determined by CSP-HPLC.
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Inline 502, which is derived from napthaldehyde, was reacted with homophthaiic 

anhydride under the optimised conditions and furnished the diastereomeric mixture o f 

the product 507 in moderate dr (entry 1). The introduction o f electron-withdrawing {i.e. 

503) or electron-donating groups {i.e. 504) in the aromatic ring o f the imines did not 

affect the enantioselectivities (entry 2 and entry 3) o f corresponding /ra«.v-diastereomer 

isolated albeit improved enantiomeric excesses were observed. Imine 505, bearing a 

hindered aromatic moiety, also showed similar selectivity in dr  and obtained slightly 

lower ee for /ra«.s-lactam 510 (entry 4). Imines incorporating heterocyclic functionality 

such as 506 reacted with anhydride 260 under outlined conditions to furnish the 

diastereomeric mixture o f product 511 in moderate dr  and good enantioselectivity (entry

7.3 Assignment of the absolute configuration

The absolute configuration o f the /rawi-diastereomer 508 was assigned by X-ray 

diffraction analysis o f a recrystallised sample (Figure 7.1). The molecular structure 

obtained from crystallographic data could be used to unequivocally assign the absolute 

stereochemistry as (35, 4S).

rrans-ouo

Figure 7.1 Absolute configuration o f irans-508 determined by X-ray diffraction 

analysis

Connon el al. proposed an explanation for the stereochemical outcome o f the

pre-transition state assembly (Figure 7.3, A), where the aldehyde (electrophilic 

component) is activated by double hydrogen bond donation from the squaramide moiety

5).

cycloaddition reaction o f enolisable anhydrides with a l d e h y d e s . T h i s  involved a

155



of the catalyst 266 (general acid catalysis). Concomitantly, the activation of the 

anhydride pronucleophile is exploited by general base catalysis of the quinuclidine 

moiety that deprotonates the enol of the anhydride (formed via keto-enol tautomeric 

equilibrium) during the transition state o f the reaction. In order to explain the 

stereochemistry o f the major lactone 512 formed following their protocol {i.e. {1>R,AR)), 

they proposed that the interaction of the si-face of the enolate occurs with the re-face of 

the aldehyde (Figure 7.3, B). Although this model justifies the results obtained by the 

group, no computational studies are available to support this theory and for this reason it 

has to be considered speculative.

aldehyde binding

s/-facec a t 266

OHPh
CO2HOMe re-face

512H-N

Figure 7.3 Pre-transition state assembly and stereochemical rationale for the 

cycloaddition reaction of enolisable anhydrides and aldehydes proposed 

by Connon and co-workers.

In our study, which involved the cycloaddition reaction of enolisable anhydrides with 

imines, we observed that the product formed (e.g. trans-laclam 495) presents the 

opposite stereochemistry {i.e. (35,4.S')) compared to the lactone {e.g. 512) formed in the 

cycloaddition reaction using aldehyde as substrates {i.e. {3R,4R))- The absolute 

stereochemistry of /ra«5-lactam 495, obtained by X-ray crystallographic analysis, 

allowed us to unequivocally establish that the /-e-face of the enolate interacted with the 

s/-face o f the imine substrate during the reaction (Figure 7.4, A). To explain the 

stereochemical outcome o f this reaction, a similar model (Figure 7.4, B), where the 

catalyst 468 promotes the reaction through general acid/base catalysis by binding to the 

imine 493 through double hydrogen bond donation from the urea moiety o f 468 with 

simultaneous deprotonation o f the enol o f the anhydride by the quinuclidine moiety 

during the transition state, was proposed. However, despite the extensive attempts in the
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‘construction’ o f a pre-transition state model that would satisfy all these criteria, we 

always encountered a high degree o f steric clash between the substituents o f the catalyst 

468 and the aromatic substituent o f the imine 493 (Figure 7.4). For this reason we 

speculated that this pathway was improbable.

Imine B inding

cat.
468260 re-face O CF-

= >

493 s/-face

ste ric
clash

trans-495

general acid/base 
catalysis
via enol and the amine

Top view

Figure 7.4 Proposed pre-transition state assembly for the cycloaddition reaction 

between anhydride and imine involving imine binding to the urea unit.

A more plausible pre-transition state assembly (Figure 7.5), based on the specific 

acid/base catalysis exerted by catalyst 468, was then proposed. In this situation the 

enolate (formed by deprotonation o f the enol o f  the anhydride before the transition 

state) is bound to the urea m oiety o f  the catalyst through double hydrogen bond 

donation while the activation o f the imine occurs through the ammonium ion o f the 

quinuclidine ring formed in the deprotonation o f the enol at the initial stage o f the
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reaction. Also, the steric clash that was observed following the model previously 

proposed for the general acid/base catalysis pathway was reduced in this situation 

making this pathway more plausible than the previous one.

E nolate Binding specific acid b ase  catalysis via the 
enolate and ammonium Ion

small enolate
substituents
oriented
towards the 
bulky catalyst 
hemisphere

formation of c/s-495 formation of trans-495

Figure 7.5 Proposed pre-transition states for the formal cycloaddition reaction 

between enolisable anhydrides and imines involving enolate binding to 

the catalyst.

In this putative pre-transition state assembly, the reaction could lead to the formation o f 

either the CM-lactam 495 (Figure 7.5, A) or the /ra«5-lactam 495 (Figure 7.5, B) 

according to the two geometries o f the proposed enolate binding mode. The pre

transition state assembly involving the formation o f  c«-diastereom er 495 is shown in 

Figure 7.5 A. In this case, different unavoidable steric clashes between the anhydride 

and the bulky substituents o f the imine can be observed, making the formation o f  this 

isomer unfavourable. Conversely, in the pre-transition state assembly (Figure 7.5 B) 

that leads to the formation o f  the /ra«5-diastereomer 495, the bulky substituents o f both 

the catalyst and the imine are oriented away from each other reducing any destabilising 

steric clashes, thus allowing for the preferential formation o f  the rra«5-isomer. Also, 

from the examples reported in Scheme 7.10, it could be seen that the diastereoselectivity 

o f the reaction could be enhanced by variation o f the substituent on the nitrogen atom of 

the imine. For substrates having a bulky group on the nitrogen atom (/.e. 491), the more 

selective formation o f  the rraws-isomer 492 was observed as a consequence o f  the 

destabilising steric clashes previously explained. Reducing the steric requirement o f  the
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nitrogen atom substituent {e.g. 493) still allowed preferential formation o f the trans

isomer 495, however a considerable amount of cw-diastereomer 495 was also formed.

o

260

J
Tipp 1 ■ 468 (5 mol%)

N " MTBE, 24 h, 0.1 M

O
Ph

491

2. TMSCHN2(1,2 equiv.) 
MeOH, rt, 30 min

TiPP = 2,4,6-triisopropylbenzenesulfonyl

T iPP-TiPP

492492

dr  9:91

°  9 , ^  1. 468 (5 mol%)
fg'Sx MTBE (0.2 M), rt, 24 h

I II I + jl  °   ■
P h - ^

260

Ph-^ H

493

2. TMSCHN2(1.2 equiv.) 
MeOH, rt, 30 min

9 o

CO2M6

495

C02Me

495

Y
dr  24;76

Scheme 7.10 Variation o f the diastereoselectivity o f the reaction by employing imines 

having different sterically demanding substituents

Although the proposed ‘alternative’ pre-transition state assembly model (i.e. enolate 

binding) can be efficiently used as an explanation for the stereochemical outcome o f the 

cycloaddition reaction between anhydrides and imines, unsufficient data is available for 

the disclosure of a reaction mechanism. Computational studies also not been carried out 

to support this binding mode. For this reason the model described has to be considered 

only speculative until the reaction is re-examined with more experimental data.

7.4 Conclusions and outlook

In summary we have developed enantioselective protocol for the cycloaddition reaction 

between imines and enolisable anhydrides. The results presented herein indicate that 

catalysed cycloaddition reactions between enolisable anhydrides and imines could be 

carried out by careful tuning of electrophilicity o f imine with suitable electron- 

withdrawing substituents on the nitrogen. It was determined that by employing 

bifunctional cinchona alkaloid-based organocatalysts, the lactam products could be 

generated with moderate diastereomeric ratio and good to moderate enantiomeric
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excesses for the major trans- diastereomer. To the best of our knowledge, the reactions 

developed in this project represent the first organocatalytic examples of enantioselective 

reactions between imines with enolisable anhydrides. However, the use of activated and 

sterically hindered imine substrates (for example imines derived from ketoesters) would 

be an intresting approach to imrove the enantio- and diastereoselctivity of the 

cycloaddition reaction. Evaluation of different enolisable anhydrides should be 

considered as a way to increase the scope and synthetic utility of the reaction.

160



Chapter 8

8.0 Experimental

Proton nuclear magnetic resonance spectra were recorded on Bruker DPX 400 MHz and 

Bruker Avance II 600 MHz spectrometers, using as solvent CDCb, DMSO-de and 

referenced relative to residual CHCI3 (5 = 7.26 ppm) DMSO (5 = 2.50 ppm). Chemical 

shifts are reported in ppm and coupling constants in Hertz. Carbon NMR spectra were 

recorded on the same instrument (100 MHz) with total proton decoupling. HSQC, 

HMBC, TOCSY NOE and ROESY NMR experiments were used to aid assignment of 

NMR peaks when required. All melting points were uncorrected. Infrared spectra were 

obtained on a Perkin Elmer Spectrum 100 FT-IR spectrophotometer equipped with a 

universal ATR sampling accessory. Flash chromatography was carried out using silica 

gel purchased from Sigma Aldrich, particle size 0.04-0.063 mm. TLC analysis was 

performed on precoated 6 OF2 5 4  slides, and visualised by either UV irradiation or 

KMn0 4  staining. A Waters micromass LCT-tof mass spectrometer was used in ESI 

positive and ESI negative modes for electrospray ionization mass spectrometry. Optical 

rotation measurements were made on a Rudolph Research Analytical Autopol IV 

instrument, and are quoted in units o f 10'' deg cm^ g ''. Toluene, ether and THF were 

distilled from sodium. Methanol, methylene chloride and triethylamine were distilled 

from calcium hydride. Unless otherwise stated, all chemicals were obtained from 

commercial sources and used as received. Analytical CSP-HPLC was performed on 

Daicel CHIRALPAK, AD, AD-H, OJ-H, or Chiralcel OD-H (4.6 mm x 25 cm) 

columns.

The X-ray crystallography data for crystal ?/'fl«s-508 was collected on a Rigaku Saturn 

724 CCD diffractometer. A suitable crystal from the compound was selected and 

mounted on a glass fibre tip and placed on the goniometer head in a 150K N 2 gas 

stream. The data sets were collected using Crystalclear-SM 1.4.0 software and, for each 

crystal, 1246 diffraction images, o f 0.5° per image, were recorded. Data integration, 

reduction and correction for absorption and polarisation effects were all performed 

using Crystalclear-SM 1.4.0 software. Space group determination, structure solution and 

refinement were obtained using Crystalstructure ver. 3.8 and Bruker Shelxtl Ver. 6.14 

software.
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8.1 Experimental procedures and data for Chapter 2

2-Pentafluorophenyl-6,7-dihydro-5^-pyrrolo[2,l-c] [1,2,4] triazol-2- 

iumtetrafluoroborate (97).''^^

BF4

An oven-dried 500 niL round-bottomed flask equipped with a magnetic stirrer was 

charged with 2-pyrrolidinone (2.000 g, 26.30 mmol) and CH2CI2 (130.0 mL). 

Trimethyloxonium tetrafluoroborate (3.90 g 26.30 mmol) was added and the reaction 

stirred under Ar for 12 h. Pentafluorophenyl hydrazine (5.20 g, 26.30 mmol) was added 

to the clear solution and stirred for 2 h. Concentration in vacuo produced a pale orange 

solid. The crude reaction mixture was heated under vacuum (10'^ torr) at 110 °C for 2 

h. Triethylorthoformate (21.90 mL, 131.610 mmol) was charged to the reaction which 

was subsequently heated at 110 °C for 1 h (under Ar). Upon cooling to room 

temperature a precipitate appeared. The solid was filtered and washed with toluene (60 

mL) to give a white solid, 50 (4.7 g, 49%), mp 248-249 °C, lit.,''’̂  248-253 °C. The 

isolated compound exhibited identical spectroscopic data to those in the literature.'®^

5h  (600 MHz, DMSO-de): 2.73-2.78 (m, 2H, H-4), 3.23-3.31 (m, 2H, H-5), 4.46-

4.49 (m, 2H, H-3), 10.53 (s, IH, H -3’).

HRMS (m/z - ES); Found 276.0554 (M^ - BF4 . C 11H7N 3F5 Requires:

276.0560).

Procedure A: General procedure for crossed benzoin condensation experiments

To a 5 mL round-bottomed flask, equipped with a magnetic stirring bar, was added 

Rb2C03 (99.8 %, anhydrous, 20 mg, 0.088 mmol) that had been finely ground using a
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mortar and pestle. The reaction vessel was put under a vacuum using schlenk line and 

heated with a heat gun for 4 one-minute intervals. When cooled to ambient temperature 

the appropriate catalyst (0.088 mmol) was added and the flask was fitted with a septum 

seal. The reaction flask was evacuated for 1 min and put under an atmosphere o f  Ar. 

The required aldehydes were distilled under vacuum and used directly. The reaction 

flask was charged with THF, followed by the appropriate aldehydes. The reaction was 

stirred at room temperature for 40 h. Styrene (31.0 ^L, 0.275 mmol) was used as an 

internal standard for assessing the reaction progress. CH2CI2 (3.0 mL) and deionised 

H2O (3.0 mL) were added. The lower organic layer was removed and the aqueous layer 

was washed with CH2CI2 (12 mL). The organic layers were combined, dried (MgS04), 

filtered, and the solvent removed under reduced pressure. The product was purified 

using column chromatography.

Procedure B: General Procedure (for the hydro-debromination of crossed acyloin 

condensation products)

To a 25 mL round bottomed flask, equipped with a stirring bar, was added brominated 

crossed acyloin (0.3 mmol), 10% Pd/C (6 wt.%, 7.0 mg), EtaN (1.2 eq.) and MeOH (6 

mL). The flask was evacuated and then purged with N2 . This cycle was performed 

twice. The reaction was stirred vigorously at ambient temperature {ca. 20 °C) under an 

atmosphere of hydrogen (hydrogen generator), overnight. The reaction mixture was 

filtered and concentrated in vacuo. The residue was partitioned between CH2CI2 (10 

mL) and H2O (10 mL), the organic layer was washed with brine (10 mL), dried over 

MgS04, filtered and the solvent removed under reduced pressure. The product was 

purified using column chromatography.

Procedure C: General procedure for crossed acyloin condensation condition set A 

(‘Stetter’)

A flame-dried Schlenk flask ( ‘tube shape’) equipped with a magnetic stirring bar was 

charged with thiazolium iodide precatalyst 37 (14 mg, 0.05 mmol) and stjrene (25 

mol% if required) placed under high vacuum (10'^ torr). After having dried the solids 

for 1 h at ambient temperature, EtOH (0.16 mL) was added and the resulting solution 

stirred for 5 min. The aromatic aldehyde (0.5 mmol, 1 equiv.) and the aliphatic aldehyde
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(1.5 mmol, 3 equiv.) were subsequently added. After final addition o f triethylamine (0.3 

mmol, 0 . 6  equiv), the reaction vessel was equipped with a reflux condenser and heated 

for 16 h {ca. 90 °C) under an inert atmosphere.

To determine the yields o f the benzoin products, residual starting materials via 

quantitative NMR spectroscopic analysis, the reaction vessel was allowed to cool to 

room temperature. In order to transfer the crude reaction mixture into an NMR tube, a 

Pasteur-pipette (without cap) was dipped four times into the solution. Finally, an 

appropriate amount o f CDCI3 was added. For the isolation of the corresponding benzoin 

products the crude mixture was evaporated and purified by column chromatography.

Procedure D: General procedure for crossed acyloin condensation condition set B

A flame-dried Schlenk flask equipped with a magnetic stirring bar was charged with 

RbiCO.-! (12 mg, 0.05 mmol). The reaction vessel was evacuated, heated with heat gun 

for 1 min and cooled to RT under N 2 . After this procedure had been repeated once, 

triazolium-precatalyst 97 (18 mg, 0.05 mmol) was added. The precatalyst/base-mixtures 

was placed under vacuum and dried at RT for 1 h. Subsequently, absolute THF (0.5 

mL) was added and the resulting mixture was allowed to stir at RT for 15 min. After 

sequential addition of the appropriate aromatic aldehyde (0.5 mmol) and a-branched 

aldehyde (0.5 mmol), the reaction vessel was equipped with a reflux condenser and 

stirred at 60 °C for 20 h under an atmosphere o f N 2 . The reaction mixture was allowed 

to cool to RT, followed by evaporation o f the solvent under reduced pressure. The crude 

product was purified by column chromatography (silica gel, solvent mixture as 

indicated).

l-(2-Chloro-phenyl)-l-hydroxy-4-phenyl-butan-2-one (313D, Table 2.2, entry 3)

OH

3’

4 '

5 '

Procedure A was followed using precatalyst 97 (16.0 mg, 0.04 mmol) and Rb2C0 3  (10.5 

mg, 0.04 mmol), with addition o f THF (700 fiL), hydrocinnamaldehyde aldehyde (145.0
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|:iL, 1.1 mmol) and o-chlorobenzaldehyde (124.0 fxL, 1.10 mmol). The reaction was 

stirred at 18 °C for 40 h. Purification by column chromatography (Rf = 0.10, 

CH2 Cl2/hexane, 2/3, v/v) afforded 313D as a yellow oil (154 mg, 48%).

5h  (600 MHz, CDCI3); 2.64-2.70 (m, IH, H-3), 2.79-2.83 (m, IH, H-3), 2.84-

2.89 (m, IH, H-4), 2.92-2.97 (m, IH, H-4), 4.36 (bs, IH, 

OH), 5.58 (s, IH, H-1), 7.08 (d, J 7.5, 2H, H-2” ), 7.19 

(app. t, 2H, H-6’ and H-4” ), 7.24-7.27 (app. t, 2H, H-3” ), 

7.28-7.31 (m, 2H, H-4’ and H-5’), 7.43 (d, J 7.5, IH, H- 

3’).

5c (150 MHz, CDCI3 ): 29.6, 39.4, 76.2, 126.3, 127.5, 128.2, 128.5, 129.1, 129.9,

130.1, 133.5(q), 135.6(q), 140.1(q), 207.9 (C=0).

HRMS (m/z - ES); Found 297.0666 (M^ + Na. CieHisOiNaCl Requires:

297.0658).

vmax (neat)/cm-‘; 3429, 3350, 2983, 2933, 1688, 1522, 1389, 1167, 735.

l-Hydroxy-4-phenyl-l-(2-trifluoromethyl-phenyl)-butan-2-one (315D, Table 2.2, 

entry 5)

Procedure A was followed using precatalyst 97 (16.0 mg, 0.04 mmol) and Rb2 C0 3  (10.5 

mg, 0.04 mmol), with addition of THF (700 |aL), hydrocinnamaldehyde (145.0 p,L, 1.1 

mmol) and 2-trifluoromethyl-benzaldehyde (146.0 |iL, 1.10 mmol). The reaction was 

stirred at 18 °C for 40 h. Purification by column chromatography (Rf = 0.25, 

CHaCb/hexane, 3/2, v/v) afforded 315D as a yellow oil (275 mg, 81%).

5h  (600 MHz, CDCI3): 2.53-2.58 (m, IH, H-4), 2.70-2.75 (m, IH, H-4), 2.86-
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2.95 (m, 2H, H-3), 4.39 (bs, IH , OH), 5.48 (s, IH , H-1), 

7.06 (d, J 7.5, 2H, H -2” ), 7.12 (d, J 7.5, IH , H -6’), 7.18 

(t, J 7.4, IH, H -4” ), 7.25 (app. t, 2H, H -3” ), 7.45-7.51 (m 

2H, H -4’ and H -5’), 7.74 (d, J 7.9, IH, H -3’).

5 c(1 5 0 M H z, CDCI3): 29.3, 39.4, 74.5, 121.3 (quartet, CF3 , J 274.1), 126.1

(quartet, J 5.5), 126.2, 128.0, 128.4, 128.5 (quartet, qC, J 

30.2), 128.6, 128.8, 132.5, 136.3 (q), 139.8 (q), 207.6 

(C = 0).

5f  (376 MHz, CDCI3): -57.60 (CF3)

HRMS (m/z - ES): Found 331.0923 (M^ +Na. C n H i5 0 2 N aF 3 Requires:

331.0922).

vmax(neat)/crn-': 3436, 3031, 2930, 1717, 1605, 1497, 1454, 1311, 1159,

1108, 1034, 768, 747, 698.

l-H ydroxy-l-(2-trifluorom ethyl-phenyl)-propan-2-one (319, Table 2.3, entry 1)

Procedure A was followed using precatalyst 97 (3 1.9 mg, 0.09 mmol) and Rb2C 0 3  (20.3 

mg, 0.09 mmol), with addition o f  THF (660 p.L), acetaldehyde (617.3 |o.L, 11.00 mmol) 

and 2-trifluoromethyl-benzaldehyde (146.0 ]xL, 1.10 mmol). The reaction was stirred at 

18 °C for 40 h. Purification by colum n chrom atography (Rf = 0.25, CH 2 Cl2/hexane, 3/2, 

v/v) afforded 319 as a yellow oil (171 mg, 78%).

8h  (600 MHz, CDCI3): 2.20 (s, 3H, H-3), 4.41 (bs, IH, OH), 5.52 (s, IH , H-1),

7.29 (d, J 7.2, IH, H -6’), 7.50 (app. t, IH , H -4’), 7.59

(app. t, IH , H -5’), 7.77 (d, J 7.9, IH  H -3’)
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5c(150M Hz, CDCb): 25.4, 74.9 (quartet, J 2.2, C-1), 121.4 (quartet, CF3, J

274.3), 126.2 (quartet, J 5.5), 128.7 (quartet, qC, J 30.8), 

128.8, 128.9, 132.7, 136.7(q), 206.2(q), (C=0)

5f (376 MHz, CDCI3): -57.70 (CF3)

HRMS (m/z - ES): Found 241.0456 (M"̂  +Na. CioH902NaF3 Requires: 

241.0452).

Vmax (neat)/cm'': 3434, 2971, 2902, 1717, 1608, 1586, 1497, 1454, 1311, 

1158, 1108, 1036, 768,672

l-(2-Bromophenyl)-l-hydroxy-3-phenylpropan-2-one (322, Table 2.3, entry 4)

Procedure A was followed using precatalyst 97 (31.9 mg, 0.09 mmol) and Rb2C0 3  (20.3 

mg, 0.09 mmol), with addition of THF (660 ^L), phenylacetaldehyde (209.0 [iL, 1.87 

mmol) and o-bromobenzaldehyde (128.0 p.L, 1.10 mmol). The reaction was stirred at 18 

°C for 40 h. Purification by column chromatography (Rf = 0.22, CH2Cl2/hexane, 3/2, 

v/v) afforded 322 as a yellow oil (254.5 mg, 76%).

5h (600 MHz, CDCI3): 3.69 (d, IH, J 15.4, H-3), 3.76 (d, IH, J 15.4, H-3), 4.34

Br OH

5 '

(bs, IH, OH), 5.74 (s, IH, H-1), 7.06 (d, J 6.2, 2H, H-2”), 

7.22 (d, IH, J 7.5, H-6’), 7.24-7.29 (m, 4H, H-4’, H-3” 

and H-4”), 7.34 (app. t, IH, H-5’), 7.67 (d, J 8.0, IH, H- 

3’)

5c(150M Hz, CDCI3): 44.8, 78.1, 124.0 (q), 127.3, 128.2, 128.6, 129.3, 129.6,

130.4, 132.6 (q), 133.5, 137.0 (q), 206.3 (C=0).
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HRMS (m/z-ES:) Found 327.0010 (M^ + Na. C i5Hi3 0 2 NaBr requires 

326.9997)

Vmax (neat)/cm'': 3457, 3063, 3030, 2923, 1717, 1586, 1568, 1496, 1471, 

1454, 1022, 752,723,701.

l-(2-Bromo-phenyl)-l-hydroxy-4-phenyl-butan-2-one (316 D, Table 2.4, entryl)

Procedure A was followed using precatalyst 97 (32.0 mg, 0.09 mmol) and Rb2C0 3  (20.3 

mg, 0.09 mmol), with addition o f THF (1.0 mL), hydrocinnamaldehyde (246.0 |iL, 1.87 

mmol) and o-bromobenzaldehyde (145.0 |aL, 1.10 mmol). The reaction was stirred at 18 

°C for 40 h. Purification by column chromatography (Rf = 0.17, CH2Cl2/hexane, 2/3, 

v/v) afforded 316D as a yellow oil (316.0 mg, 81%).

5h  (600 MHz, CDCb): 2.64-2.70 (m, IH, H-3), 2.82-2.88 (m, 2H, H-3 and H-4),

5 '

2.93-2.98 (m, IH, H-4), 4.39 (bs, IH, OH), 5.59 (s, IH, 

H-1), 7.09 (d, J 7.3, 2H, H-2” ), 7.17-7.23 (m, 3H, H-4’, 

H-5’ and H-6’), 7.25 (app. t, 2H, H -3” ), 7.28 (t, IH, J 7.3, 

H-4” ), 7.61 (d ,J8 .1 , IH, H-3’).

6c(150M H z,C D C b): 29.5, 39.4, 78.3, 123.7 (q), 126.2, 128.0, 128.1, 128.4,

129.0, 130.0, 133.3, 137.1 (q), 139.9 (q), 207.8 (C=0).

HRMS {m/z - ES): Found 341.0152 (M'^ +Na. C i6H i502NaBr Requires: 

341.0153).

Vmax (neat)/cm‘‘: 3436, 3063, 3028, 2925, 1713, 1536, 1496, 1454, 1024, 

749, 698, 672.
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l-(2-Bromo-4, 5-dimethoxy-phenyl)-l-hydroxy-4-phenyl-butan-2-one (326D, Table 

2.4, entry 2)

Procedure A was followed using precatalyst 97 (31.9 mg, 0.09 mmol) and Rb2 C0 3  (20.3 

mg, 0.09 mmol), with addition of THF (1.0 mL), hydrocinnamaldehyde (246.2 ^L, 1.87 

mmol) and veratraldehyde (267.0 mg, 1.10 mmol). The reaction was stirred at 18 °C for 

40 h. Purification by column chromatography (Rf = 0.08 CH2 Cb/hexane, 3/2, v/v) 

afforded 326D as a yellow oil (388.0 mg, 93 %).

5h  (600 MHz, CDCb): 2.68-2.96 (m, 4H, H-3 and H-4), 3.77 (s, 3H, OCH3), 3.90

(s, 3H, OCH3 ), 4.35 (bs, IH, OH), 5.53 (s, IH, H-1), 6.53 

(s, IH, H-2’), 7.03 (s, IH, H-5’), 7.07 (d, J 8.1, 2H, H- 

2” ), 7.16-7.25 (m, 3H, H-4” and H-3” ).

5c (150 MHz, CDCI3 ): 29.5, 39.1, 55.8, 56.1, 78.1, 110.3, 113.8, 115.3, 126.1,

128.0 (q), 128.2, 128.7, 139.9 (q), 148.7 (q), 148.9 (q), 

149.7 (q), 208.2 (C=0).

HRMS (m/z - ES): Found 410.0358 (M"̂  +Na. Ci8Hi9Br04Na Requires: 

410.0364).

Vmax (neat)/cm’': 3446, 3007, 2929, 1709, 1598, 1501, 1436, 1377, 1289, 

1231, 1157, 1108, 1025,995,700.
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l-(2-Bromo-4-methyl-phenyl)-l-hydroxy-4-phenyl-butan-2-one (327D, Table 2.4, 

entry 3)

OH

Procedure A was followed using precatalyst 97 (32.0 mg, 0.09 mmol) and Rb2C03 (20.3 

mg, 0.09 mmol), with addition of THF (1 mL), hydrocinnamaldehyde (246.2 |iL, 1.87 

mmol) and 2-bromo-4-methylbenzaldehyde (219.0 mg, 1.10 mmol). The reaction was 

stirred at 18 °C for 40 h. Purification by column chromatography (Rf = 0.13, 

CH2Cl2/hexane, 3/2, v/v) afforded 327D as a yellow oil (323 mg, 88%).

5h  (600 MHz, CDCb):

6c (150 MHz, CDCb): 

Vmax (neat)/cm'': 

HRMS (m/2  - ES):
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2.32 (s, 3H, CH3), 2.57-2.69 (m, IH, H-3), 2.74-3.00 (m, 

3H, H-3 and H-4), 4.34 (bs, IH, OH), 5.51 (s, IH, H-1), 

6.95-7.09 (m, 4H, H-2”’ H-5’ and H-6 ), 7.13-7.25 (m, 3H, 

H-3 ' and H-4”), 7.41 (s, IH, H-3’).

20.8, 29.7, 39.5, 78.2, 123.5, 126.2 (q), 128.2, 128.5, 

129.0, 133.7, 134.1 (q), 140.1 (q), 140.5 (q), 208.2 (C=0).

3437, 2923, 1712, 1603, 1561, 1491, 1453, 1361, 1271, 

1195, 1141, 1112, 1078, 1056, 1035, 988, 697.

Found 355.0312 (M^ +Na. Ci7Hi702NaBr Requires: 

355.0310)



l-(2-Bromo-5-fluorophenyl)-l-hydroxy-4-phenyl-butan-2-one (328D, Table 2.4, 

entry 4)

Procedure A was followed using precatalyst 97 (31.9 mg, 0.09 mmol) and Rb2C0 3  (20.3 

mg, 0.09 mmol), with addition of THF (1 mL), hydrocinnamaldehyde (246.2 |o,L, 1.87 

rmnol) and 2-bromo-5-fluorobenzaldehyde (223.5 mg, 1.10 mmol). The reaction was 

stirred at 18 °C for 40 h. Purification by column chromatography (R/ = 0.08, 

CH2Cl2/hexane, 2/3, v/v) afforded 328D as a yellow oil (297.3 mg, 80%).

5h  (600 MHz, CDCb): 2.64-2.75 (m, IH, H-3), 2.81-2.99 (m, 3H, H-3 and H-4),

F

4.43 (d, J 3.5, OH IH), 5.55 (d, J 3.5, IH, H-1), 6.88 (dd, 

J 9.0, 3.1, IH, H-6’), 6.91-6.97 (m, IH, H-4’), 7.08 (app. 

d, 2H, H-2”), 7.17-7.28 (m, 3H, H-3” and H-4”), 7.57 (m, 

IH, H-3’).

5c(150MHz,CDCl3): 29.4,39.4,78.0, 115.9 (d, J 23.1), 117.4 (d, J 22.0), 126.3,

128.0, 128.4, 134.4 (d, J 7.5), 139.1 (q), 139.2, 139.7, 

162.1 (d, J 249.1, q), 207.4 (C = O ).

'^F NMR (376 MHz, CDCl3):-l 13.0

HRMS {m/z - ES): Found 359.0069 (M"̂  +Na. Ci6Hi4BrF02 + Na Requires: 

355.0059)

V m ax (neat)/cm"': 3448, 2927, 1715, 1404, 1361, 1264, 1147, 1100, 1025, 

990, 875, 745, 697.

l-Hydroxy-l,4-diphenyl-butan-2-one (328, Table 2.4, entry 1)
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Procedure B was followed using 316D (96.0 mg, 0.30 mmol) in MeOH (6.00 mL) with 

addition of 10% Pd/C (7.0 mg), triethylamine (50.0 |iL, 0.36 mmol). The reaction was 

stirred vigorously at ambient temperature {ca. 20 °C) under an atmosphere of hydrogen 

(hydrogen generator) overnight. Purification by column chromatography (Rf= 0.08, 

CH2Cb/hexane, 3/2, v/v) afforded 316D as a white solid (64 mg, 90%). M.p. 63-65 °C

5h  (600 MHz, CDCb): 2.63-2.75 (m, 2H, H-3), 2.79-2.84 (m, IH, H-4), 2.89-

2.94 (m, IH, H-4), 4.31 (bs, IH, OH), 5.07 (s, IH, H-1), 

7.06 (d, J 7.2, 2H H-2” ), 7.19 (t, J 7.3, IH, H-4” ), 7.26 

(app. t, 2H, H-3” ), 7.29 (d, J 7.2, 2H, H-2’), 7.35-7.40 

(m, 3H, H-3’ and H-4’).

5c(150M Hz, CDCb): 29.7, 39.5, 79.2, 126.3, 127.4, 128.2, 128.5, 128.7, 129.1,

137.8(q), 140.2(q), 208.6 (C=0).

HRMS (w/z - ES): Found 263.1050 (M^ +Na. Ci6Hi602Na Requires:

263.1048).

vmax (neat)/cm-': 3427, 3084, 3028, 2923, 1713, 1601, 1495, 1452, 1062,

748,715.

l-(3,4-Dimethoxyphenyl)-l-hydroxy-4-phenylbutan-2-one (329, Table 2.4, entry 2)



Procedure B was followed using 326D (114.0 mg, 0.30 mmol) in MeOH (6.00 mL) with 

addition of 10% Pd/C (7.0 mg), triethylamine (50.0 p.L, 0.36 mmol). The reaction was 

stirred vigorously at ambient temperature {ca. 20 °C) under an atmosphere of hydrogen 

(hydrogen generator) overnight. Purification by column chromatography (R/= 0.9, 

CH2Cb/hexane, 4/1, v/v) afforded 329 as a yellow oil (87 mg, 80%).

5h  (600 MHz, CDCI3): 2.60-2.62 (m, J 7.5, 2H, H-4), 2.69-2.87 (m, 2H, H-3),

3.75 (s, 3H, OCH3), 3.81 (s, 3H, OCH3), 4.18 (d, J 4.1, 

IH, OH), 4.91 (d, J 4.1, IH, H-1), 6.69 (s, IH, H-2 ), 6.87 

(d, J 2.1, 2H, H-5’ and H-6’), 7.07 (d, J 7.0, 2H, H-2”), 

7.18-7.26 (m, 3H, H-3 ' and H-4”).

5c(150M Hz, CDCI3): 29.6, 39.4, 55.7, 55.8, 79.8, 109.8, 111.5, 120.5, 126.2,

128.0, 128.3, 130.1 (q), 139.7 (q), 149.3 (q), 149.5 (q), 

209.0 (C=0).

HRMS (m/z - ES): Found 323.1244 (M^ +Na. Ci6H2o0 3 Na Requires:

323.1259)

Vmax(neat)/cm-‘: 3448, 2927, 1715, 1603, 1580, 1404, 1361, 1264, 1147,

1100,964, 875, 745.

l-Hydroxy-4-phenyl-l-/7-tolylbutan-2-one (330, Table 2.4, entry 3)

Procedure B was followed using 327D (100.0 mg, 0.30 mmol) in MeOH (6.0 mL) with 

addition of 10% Pd/C (7.0 mg), triethylamine (50.1 )j,L, 0.36 mmol). The reaction was 

stirred vigorously at ambient temperature (ca. 20 °C) under an atmosphere of hydrogen 

(hydrogen generator) overnight. Purification by column chromatography ( R /= 0.12, 

CH2Cl2/hexane, 4/1, v/v) afforded 330 as a yellow oil (71 mg, 93%).
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5h  (600 MHz, CDCh): 2.37 (s, 3H, CH3), 2.75-2.96 (m, 4H, H-4 and H-3), 4.26

(bs, IH, OH), 5.03 (s, IH, H-1), 7.07 (d, J 7.4, 2H, H-2” ), 

7.12-7.19 (m, 4H, H-2’ and H -3’), 7.21-7.61 (m, 3H, H- 

3”  and H -4” ).

6c (150 MHz, CDCI3): 21.0, 29.6, 39.3, 79.6, 126.1, 127.2, 128.1, 128.4, 129.6,

134.7 (q), 138.4 (q), 140.1 (q), 208.7 (C=0).

HRMS (m/z - ES): Found 277.1205 (M"̂  +Na. Ci7Hi7 0 2 Na Requires:

277.1204).

vmax (neat)/cm-': 3464, 3028, 2980, 1713, 1496, 1453, 1232, 1180, 1057,

972, 826, 749, 699.

l-(3-Fluorophenyl)-l-hydroxy-4-phenylbutan-2-one (331, Table 2.4, entry 4)

Procedure B was followed using 328D (101.0 mg, 0.30 mmol) in MeOH (6.00 mL) with 

addition o f 10% Pd/C (6.8 mg), triethylamine (50.1 )o.L, 0.36 mmol). The reaction was 

stirred vigorously at ambient temperature (ca. 20 °C) under an atmosphere o f hydrogen 

(hydrogen generator) overnight. Purification by column chromatography (Rf = 0.15, 

CH2Cl2/hexane, 4/1, v/v) afforded 331 as a yellow oil (71 mg 92%).

6h  (600 MHz, CDCI3): 2.77-2.95 (m, 4H, H-3 and H-4), 4.33 (s, IH, OH),

5.05 (s, IH, H-1), 7.00 (d, J 8.8, IH, H-6 ), 7.04- 

7.10 (m, 4H, H-2’, H-2” and H-4 ), 7.20-7.37 (m, 

4H, H-3', H-3 ’ and H-4”).
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5c(150M Hz, CDCb): 29.6 (CH2), 39.4 (CH2), 79.3, 114.3 (d, J 23.1),

115.7 (d, J 20.9), 123.1 (d, J 3.3), 126.4, 128.1, 

128.5, 130.6 (d, J 8.8), 140.0 (q), 140 2 (q), 163.05 

(q, J 247.6,), 207.9(C=0)

19 F NMR (376 MHz, CDCI3): - 112. 2 .

HRMS {m/z - ES): Found 281.0987 (M+ +Na. CieHisFOaNa

Requires: 281.0953).

Vmax (neat)/cm'‘: 3439, 2927, 1713, 1603, 1518, 1476, 1362, 1272, 

1191, 1079, 995, 751.

l-(Furan-2-yl)-2-hydroxy-3-methylbutan-l-one (335C, Table 2.5, entry 5)

Procedure C was followed using thiazolium iodide precatalyst 37 (14 mg, 0.05 mmol) 

in 0.16 ml of EtOH with the addition of thiophene-2-carbaldehyde (42.0 |j,L, 0.5 mmol), 

wo-butyraldehyde (138.0 )xL, 1.5 mmol) and triethylamine (42.0 )iL, 0.3 mmol). The 

reaction vessel was equipped with a reflux condenser and heated for 16 h (ca. 90 °C) 

under an inert atmosphere. Purification by column chromatography (Rf = 0.19 

Et20/hexane, 1/4, v/v) afforded 335C as a yellow crystals (30 mg, 36%). mp 36-37 °C.

6 h (400 MHz, CDCb): 0.69 (d , J 7.3, 3H, CH3), 1.11 (d , J 7.3 Hz, 3H, CH3),

2.20-2.25 (m, IH, H-2), 3.40-3.42 (m, IH, H-1), 4.70 (bs, 

IH, OH), 6.56 (dd, J 2.0, 3.7, IH, H-3’), 7.29 (d, J 3.7, 

IH, H-4’), 7.62 (d, J 2.0, IH, H-2’).

5c (100 MHz, CDCb): 14.6, 21.0, 32.7, 77.5, 112.5, 118.7, 147.0, 150.4 (q),

190.5 (C=0).
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HRMS (m/ 2  - ES): Found 191.0684 (M"̂  +Na. C9H 12O3 + Na Requires: 

191.0684).

(neat)/cm-': 3442, 3126, 1656, 1466, 1410, 1270, 1146, 1030, 990,

814, 764, 589, 510.

l-Hydroxy-l-(4-methoxyphenyl)-3-methylbutan-2-one (340)

Procedure D was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and Rb2C0 3  (12.0 

mg, 0.05 mmol), with addition of THF (450 |aL), wo-butyraldehyde (46 p.L, 0.5 mmol) 

and 4-methoxybenzaldehyde (223.3 mg, 1.10 mmol). The reaction was stirred at 60 “ C 

for 20 h. Purification by column chromatography (Rf = 0.15, Et20/hexane, %, v/v) 

afforded 340 as a white solid (126 mg, 80%). mp 83 - 85 °C.

5h  (600 MHz, CDCI3): 0.86 (d, J 6.9, 3H, CH3), 1.14 (d, J 7.2, 3H, CH3), 2.71-

2.73 (m, IH, H-3), 3.83 (s, 3H, OCH3), 4.35 (d, J 4.5 Hz , 

IH, OH), 5.19 (d, J 4.5, IH, H-1), 6.92 (d, J 8.9, 2H, H- 

3’), 7.65 (d, J8.9, 2H, H-2’).

5c (150 MHz, CDCI3): 17.5, 18.9, 35.5, 54.8, 77.3, 114.0, 128.4, 129.5 (q), 159.4

(q), 213.3 (C=0)

HRMS (w/z-ES): Found: 208.1097 (M^ + Na. C 12H 16O3 Na Requires:

208.1099).

Vrnax(neat)/cm-': 3432, 2967, 1711, 1587, 1455, 1382, 1222, 1009,

813,784, 731,692, 531
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2-(4-Bromophenyl)-l-cyclohexyl-2-hydroxyethanone (342)

Procedure D was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and Rb2C0 3  (12.0 

mg, 0.05 mmol), with addition o f THF (450 |iL), cyclohexanecarbaldehyde (61.0 (iL, 

0.5 mmol) and 4-bromobenzaldehyde (102.5 mg, 0.5 mmol). The reaction was stirred at 

60 °C  for 20 h. Purification by column chromatography (Rf = 0.29, EtOAc/hexane, 1/5, 

v/v) afforded 342 as a white solid (93.0 mg, 63%). mp 102 - 103 °C.

5h  NMR (400 MHz, CDC13): 0.94-1.44 (m, 6H, H-3’and H-4’ ), 1.56-1.68 (m,

2H, H-2’), 1.72-1.91 (m, 2 H, H-2’), 2.39 (m, IH, 

H-r), 4.39 (d, J 4.7, IH, OH), 5.14 (d, J 4.7, IH, 

H-1 ), 7.13-7.21 (m, 2H, H-2”), 7.46-7.52 (m, 2 

H, H-3”).

5c NMR (100 MHz, CDC13): 25.0, 25.5, 27.9, 29.6, 46.0, 77.6, 122.8 (q), 129.3,

130.1, 132.1, 137.0 (q), 211.9 (C=0).

HRMS (w/z - El): Found 296.0410 (M^ Ci4Hi7Br02 requires

296.0412).

Vmax(neat)/cm-’: 3430, 2930, 2851, 1705, 1447, 1059, 993, 820,

638, 521.

(55)-Oxopyrrolidine-2-carboxylic acid methyl ester (345)313
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To an oven-dried 250 mL round bottomed flask was charged L-pyroglutamic acid (10 g, 

11 AA l mmol) and DOWEX-50W (X8-200) resin (5 g). Methanol (HPLC grade) was 

added to the flask, which was then equipped with a reflux condenser and placed under 

an atmosphere o f Argon. The reaction was heated under reflux at 65 °C for 36 h. 

Filtration to remove solid concentration o f the filtrate solvent in vacuo yielded 

colourless oil. Purification by column chromatography (9:1 EtOAc-hexane, Rf 0.1) gave 

345 (10.637 g, 96%) as a pale yellow oil; [a]o“ = -2.4 (c 1.00 in CH2CI2), lit.,^‘̂  [a]o^° 

= -6.95 (c 1.00 in CH2CI2), for 5 enantiomer with 100% ee.

5h  (600 MHz, CDCI3): 2.13-2.21 (m, IH, H-4a), 2.25-2.48 (m, 3H, H-3 and H-

4b), 3.73 (s, 3H, O-CH3), 4.22 (dd, J 8.8, 5.0, IH, H-5b), 

7.35 (bs, IH, N-H)

5c (150 MHz, CDCb): 24.8, 29.3, 52.5, 55.5, 172.7 (C=0), 178.5 (C=0).

HRMS (m/z - ES): Found 166.0477 (M̂ " +Na. CaHgNOsNa requires

166.0480).

(55)-(Hydroxy-diphenyl-methyl)-pyrroIidin-2-one (348)̂ '̂*

3a
H

3b H '^

4b
H

4a
4'

)=■
0 ^

1 'OH 2'

1
H 1 3"

An oven-dried 250 mL round bottomed flask equipped with a magnetic stirrer was 

charged with 345 (3.8 g, 26.2 mmol) and put under an atmosphere o f Ar. THF (22 mL) 

was added via syringe and the reaction cooled to -78 °C. Phenylmagnesium bromide (30 

mL, 90 mmol, 3.0 M solution in diethylether) was added slowly over 10 min and the 

reaction was stirred for an additional 1 hour at -78 °C and at room temperature 

overnight. The reaction mixture was cooled to 0 °C and excess phenylmagnesium
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bromide quenched with 5% (v/v) HCl (30 mL). The aqueous layer was extracted with 

CH2CI2 (500 mL). The organic layers were combined, dried (MgS0 4 ) and concentrated 

in vacuo to give an off-white solid. Recrystallisation from CH2CI2 and Et2 0  gave 348 

(5.12 g, 73%) as a white solid, mp 192-194 °C, lit.,^'^ 191-192 °C; [a]o^®=-79.1 (c 1.30 

in CHCI3), lit.,̂ ^̂  ̂ [a]D̂ *̂ = -80.8 (c 1.30 in CHCI3), for 5-enantiomer with 100% ee.

5h  (600 MHz, CDCI3): 1.94-2.01 (m, IH, H-4a), 2.11-2.17 (m, IH, H-4b), 2.24- 

2.30 (m, IH, H-3a), 2.33-2.39 (m, IH, H-3b), 2.74 (s 

(broad), IH, OH), 4.74 (dd, J 8.3, 5.0, IH, H-5b), 5.47 (s 

(broad), IH, N-H), 7.23 (t, J 7.3, IH, H-4” ), 7.26 (t, J 7.3, 

IH, H-4’), 7.33 (app. t, 2H, H-3” ), 7.37 (app. t, 2H, H- 

3’), 7.46 (d, J 7.5, 2H, H-2” ), 7.50 (d, J 8.3, 2H, H-2’)

5c(150M Hz, CDCI3): 21.5, 30.1, 60.5, 78.6(q), 125.5, 125.7, 127.0, 127.4,

128.2, 128.7, 143.0(q), 145.1(q), 179.1 (C=0)

HRMS (m/z - ES): Found 290.1145 (M'*' + Na. Ci7Hi7N0 2 Na requires 

290.1157).

6.1.2.3 (5*S)-(Diphenyl-trimethylsilanyloxy-methyl)-pyrrolidin-2-one (350)315

4b 4a

An oven-dried 25 mL round bottomed flask equipped with a magnetic stirrer was 

charged with 348 (0.470 g, 1.750 mmol) and dimethylaminopyridine (22.0 mg, 0.175 

mmol). The flask was sealed with a rubber septum seal and put under an atmosphere of 

Argon. CH2CI2 (18.0 mL) was injected via a syringe and the reaction cooled to 0 °C. 

Triethylamine (1.0 mL, 3.06 mmol) was charged and the reaction stirred for 20 min. 

Trimethylsilane chloride (1.10 mL, 8.5 mmol) was added to the reaction slowly over 30 

min. The reaction was left to stir overnight at ambient temperature. The reaction was
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quenched via slow addition o f deionised water (10 mL). The organic layer was removed 

and the aqueous layer was washed with CH2CI2 (40 mL aliquots). The organic layers 

were combined, dried (MgS04) and solvent removed under reduced pressure to give a 

brown residue. Purification by column chromatography (6:4 EtOAc:hexane (v/v), Rf = 

0.4) yielded 349 as a white solid (0.276 g, 93%), mp 120-121 °C, lit.,^’  ̂ 120-122 °C; 

[a]D^° = -76.3 (c 0.50 in CHCI3), lit.,^'’’ [a]D̂ ° = -81.6 (c 0.50 in CHCI3), for 5 

enantiomer with 100% ee.

5h  (400 MHz, CDCI3): -0.10 (s, 9H, Si(CH3)3, 128-1.38 (m, IH, H-4a), 1.94-2.02 

(m, IH, H-4b), 2.07-2.16 (m, 2H, H-3), 4.64 (dd, J 7.8, 

4.3, IH, H-5b), 5.89 (bs, IH, N-H), 7.32-7.37 (m, lOH, 

Ai).

5c (100 MHz, CDCI3): 1.9, 22.3, 29.2, 60.3, 82.7(q), 127.8 (2C), 128.0, 128.1, 

128.2 (2C), 142.9(q), 143.l(q), 178.7 (C=0).

HRMS {m/z - ES): Found 362.1551 (M^ + Na. C2oH2sN02NaSi requires 

362.1552).

(55)-(Hydroxy-diphenyl-methyl)-2-pentafluorphenyl-6,7-dihydro-5/T-pyrrolo[2,l- 

c][l,2,4]triazol-2-ium tetrafluoro borate (73)’^

4b

F

BF,

An oven-dried 150 mL round bottomed flask equipped with a magnetic stirrer was 

charged with 349 (2.000 g, 5.891 mmol) and the reaction put under an atmosphere of 

Argon. CH2CI2 (28.1 mL) was injected via a syringe to give a clear colourless solution. 

Trimethyloxonium tetrafluoroborate (0.90 g, 5.9 mmol) was added and the reaction
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returned to an atmosphere o f Ar. The reaction was stirred for 12 h resulting in a pale 

orange suspension. Pentafluorophenyl hydrazine (1.2 g, 5.9 mmol) was charged to the

reaction. After stirring the reaction mixture for another 2 h the orange solution was

concentrated in vacuo. The crude reaction was equipped with a reflux condenser and put 

under at Ar atmosphere. Chlorobenzene (56.0 mL) followed by triethyl orthoformate 

(2.45 mL, 14.7 mmol) were charged to the vessel and the reaction was heated under 

reflux at 120 °C for 12 h. Additional triethylorthoformate (2.45 ml, 14.7 mmol) was 

added and the reflux continued for a further 12 h. Upon cooling, the reaction mixture 

was concentrated in vacuo resulting in a brown residue. The reaction was fitted with a 

rubber septum seal and placed under an atmosphere o f Ar. MeOH (203 ml) was charged 

via syringe. To the resulting solution was added TMSBr (10% solution in MeOH) (3.0 

ml, 22.7 mmol). The reaction mixture was stirred at room temperature for 24 h. 

Removal o f solvent under reduced pressure and recrystallisation from EtOAc gave a 

pale yellow solid, pure 73 (1.35 g, 42%), mp 224-226 °C, lit.,’* 225-226 “C; [a]D^“ = - 

183.2 (c 1.00 in CHCh), lit.,’* [a]o“  = -205.5 (c 1.0 in CHCI3), for 5  enantiomer with 

100% ee.

5h  (600 MHz, DMSO-de); 2.62-2.71 (m, IH, H-4a), 2.89-2.95 (m, IH, H-3a), 3.02-

3.08 (m, IH, H-4b), 3.18-3.23 (m, IH, H-3a), 6.16 (dd, J

8.7, 2.6, IH, H-5b), 6.80 (s, IH, OH), 7.31 (t, J 7.3, IH,

H-4’), 7.36-7.40 (m, 3H, H-3’ and H-4” ), 7.44-7.48 (m, 

4H, H-2’ and H -3” ), 7.76 (d, J 7.2, 2H, H-2” ), 9.63 (s, 

IH, H-3i)

HRMS (m/z - ES): Found 458.1288 (M^ - BF4 . C24H 17N 3OF5 requires

458.1292).
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6.1.2.5 (55)-[Bis-(3,5-dimethyl-phenyl)-hydroxy-methyl]-pyrrolidin-2-one (349) 308

HO

Mg filings (freshly ground using a mortar and pestle) were placed under Ar in an oven- 

dried 100 mL round bottomed flask. THF (38 mL) and 3,5-dimethyl-bromobenzene 

(4.00 mL, 29.438 mmol) were charged to the reaction. Dibromoethane (2 drops) was 

added to the reaction after which it was equipped with a reflux condenser. The vessel 

was heated using a heat gun for 10 sec to initiate the reaction and was heated under 

reflux at 80 °C for 2 h. The reaction was cooled to 0 °C and ester 345 (1.0 mL, 8.557 

mmol) was added slowly over 20 min and the reaction left to come up to room 

temperature overnight. The reaction mixture was quenched by addition of 5% (v/v) HCl 

(20 mL) at 0 °C. The aqueous layer was extracted with CH2CI2 (75 mL). The organic 

layers were combined, dried (MgS04) and concentrated in vacuo to give a yellow- 

orange solid. Purification by column chromatography (6:4 EtOAc:hexane (v/v), Rf 0.2) 

yielded 349 as an off-white solid (2.036 g, 74%), mp 79-80 °C, lit.,^‘  ̂79-80 °C; [a]o^® = 

-81.2 (c 1.00 in CHCI3), lit.,^“* [a]o“  = -82.3 (c 1.00 in CHCI3), for 5  enantiomer with 

100% ee.

5h  (600 MHz, CDCI3): 1.97-2.03 (m, IH, H-4), 2 .12-2.17 (m, IH, H-4), 2 .29-

2.42 (m, 14H, H-3, CH3-3’ and CH3-3” ), 4.73 (dd, IH, J 

7.9, 5.7, H-5), 5.50 (s (broad), IH, N-H), 6.89 (s, IH, H- 

4 ’), 6.91 (s, IH, H-4” ), 7.07 (s, 2H, H-2’), 7.10 (s, 2H, H- 

2” )

H R M S(w /z-E S): Found 346.1794 (M^ + Na. C2iH25N02Na requires

346. 1783).
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(55)-[Bis-(3,5-dimethyl-phenyl)-trimethylsilanyloxy-methyl]-pyrrolidin-2-one

(351)̂ '̂ *

An oven-dried 250 mL round bottomed flask equipped with a magnetic stirrer was 

charged with 349 (1.4 g, 4.3 mmol) and dimethylaminopyridine (53.0 mg, 0.43 mmol). 

The flask was sealed with a rubber septum seal and put under an atmosphere of Argon. 

CH2CI2 (20.0 mL) was injected via a syringe and the reaction cooled to 0 °C. 

Triethylamine (2.1 mL, 15.1 mmol) was charged and the reaction stirred for 20 min. 

Trimethylsilane chloride (5.3 mL, 41.9 mmol) was added to the reaction slowly over 20 

min. The reaction was left to stir overnight at ambient temperature. The reaction was 

quenched via slow addition of deionised water (40 mL) at 0 °C. The organic layer was 

removed and the aqueous layer was washed with CH2CI2 (80 mL aliquots). The organic 

layers were combined, dried (MgS04) and solvent removed under reduced pressure to 

give a yellow solid. Purification by column chromatography (4:6 EtOAc:hexane (v/v), 

Rf 0.3) yielded 351as a white solid (1.470 g, 84%), mp 81-82 °C, lit.,̂ ®̂  82-83 °C;

= -75.7 (c 1.00 in CHCI3), lit.,̂ ®* [a]D '̂^= -78.0 (c 1.00 in CHCI3), for 5 enantiomer with 

100% ee.

5h  (600 MHz, CDCI3); -0.07 (s, 9H, Si(CH3)3), 1.56-1.62 (m, IH, H-4), 2.01-2.09

(m, 3H, H-3 and H-4), 2.30 (s, 6H, CH3-3 ” ), 2.33 (s, 6H, 

CH3-3 ’), 4.59-4.60 (m, IH, H-5), 5.77 (s (broad), IH, N- 

H), 6.91 (s, 2H, H-2’), 6.93 (s, IH, H-4’), 6.95 (s, 2H, H- 

2” ), 6.96 (s, IH, H-4” )

HRMS (ot/z - ES): Found 418.2188 (M^ + Na. C24H33N02NaSi requires

418.2178).
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(55)-[Bis-(3,5-dimethylphenyl)-hydroxy-methyi}-2-pentafluorophenyl6,7-dihydro- 

5 /f  pyrrolo[2,l-c] [l,2,4]triazol-2-ium tetrafluoroborate (343)

OH
H5

F

BF4

Procedure M was followed using TMS protected (5)-351 (1.00 g, 2.54 mmol), CH2CI2 

(12.0 mL), trimethyloxonium tetrafluoroborate (0.38 g, 2.54 mmol), pentafluorophenyl

hydrazine (0.50 g, 2.54 mmol), chlorobenzene (12 mL) and two aliquots of

triethylorthoformate (1.06 mL, 6.32 mmol). The in situ deprotection performed using 

MeOH (74 mL) and freshly prepared solution o f TMSBr in MeOH (10% v/v), 9.8 mmol 

o f TMSBr in 10.40 mL). Removal o f the solvent in vacuo gave brown residue which 

further purified bt recrystallisation from ethylacetate as an off-solid, pure 343 (706.0

mg, 46%) M.p. 164-168 °C, (dec.); [a]o^^= -170.2 (c 1.40 in CHCI3), for S  enantiomer

with 100% ee.

6h  (600 MHz, DMSO-d6): 2.27 (s, 6H, 2 x CH3-3”), 2.29 (s, 6H, 2xCH3, H-3’), 2.68-

2.71 (m, IH, H-4a), 2.92-2.98 (m, IH, H-3a), 3.01-3.07 

(m, IH, H-b), 3.17-3.21 (m, IH, H-3b), 6.05 (dd, J 8.7, 

1.9, IH, H-5b), 6.59 (s, IH, OH), 6.95 (s, IH, H-4”), 6.98 

(s, IH, H-4’), 7.07 (s, 2H, H-2”), 7.13 (s, 2H, H -2’), 9.38 

(s, IH, H-5i).

5c (150 MHz, DMS0-d6): 21.0, 21.1, 21.4, 29.7, 68.4, 78.5 (q), 111.0 (t, qC, J 12.8),

123.6, 123.7, 129.0, 129.4, 136.5 (d o f m, qC, J 250.0), 

137.4 (q), 137.8 (q), 141.6 (d o f m, qC, J 255.4), 142.1 (d

o f m, qC, J 255.6), 142.9 (q), 143.1 (q), 143.2, 164.7(q)
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5f (376 MHz, DMSO-de): -143.15 (d, 2F, J 18.3), -148.05 (t, IF, J 22.9), -157.48

(app. t, 2F).

HRMS (m/z - ES): Found 514.1918 (M"̂  - BF4 . C2 8H25N 3 OF5 requires 

514.1918).

l-Hydroxy-3-phenyl-l-(2-(trifluoromethyl)phenyl)propan-2-one(353D, Table 2.6, 

entry 2)

Procedure A was followed using precatalyst 73 (49.0 mg, 0.11 mmol) and Rb2 C 0 3  (25.5 

mg, 0.11 mmol), with addition o f THF (550 ^L), 2-trifluoromethyl-benzaldehyde 

(145.0 ^L, 1.10 mmol) and phenylacetaldehyde (307.0 \iL, 2.75 mmol). The reaction 

was stirred at 18 °C for 40 h. Purification by column chromatography (Rf = 0.26, 

CH2Cl2 /hexane, 3/2, v/v) afforded 353D as a yellow oil (120 mg, 61%), 66% ee. [a]o^° = 

-78.7 (c 1.00 in CHCI3).

CSP-HPLS analysis:Chiralpak OJ-H (4.6 mm x 25 cm), hexane/IPA:96/4, 0.4 mL m in'', 

RT, UV detection at 220nm, retention times: 50.7 min (major enantiomer) and 56.4 min 

(minor enantiomer).

C F , OH

3"

5h (600 MHz, CDCI3 ): 3.59 (d, IH, J 15.2, H-3), 3.67 (d, IH, J 15.7, H-3), 4.35(s,

IH, OH), 5.66 (s, IH, H-1), 7.02 (d, 2H, J 6.6, H-2”), 

7.22-7.27 (m, 4H, H-6’, H-3” and H-4”), 7.51-7.53 (app. 

t, IH, H-4’), 7.55-7.58 (app. t, IH, H-5’), 7.81 (d, IH, J 

7.9, H-3’)

5c(150M H z, CDCI3): 44.6, 75.7 (quartet, J 2.2), 121.7 (quartet, qC, J 270.2),

126.3 (quartet, J 5.6), 127.4, 128.3, 120.0, 129.1 (quartet, 

qC, J 34.2), 129.3, 129.6, 133.0 (q), 133.1, 136.3(q), 

206.2(C=0)
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5f  (376 MHz, CDCI3): -57.76

Vn,ax(neat)/cm -‘: 3446, 3076, 3033, 2932, 1721 , 1609, 1590, 1497, 1458,

1311, 1159, 1114, 1058, 768, 699.

HRMS (m/z - ES): Found 317.0767 (M^ +Na. CiiHn02NaF3 requires

317.0765).

l-Hydroxy-l-(2-trifluoromethyl-phenyl)-butan-2-one (354D, Table 2.6, entry 7 ).

Procedure A was followed using precatalyst 97 (66.0 mg, 0.11 mmol) and Rb2C0 3  (25.5 

mg, 0.11 mmol), with addition of THF (700 |iL), 2-trifluoromethyl-benzaldehyde 

(145.0 i^L, 1.10 mmol) and propanal (200.0 |iL, 2.75 mmol). The reaction was stirred at 

18 °C for 40 h. Purification by column chromatography (R/= 0.28, CH2Cb/hexane, 3/2, 

v/v) afforde 354D as a yellow (126 mg, 58%), 81% ee. [a]o^° = -178.2 (c 1.14 in 

CHCI3).

CSP-HPLS analysis:Chiralpak OJ-H (4.6 mm x 25 cm), hexane/IPA:99/l, 0.3 mL min"', 

RT, UV detection at 220nm, retention times; 55.9 min (major enantiomer) and 64.4 min 

(minor enantiomer).

5h  (600 MHz, CDCI3); 1.05 (t, 3H, J 7.2, H-4), 2.23 (d of q, IH, J 18.2, 7.2, H-3),

2.39-2.46 (d of q, IH, J 18.2, 7.2, H-3), 4.45 (bs, IH, 

OH), 5.51 (s, IH, H-1), 7.26 (d, IH, J 7.9, H-6’), 7.48- 

7.50 (app. t, IH, H-4’), 7.58-7.60 (app. t, IH, H-5’), 7.76 

(d, IH, J7.9, H-3’)

5c (150 MHz, CDCI3): 7.5, 31.4, 74.3, (quartet, J 2.2, C-1), 121.4 (quartet, CF3 , J
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274.0), 126.2 (quartet, J 5.5), 128.7 (quartet, qC, J 30.6), 

128.8, 128.9, 132.6, 137.1(q), 209.3(q), (C=0)

5f  (376 MHz, CDCb); -57.65

Vmax (neat)/cm'': 3460, 2981, 2922, 2854, 1718, 1608, 1586, 1497, 1455, 

1311,1159, 1102 , 1058, 1033, 768,657.

HRMS {m/z - ES); Found 255.0618 (M^ +Na. CiiHn02NaF3 requires 255.0609). 

l,2-Bis(4-chlorophenyl)-2-hydroxyethanone (31

To a 5 mL round-bottomed flask, equipped with a magnetic stirring bar, was added 

Rb2C0 3  (99.8%, anhydrous, 20 mg, 0.088 mmol) that had been finely ground using a 

mortar and pestle. The reaction vessel was put under a vacuum and heated with a heat 

gun for 4 one-minute intervals. When cooled to ambient temperature the precatalyst 97 

(16.0 mg, 0.04 mmol) was added and the flask was fitted with a septum seal. The 

reaction was evacuated for 1 min and put under an atmosphere of Ar. The reaction flask 

was charged with recrystallised 4-chlorobenzaldehyde (281.0 mg, 2.0 mmol) and THE 

(1000 jiL). The reaction was stirred at room temperature for 24 h. CH2 CI2 (3 mL) and 

deionised H2O (3 mL) were added. The lower organic layer was removed and the 

aqueous layer was washed with CH2Cl2-(12 mL). The organic layers were combined, 

dried (MgS04), filtered and the solvent removed under reduced pressure. Purification by 

column chromatography (Rf = 0.2 Hexane:CH2Cl2 , 3/2, v/v) gave product 311B as a 

white solid (44.0 mg, 15%). M.p. 87-91 °C lit., 88-89

5h  (600 MHz, CDCb): 4.49 (bs, IH, OH), 5.90 (s, IH, H-2), 7.26-7.30 (m, 2H,

H-3”), 7.32 (d, J 8.0, 2H, H-2”), 7.40 (d, J 7.8, 2H, H-3’),



l,2-B is(2-chlorophenyl)-2-hydroxyethanone (313B)^°^

To a 5 m L round-bottomed flask, equipped with a magnetic stirring bar, was added 

Rb2C 0 3  (99.8%, anhydrous, 20.32 mg, 0.088 mmol) that had been finely ground using a 

mortar and pestle. The reaction vessel was put under a vacuum  and heated with a heat 

gun for 4 one-minute intervals. W hen cooled to ambient tem perature the precatalyst 97 

(16.0 mg, 0.04 mmol) was added and the flask was fitted with a septum seal. The 

reaction was evacuated for 1 m in and put under an atm osphere o f Ar. The reaction flask 

was charged with recrystallised 2-chlorobenzaldehyde (281.0 mg, 2.0 mmol) and THF 

(1000 jiL). The reaction was stirred at room tem perature for 24 h. CH 2CI2 (3.0 mL) and 

deionised H2O (3.0 mL) were added. The lower organic layer was rem oved and the 

aqueous layer was washed with CH2Cl2-(12 mL). The organic layers were combined, 

dried (M gS04), filtered and the solvent rem oved under reduced pressure. Purificafion by 

column chromatography (Rf = 0.3 Hexane:CH 2Cl2 3/2, v/v) gave product 313B as a 

white solid (102.0 mg, 36%). M.p. 89-91 °C lit.,^®  ̂ 88-89 °C

5h  (600 MHz, CDCI3): 3.32 (s (broad), IH , OH), 6.32 (s, IH , H-2), 7.16-7.25 (m,

5H, H-4”, H-5” , H -4’ and H -6’), 7.32-7.35 (m, 3H, H-3” , 

H -6” and H -3’).
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8.2 Experimental procedures and data for chapter 3

General Procedure E: For the cross coupling of aliphatic aldehydes and ethyl

pyruvate

A flame dried screw-capped Schlenk tube equipped with a magnetic stirring bar was 

charged with K2CO3 (14.0 mg, 0.1 mmol, 10 mol%) and evacuated. The solid was then 

heated for 30 seconds using heat gun and subsequently cooled to ambient temperature 

under N2 . After this procedure has been repeated once triazolium precatalyst (18.0 mg, 

0.05 mmol, 5 mol%) was added. The solids were additionally dried for Ih under high 

vacuum at ambient temperature. Dry THF (0.90 mL) was added and the resulting 

mixture was stirred for 10 min at ambient temperature. To the orange suspension was 

added ethyl pyruvate (110 )o,L, 1 mmol, 1 equiv.) followed by the aliphatic aldehyde (1 

mmol, 1 equiv.). The Schlenk tube was sealed with a cap and the reaction mixture was 

stirred for 20 h at 40 °C under N2 . After 20 h the solvent was evaporated. The resulting 

mixture was subjected to column chromatography yielding the corresponding a- 

hydroxy-p-ketoester.

General procedure F: For the cross coupling of aromatic aldehydes and ethyl

pyruvate

A flame dried screw-capped Schlenk tube equipped with a magnetic stirring bar was 

charged with K2CO3 (14 mg, 0.1 mmol, 20 mol%) and evacuated. The solid was then 

heated for 30 seconds using heat gun and subsequently cooled to ambient temperature 

under N2 . After this procedure has been repeated once triazolium precatalyst 97 (18 mg, 

0.05 mmol, 10 mol%) was added. The solids were dried for an additional 1 h under high 

vacuum at ambient temperature. Dry CHCI3 (0.45 mL) was added and the resulting 

mixture was stirred for 10 min at ambient temperature. To the orange suspension was 

added ethyl pyruvate (66 )j.L, 0.6 mmol, 1.2 equiv.) followed by the aromatic aldehyde 

(0.5 mmol, 1 equiv.). The Schlenk tube was sealed with a cap and the reaction mixture 

was stirred at 40 °C under N2 . After 20h the solvent was evaporated. The resulting 

mixture was subjected to column chromatography yielding the corresponding a- 

hydroxy- P-ketoester.
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General Procedure G: For the cross coupling of aromatic aldehydes and

aromatic pyruvate

General procedure F was followed as described above. However, the following changes 

appeared to be favourable: The aryl pyruvate was used in higher excess (1.5 mmmol, 3 

equiv.); to the mixture of catalyst, base and pyruvate was finally added the aromatic 

aldehyde (0.5 mmol, 1 equiv.). The Schlenk tube was sealed with a cap and the reaction 

mixture was stirred at 45 °C (favourable to the standard 40 °C) under N 2 . The resulting 

mixture was subjected to column chromatography yielding the corresponding a- 

hydroxy-(3-ketoester.

General Procedure H: For acetylation

An oven-dried 10 mL round bottomed flask, equipped with a magnetic stirrer, was 

charged with the selected a-hydroxy-P-ketoester (1.0 mmol), DMAP (12.5 mg, 0.10 

mmol, 10 mol%) and the reaction put under an atmosphere o f Argon. CH 2 CI2 (2 mL) 

was injected via syringe to give a solution followed by the addition o f NEt3 (2.5 mmol, 

2.5 equiv.) and AC2 O (2.0 mmol, 2 equiv.). The reaction was stirred for 16 h; the 

resulting mixture was worked-up by the initial careful addition o f water, followed by 

Na2 C0 3  until CO2 evolution ceased and the aqueous layer remained basic. The product 

was extracted with CH2CI2 dried over anhydrous MgS04 and concentrated in vacuo. 

The remaining residue was purified by column chromatography.

General procedure I: For the debenzyloxycarbonlyation of cross coupled a- 

hydroxy-p-ketoester

To a 25 mL round bottomed flask, equipped with a magnetic stirring bar, was added the 

acetylated a-hydroxy-p-ketoester (0.5 mmol), 10% Pd/C (20 wt%) and EtOAc (0.05 M 

solution) together with 4A molecular sieves. The flask was evacuated and then purged 

with N 2 . This cycle was performed twice and finally the flask was evacuated and 

backfilled with hydrogen. The reaction was then stirred vigorously at ambient 

temperature under an atmosphere o f hydrogen (hydrogen generator), overnight. After
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reaching full conversion the reaction mixture was filtered through Celite® and 

concentrated in vacuo. The crude product was purified by column chromatography.

rac-Ethyl 2-hydroxy-2-methyl-3-oxopentanoate (372, table 3.1, entry 2)

o o

2 '

Procedure E was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition of THF (900 |j.L), ethyl pyruvate (110 )u.L, 1.0 mmol, 1 

equiv) and propanal (78.0 )j.L, 1.0 mmol). The reaction was stirred at 40 °C for 20 h. 

Purification by column chromatography (R/= 0.28 hexanes/Et2 0 , 4/1, v/v) afforded 372 

as a colourless oil (162 mg, 93%).

5h (4 0 0  MHz, CDCI3): 1.08 (app. t, 3H, H-1 ), 1.28 (t, J 7.5, 3H,

H-2’), 1.58 (s, 3H, H-3), 2.54-2.58 (m, IH, 

H-2), 2.65-2.72 (m, IH, H-2), 4.20-4.26 

(m, 3H, OH and H-T).

5c (100 MHz, CDCI3); 7.5, 13.8, 21.7, 29.6, 62.3, 80.6 (q), 171.3 

(C=0), 207.6 (C=0).

HRMS {m/z - ESI): Found 197.0792 (M + Na. C8Hi404Na. 

Requires 197.0790).

V m ax (neat)/cm''- 3477, 2984, 2941, 1717, 1449, 1373, 1258, 

1016, 807, 676.

mc-Ethyl 2-hydroxy-2-methyl-3-oxohexanoate (373, table 3.1, entry 3)

o o
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Procedure E was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition o f THF (900 |j,L), ethyl pyruvate (110 \xL, 1.0 mmol, 1 

equiv) and butanal (90.0 )j.L, 1.0 mmol). The reaction was stirred at 40 °C for 20 h. 

Purification by column chromatography (Rf = 0.28 hexanes/Et20, 4/1, v/v) afforded 373 

as a colourless oil (177 mg, 94%).

5h  (400 MHz, CDCI3): 0.89 (t, J 7.8, 3H, H-1), 1.27 (t, J 7.4, 3H, H-2’),

1.56 (s, 3H, H-1” ), 1.58-1.66 (m, 2H, H-2), 2.42- 

2.65 (m, 2H, H-3), 4.20-4.25 (m, 3H, H-1’, OH).

5c(100M Hz,CDCl3): 13.3, 13.8, 16.8, 21.5, 38.0, 62.3, 80.7 (q), 171.3

(C=0), 206.8 (C=0).

HRMS (w/z - ESI): Found 211.0950 (M + Na. C9Hi604Na. Requires:

211.0946).

vmax(neat)/cm-'^ 3481, 2970, 2878, 1716, 1449, 1371, 1253, 1017,

825, 672.

rac-Ethyl 2-hydroxy-2-methyl-3-oxo-5-phenylpentanoate (369, Table 3.1, entry 4)

Procedure E was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition o f THF (900 |aL), ethyl pyruvate (110 |j.L, 1.0 mmol, 1 

equiv) and hydrocinnamaldehyde (132.0 )J.L, 1.0 mmol). The reaction was stirred at 40 

°C for 20 h. Purification by column chromatography (Rf = 0.22 hexanes/Et20, 4/1, v/v) 

afforded 369 as a colourless oil (238 mg, 95%).

5h  (400 MHz, CDCI3): 1.23 (t, J 7.4, 3H, H-2’), 1.54 (s, 3H, H-1”), 2.78-

3.08 (m, 4H, H-2, H-3), 4.09 - 4.20 (m, 3H, H-1’, 

OH), 7 .13 -7 .32  (m, 5H, Ar-H).
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8c (100 MHz, CDCI3): 14.0, 21.7, 29.5, 38.3, 62.7, 81.0 (q), 126.3, 128.4,

128.6 140.5 (q), 171.4 (C=0), 206.2 (C=0).

HRMS {m/z - ESI): Found 273.1098 (M + Na. Ci4Hi804Na Requires:

273.1103).

Vm ax(neat)/crn-': 3480, 2986, 1720, 1454, 1259, 1160, 701, 632,

538.

rac-(£)-Ethyl 2-hydroxy-2-methyl-3-oxohex-4-enoate (375, table 3.1, entry 5)

o o

Procedure E was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition of THF (900 |iL), ethyl pyruvate (110 fj.L, 1.0 mmol, 1.0 

equiv) and crotonaldehyde (83.0 jj,L, 1.0 mmol). The reaction was stirred at 40 °C for 20 

h. Purification by column chromatography (Rf = 0.32 hexanes/Et20, 4/1, v/v) afforded 

375 as a colourless oil (90 mg, 48%).

5h  (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z - ESI):

Vmax (neat)/cm‘̂ :
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1.29 (t, J 7.0 3H, H-2’), 1.62 (s, 3H, H-1” ), 1.97 

(d, J 7.0, 3H, H-3), 4.25 (q, J 7.0, 2H, H-1’), 4.37 

(s, IH, OH), 6.53 (m, IH, H-2), 7.19 (m, IH, H-1).

13.5, 18.3, 21.6, 62.0, 79.6 (q), 123.4, 147.0, 171.0 

(C=0), 194.3 (C=0).

Found 209.0790 (M + Na. C9Hi404Na Requires: 

209.0799).

3471, 2938, 1736, 1444, 1375, 1252, 1014, 844, 669.



rac-Ethyl 3-(4-chlorophenyl)-2-hydroxy-2-methyl-3-oxopropanoate (377, Table 3.2, 

entry 2)

Procedure F was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition o f CHCI3 (0.45 mL), ethyl pyruvate (66 |j.L, 0.6 mmol,

1.2 equiv) and 4-chlorobenzaldehyde (70 mg, 0.5 mmol). The reaction was stirred at 40 

°C  for 20 h. Purification by column chromatography (Rf = 0.25 hexanes/Et20, 5/1, v/v) 

afforded 377 as a colourless oil (107.0 mg, 83%).

o o

5h  (400 MHz, CDCI3): 1.18 (t, J 7.4, 3H, H-2), 1.72 (s, 3H, H-1”), 4.23 

(q, J 7.4, 2H, H-1), 4.29 (s, IH, OH), 7.39 - 7.45 

(m, 2H, H-3’), 7.98 - 7.91 (m, 2H, H-2’)

5c (100 MHz, CDCI3): 13.9, 23.5, 62.8, 79.6 (q), 129.0, 131.0, 131.6 (q),

140.2 (q), 172.5 (C=0), 194.6 (C=0).

HRMS (El): Found 256.0507 (M^. C12H13O4CI requires: 

256.0502).

Vmax (neat)/cm‘': 3430, 3104, 2995, 1721, 1686, 1587, 1487, 1453, 

1271, 1228, 1158, 1113, 1090, 991, 940, 844, 776, 

683, 530.

rac-Ethy\ 2-hydroxy-2-methyl-3-oxo-3-phenylpropanoate (379, Table 3.2, entry 4)



Procedure F was followed using precatalyst 97 (18.0 mg, 0.05 mmol, 10 mol%) and 

K2CO3 (14.0 mg, 0.10 mmol, 20 mol%), with addition o f CHCI3 (0.45 mL), ethyl 

pyruvate (66 p.L, 0.6 mmol, 1.2 equiv) and benzaldehyde (51.0 |aL, 0.5 mmol). The 

reaction was stirred at 40 °C for 20 h. Purification by column chromatography (Rf =  

0.21 hexanes/Et20, 5/1, v/v) afforded 379 as a colourless oil (96.0 mg, 86%).

5h (400 MHz, CDC13): 1.15 (t, J 7.14, 3H, H-2), 1.73 (s, 3H, H-1”), 4.22 (q, J

7.14, 2H, H-1), 4.46 (bs, IH, OH), 7.41-7.49 (m, 2H, H- 

3 ’), 7.54 - 7.61 (m, IH, H-4’), 7.95-8.00 (m, 2H, H-2’).

5c(100M H z, CDC13): 13.8, 23.5, 62.5, 79.5 (q), 129.5, 133.1, 133.7 (q), 172.3

(C=0), 196.0 (C=0).

HRMS (m/z-EI): Found 222.0892 (M^ C 12H 14O4 requires: 222.0892)

Vmax (neat)/cm-‘; 3469, 2988, 1742, 1695, 1450, 1374, 1271, 1233, 1150, 632,

539.

fflc-Ethyl 2-hydroxy-2-methyl-3-(naphthalen-2-yl)-3-oxopropanoate (380, Table 3.2, entry 

5)

9’
0

2’ n
0

[ I  11

OH
2

6‘ 5'

Procedure F was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2 CO3 (14.0 

mg, 0.10 mmol), with addition o f CHCI3 (0.45 mL), ethyl pyruvate (66.0 |j,L, 0.6 mmol, 

1.2 equiv) and napthaldehyde (78.0 mg, 0.5 mmol). The reaction was stirred at 40 °C for 

20 h. Purification by column chromatography (Rf = 0.21 hexanes/Et20, 5/1, v/v) 

afforded 380 as a yellow oil (115.0 mg, 84%).

5h (400 MHz, CDC13): 1.15 (t, J 7.14, 3H, H-1), 1.82 (s, 3H, H-1”), 4.24

(q, J 7.14, 2H, H-1), 4.55 (bs, IH, OH), 7.52 -7 .66

196



(m, 2H, H -7’ and H -8’), 7.84 - 8.04 (m, 4H, H -4’, 

H -5’, H -6’ and H -9’), 8.57 (s, IH).

5c(1 0 0 M H z, CDC13): 13.9, 23.8, 62.6, 79.7 (q), 124.8, 127.0, 127.7,

128.5, 129.1, 129.9, 130.4, 131.6 (q), 132.3 (q), 

135.7 (q), 172.5 (C = 0), 195.9 (C = 0).

HRM S (777/z-EI): Found 272.1049 (M^ C 16H 16O4 requires:

272.1049)

vmax(neat)/crn-'; 3474, 3058, 2985, 1739, 1687, 1627, 1370, 1280,

1251, 1148, 1116, 1014, 632, 539.

rac-Ethyl 2-hydroxy-3-oxo-2,5-diphenylpentanoate (383, Table 3.3, entry 1)

Procedure F was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition o f  THF (900 jiL), ethylbenzoylform ate (95.5 |u.L, 0.6 

mmol, 1.2 equiv) and hydrocinnamaldehyde (66.0 |o,L, 0.5 mmol). The reaction was 

stirred at 40 °C for 20 h. Purification by colum n chrom atography (Rf = 0.28 

hexanes/Et20, 4/1, v/v) afforded 383 as a yellow oil (125.2 mg, 80%).

5 h (400 MHz, CDCI3): 1.32 (t, J 7.4, 3H, H -2” ), 3.02-2.82 (m, 4H, H-3

and H-4), 4.38-4.24 (m, 2H, H-1”), 4.72 (bs, IH, 

OH), 7.09 (app. d, 2H, H -2’ ), 7.27-7.16 (m, 3H, 

Ar-H), 7.40-7.37 (m, 3H, Ar-H), 7.53-7.51 (m, 

2H, Ar-H).
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5c (100 MHz, CDCh): 28.0, 13.8, 29.7, 38.9, 63.0, 84.2 (q), 126.2, 128.1, 

128.3, 135.8 (q), 140.4 (q), 170.2 (C=0), 204.8 

(C=0).

HRMS (m/z - ESI): Found 335.1257 (M + Na Ci9H2o0 4 Na. Requires:

335.1257).

Vmax(neat)/cm-‘: 3479, 2981, 1714, 1603, 1496, 1453, 1255, 1059,

859, 698.

rac-Ethyl 2-hydroxy-3-oxo-2-phenylbutanoate (384, Table 3.3, entry 2)

Procedure E was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition of CHCI3 (0.45 mL), ethylbenzoylformate (95.5 |j.L, 0.6 

mmol)and propanal (560.0 p,L, 10.0 mmol). The reaction was stirred at 40 °C for 20 h. 

Purification by column chromatography (Rf = 0.26 hexanes/Et20, 4/1, v/v) afforded 384 

as a yellow oil (115 mg, 84%).

5h  NMR (400 MHz, CDCI3): 1.34 (t, J 7.4, 3H, H-2’), 2.24 (s, 3H, H-1), 4.40-

4.28 (m, 2H, H-1’), 4.78 (s, IH, OH), 7.46-7 42 

(m, 3H, H-3” , ArH), 7.56-7.58 (m, 2H, ArH).

6c (100 MHz, CDCh): 13.9, 25.0, 63.0, 84.5 (q), 126.3, 128.7, 136.1 (q),

170.2 (C=0), 203.5. (C=0)

HRMS (m/z - ESI): Found 245.0786 (M + Na. Ci2Hi404Na requires:

245.0790).

Vmax (neat)/cm-’: 3436, 2981, 1771, 1449, 1354, 1249, 1072, 857, 656.
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rac-Ethyl 2-hydroxy-3-oxo-2-phenylpentanoate (385, Table 3.3, entry 3)

Procedure E was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition o f CHCI3 (0.45 mL), ethylbenzoylformate (95.5 )j.L, 0.6 

mmol) and propanal (40.0 |iL, 0.5 mmol). The reaction was stirred at 40 °C for 20 h. 

Purification by column chromatography (Rf = 0.26 hexanes/Et20, 4/1, v/v) afforded 385 

as a yellow oil (93.4 mg, 79%).

6 h (400 MHz, CDCb): 1.01 (app. t, 3H, H-2), 1.32 (t, J 7.5, 3H, H-2’ ),

2.57- 2.41 (m, IH, H-1), 2.70-2.64 (m, IH, H-1), 

4.27-4.38 (m, 2H, H-1’), 4.77 (bs, IH, OH) 7.34- 

7.53 (m, 5H, ArH),

5c(100M H z, CDCI3): 8.25, 13.9, 31.0, 53.4, 85.0 (q), 126.6, 128.8,

129.0, 136.7 (q), 171.0 (C=0), 207.3 (C=0).

HRMS (m/z-EI): Found 236.1054 (M"̂ . C 13H 16O4 . Requires:

236.1049)

V n ,ax (n ea t)/cm -': 3474, 3030, 2980, 1727, 1494, 1450, 1379, 1346,

1262,1191,1075,972,701.

rac-Ethyl 3-(4-chlorophenyl)-2-hydroxy-3-oxo-2-phenylpropanoate (386, Table 3.3, 

entry 4)
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Procedure G was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2 CO3 (14.0 

mg, 0.10 mmol), with addition of THF (900 fiL), ethylbenzoylformate (238.5 (iL, 1.5 

mmol, 3.0 equiv.) and 4-chlorobenzaldehyde (78.0 mg, 0.5 mmol). The reaction was 

stirred at 45 °C for 20 h. Purification by column chromatography (Rf = 0.21 

hexanes/Et20, 4/1, v/v) afforded 386 as a yellow oil (102.2 mg, 64%).

5 h (400 MHz, CDCI3): 1.29 (t, J 7.0, 3H, H-2), 4.24 - 4.30 (m, IH, H-1),

4.38 - 4.44 (m, IH, H-1), 4.84 (s, IH, OH), 7.30 

(m, 2H, H-2’), 7.39 - 7.54 (m, 3H, H-3’ and H-4’), 

7.56 (m, 2H, H-3”), 7.85 (d, J 7.52, 2H, H-2”).

6c(100M Hz, CDCh): 13.4, 63.2, 83.7 (q), 125.8, 127.9, 128.0, 128.2,

131.1, 131.7 (q), 136.4 (q), 139.1 (q), 171.1 

(C=0), 193.4 (C=0).

HRMS (m/z-ES): Found 341.0559 (M^ Na Ci7Hi5C104Na requires:

341.0557)

vmax(neat)/cm-': 3461, 2929, 1725, 1683, 1569, 1449, 1244, 1176,

1112, 1012, 965,698.

rac-Ethyl 2-hydroxy-3-oxo-2-phenyl-3-(thiophen-2-yl)propanoate (387, Table 3.3, 

entry 5)
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Procedure G was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K 2CO 3 (14.0 

mg, 0.10 mmol), with addition o f  THF (900 ^.L), ethylbenzoylform ate (238.5 |j,L, 1.5 

mmol, 3.0 equiv.) and 2-thiophenecarbaldehyde (60.0 p,L, 0.5 mmol). The reaction was 

stirred at 45 “C for 20 h. Purification by colum n chrom atography (Rf = 0.24 

hexanes/E t20, 4/1, v/v) afforded 387 as a yellow oil (96.0 mg, 6 6 %).

5h  (400 MHz, CDC13): 1.31 (t, J 7.0, 3H, H-2), 4.32 - 4.24 (m, IH, H-1),

4.38-4.46 (m, IH , H-1), 4.84 (bs, IH , OH), 7.01 

(app. t, J 4.2, IH , H-4”), 7.37 - 7.40 (m, 3H, H -3’ 

and H -4’), 7.60 7.67 (m, 4H, H -2’, H -3”  and H- 

5” ).

5c (100 MHz, CDC13): 13.4, 63.1, 83.7 (q), 126.2, 127.5, 127.8, 128.1, 

134.3, 135.5, 136.2 (q), 138.7 (q), 170.7 (C =0), 

180.0 (C =0).

HRMS (m/z-ES); Found 313.0511 (M 

Requires: 313.0518)

Na. C i5H i4 0 4 SNa.

Vmax (neat)/cm‘‘: 3433, 1713, 1650, 1452, 1408, 1352, 1294, 1251, 

1177, 1028,860, 754, 734, 704.

to'/-ButyI 2-oxo-2-phenylacetate (389)̂ '̂ ^

o

An oven dried 25 mL round-bottom ed flask containing a stirring bar was charged with 

388 (500.0 mg, 3.33 mmol), then fitted with a septum and kept under an argon 

atmosphere (balloon). Toluene ( 8  mL) was added via syringe and the solution was 

cooled to 0 °C. DMAP (42.6 mg 0.35 mmol) and DCC (686.0 mg, 3.32 mmol) were 

added, followed by tert-b\xXy\ alcohol (800 jj.L, 8.36 m m ol) and the reaction m ixture was
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stirred at room temperature for 16 h. The mixture was fihered through a pad o f Celite, 

washed with ether (5 mL), the filtrates were then concentrated in vacuo and the residue 

was purified by column chromatography (hexane:diethyl ether 10:1) to afford 389 

(377.7 mg, 55%) as a colourless oil. The isolated compound exhibited identical 

spectroscopic data to those reported in the literature.

6h (400 MHz, CDCh): 1.63 (s, 9 H, 3 x CH3), 7 . 14- 7.15 (m, IH, H-4), 7.64  (t, J

7.2, IH, H-4), 7.98 (d, J 7.9, 2H, H-2).

Benzyl 2-oxo-2-phenylacetate (390)^'*

An oven dried 10 mL round-bottomed flask containing a stirring bar was charged with 

388 (500.0 mg, 3.33 mmol), toluene (3 mL) and benzyl alcohol (450 |j.L, 4.34 mmol), it 

was fitted then with a condenser and the reaction mixture was heated at 80 °C for 16 h. 

The solvent was removed in vacuo and the residue was purified by column 

chromatography (hexane:diethyl ether 10:1) to yield 390 (384.1 mg, 48%) as a pale 

yellow oil. The isolated compound exhibited identical spectroscopic data to those 

reported in the literature.^'*

5h  (400 MHz, CDCh): 7.97 (2 H, d, J 7.8, H-2), 7.65 (1 H, t, J 7.4, H-4), 7.55-7.32

(7 H, m, H-3 and H-Ar), 5.42 (2 H, s, H-1 ’).

HRMS {m/z -ESI): Found 239.0707 (M-H C15H11O3. Requires: 239.0708)

/erf-Butyl 2-hydroxy-3-oxo-2-phenylbutanoate (391, Table 3.5, entry 2 )



Procedure E was followed using precatalyst 343 (51.0 mg, 0.1 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition of THF (900 |aL), 388 (206.0 mg, 1.0 mmol) and 

acetaldehyde (560.0 |j,L, 10.0 mmol). The reaction was stirred at rt for 40 h. Purification 

by column chromatography (R /=  0.34 hexanes/Et20 4/1) afforded 391 as a colourless 

solid (73.0 mg, 58%, 73% ee). M.p 41-43 °C. [a]o^°= 73.63 (c 0.33 in acetone).

CSP-HPLC analysis, Chiralcel OJ-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL 

min"’, RT, UV detection at 254 nm, retention times: 7.0 min (major enantiomer) and 9.8 

min (major enantiomer).

5h  (400 MHz, CDC13): 1.53 (s, 9H, 3 x CH3), 2.22 (s, 3H, H-1), 4.65 (s, IH, OH),

7.39 (m, 3H, H-2’ and H -4’), 7.58 (m, 2H, H-3’).

5c (100 MHz, CDC13): 21.2, 24.3, 83.9, 84.0 (q), 126.0, 127.8, 128.0, 136.0 (q),

169.0 (C=0), 203.2 (C=0).

HRMS (w/z-ES): Found: 273.1032 (M^+Na Ci4Hi804Na. Requires:

273.1096)

Vn,ax (neat)/cm-': 3447, 2979, 2933, 1721, 1449, 1369, 1257, 1074, 839,

661.

Benzyl 2-oxopropanoate (400)^'^
o

An oven dried 100 mL round-bottomed flask containing a stirring bar was charged with 

pyruvic acid (705.0 x̂L, 10.0 mmol), then fitted with a septum and kept under an argon 

atmosphere (balloon). Toluene (25 mL) was added via syringe and the solution was 

cooled to 0 °C. DMAP (122.0 mg 0.10 mmol) and DCC (2.1 g, 10.0 mmol) were added, 

followed by benzyl alcohol (2.5 |j.L, 25.0 mmol) and the reaction mixture was stirred at 

room temperature for 16 h. The mixture was filtered through a pad o f Celite, washed 

with ether (15 mL), the filtrates were then concentrated in vacuo and the residue was
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purified by column chromatography (hexane:Et20, 10:1, v/v) to afford 400 (748.7 mg, 

42%) as a colourless oil. The isolated compound exhibited identical spectroscopic data 

to those reported in the literature.^'^

5h  (400 MHz, CDCb): 2.24 (s, 3H, CH3), 5.09 (s, 2H, H-1), 7.24- 7.28(m, 5H, H-2,

H-3 and H-4).

Benzyl 2-hydroxy-2-methyl-3-oxo-5-phenylpentanoate (401, Scheme 3.9)

Procedure E was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition of THF (900 |iL), ketoester 400 (178.2 mg, 1.0 mmol, 1 

equiv.) and hydrocinnamaldehyde (132.0 (J.L, 1.0 mmol). The reaction was stirred at 40 

°C for 20 h. Purification by column chromatography (Rf = 0.27 hexanes/Et20 4/1, v/v) 

afforded 405 as a white solid (275 mg, 88%). M.p 38-41 °C.

5h  (400 MHz, CDCI3): 1.59 (s, 3H, CH3), 2 .97-2.75 (m, 4H, H-3 and H-

4), 4.20 (s, IH, OH), 5.16 (d, J 3.5, 2H, H -l’” ), 

7.12-7.10 (m, 2H, H-2’), 7.23-7.19 (m, IH, H-4”), 

7.34 - 7.26 (m, 4H, H-3’ and H-2”), 7.39-7.37 (m, 

3H, H-3” and H-4’).

5c(100MHz,CDCl3): 21.2, 29.0, 37.8, 67.6, 80.6 (q), 125.8, 127.9,

128.3, 134.3 (q), 139.9 (q), 170.6 (C=0), 205.5 

(C=0).

HRMS {m/z - ESI): Found 335.1269 (M + Na. Ci9H2o0 4 Na Requires:

335.1259).
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v„,ax(neat)/cm-': 3466, 3028, 2981, 1714, 1453, 1365, xl259, 1061,

745, 696.

Benzyl 2-acetoxy-2-methyl-3-oxo-5-phenylpentanoate (406, Scheme 3.9)

Procedure H was followed using 405 (156.2 mg, 0.5 mmol), DMAP (7.0 mg, 0.05 

mmol, 10 mol%), CH2CI2 (2.00 mL), NEts (175.0 |o.L, 1.25 mmol, 2.5 equiv.) and AC2O 

(94.5 )o.L, 1.0 mmol, 2.0 equiv.). The reaction was stirred at ambient temperature (ca. 20 

°C) under Ar for 16 h. Purification by column chromatography (Rf = 0.39, Et20/hexane, 

4/1, v/v) afforded 406 as a colourless oil (167.0 mg 96%).

5h  (400 MHz, CDC13): 1.71 (s, 3H, CH3), 2.15 (s, 3H, COCH3), 3.00-2.88

(m, 4H), 5.17 (s, 2H), 7.14-7.20 (m, 3H, H-2’ and 

H-4”), 7.21-7.36 (m, 7H, H-3’, H-2”, H-3” and H- 

4’).

5c (100 MHz, CDC13): 19.5, 20.4, 29.1, 39.3, 67.4, 85.0 (q), 125.7, 127.9, 

128.0, 128.1, 128.2, 134.5 (q), 140.2 (q), 167.0 

(C02Me), 169.1 (C0CH2Ph), 201.9 (C=0).

HRMS (m/z-ESI): Found 377.1365 (M + Na. C2iH2205Na. Requires: 

377.1368).

Vmax (neat)/cm-l: 2942, 1714, 1497, 1370, 1116, 1056, 747, 696.

3-Oxo-5-phenylpentan-2-yl acetate (407, Scheme 3.9)
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Procedure I was followed using 406 (100.0 mg, 0.28 mmol) in EtOAc (5.00 mL) with 

addition of 10% Pd/C (35.0 mg, 20 wt%). The reaction was stirred vigorously at 

ambient temperature (ca. 20 °C) under an atmosphere o f hydrogen (hydrogen generator) 

overnight. Purification by column chromatography (Rf = 0.32, EtOAc/hexane, 4/1, v/v) 

afforded 407 as a colourless oil (61.20 mg 96%).

5 h (400 MHz, CDC13): 1.35 (d , J 7.2, 3H, H-1), 2.14 (s, 3H, H-1” ), 2.93-

2.74 (m, 4H, H-4, H-5), 5.1 (q, J 7.2, IH, H-2), 

7.22-7.30 (m, 5H, H-1’, H-2’ and H-3’).

5c (100 MHz, CDC13): 5.5, 20.3, 15.5, 20.3, 28.7, 39.5, 74.2 (q), 125.8,

127.9, 128.1, 140.3 (q), 169.9 (C=0), 206.4 

(C=0).

HRMS (m/z - ESI): Found 220.1099 (M + Na. CnHieOaNa Requires:

220.1099).

vmax (neat)/cm-': 2942, 1714, 1497, 1370, 1116, 1056, 747, 696.

Phenyl 2-hydroxy-3-oxo-2-phenyl-3-(thiophen-2-yl)propanoate (409, Scheme 3.11)

Procedure G was followed using precatalyst 97 (18.0 mg, 0.05 mmol) and K2CO3 (14.0 

mg, 0.10 mmol), with addition o f CHCI3 (0.45 mL), ketoester 390 (240.0 mg, 1.0 mmol, 

2.0 equiv.) and 2-thiophenecarbaldehyde (60.0 |iL, 0.5 mmol). The reaction was stirred 

at 40 °C for 20 h. Purification by column chromatography (Rf = 0.24 hexanes/EtOAc 

4/1, v/v) afforded 409 as a yellow colour oil (148.2 mg, 84%).
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6h  NMR (400 MHz, CDC13): 4.83 (s, IH, OH), 5.27 (d, J 12.5 Hz, IH, H-1” ’), 

5.37 (d, J 12.5 Hz, IH, H-1’” ), 6.99 (app. t, IH, H- 

4), 7.27-7.23 (m, 2H, H-4’ and H-4”), 7.31-7.41 

(m, 6H, H-2”, H -3’ and H-3”), 7.60-7.62 (m, 4H, 

H3, H-5 and H-2’).

5c (100 MHz, CDC13): 68.7, 84.4 (q), 126.7, 127.8, 128.0, 128.3, 128.4, 

128.5, 128.7, 134.7, 134.8 (q), 136.1, 137.6 (q), 

139.1 (q), 171.1 (C=0), 188.2 (C=0).

HRMS (m/z-EI): Found 375.0669 (M + Na. C2oHi604SNa. 

Requires: 375.0667)

Vmax (neat)/cm ': 3463, 3065, 3033, 1728, 1655, 1497, 1450, 1408, 

1353, 1244, 1187, 1062, 1029, 906, 727, 695.

Benzyl 2-acetoxy-3-oxo-2-phenyl-3-(thiophen-2-y!)propanoate (410, Scheme 3.11)

Procedure H was followed using the compound 409 (100 mg, 0.28 mmol) and DMAP 

(3.5 mg, 0.028 mmol, 10 mol%), with addition o f CH2CI2 (2.00 mL), NEt3 ( 98.0 |j.L, 

0.7 mmol, 2.5 equiv.) and AC2 O (55.0 |j.L, 0.56 mmol, 2.0 equiv.). The reaction was 

stirred at room temperature for 16 h. Purification by column chromatography (Rf = 0.34 

CH2CI2 100%) afforded 410 as a yellow oil (105.8 mg, 96%).

5h  NMR (400 MHz, CDCI3); 2.28 (s, 3H, CH3), 5.23 (d, J 12.5 Hz, IH, H-1”’),

5.28 (d, J 12.5, IH, H-1’” ), 7.21-7.26 (m, IH, H- 

4), 7.34-7.28 (m, 3H, H-2’ and H-4”), 7.37-7.47
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(m, 3H, H-3”  and H-4’), 7.53-7.57 (m, 2H, H-3’), 

7.59-7.89 (m, 4H, H-3, H-5 and H-2” ).

5c NMR (100 MHz, CDCb): 20.6, 67.7, 86.9, 126.0, 127.2, 127.3, 127.7, 128.0

(q), 128.2 (q), 128.7, 133.1, 133.6, 134.6, 139.1 

(q), 165.4 (C=0), 169.0 (C=0), 183.0 (C=0).

HRMS (m/z-El): Found 395.0952 (M^ + H. C22H 19O5S. Requires:

395.0953).

vmax (neat)/cm-'; 3065, 3034, 1744, 1674, 1497, 1449, 1409, 1369,

1243, 1226, 1064, 1036, 1002, 995, 908, 724, 695.

2-Oxo-l-phenyl-2-(thiophen-2-yl)ethyl acetate (411, Scheme 3.11)

o

Procedure I was followed using 410 (100.0 mg, 0.25 mmol) in EtOAc (5.00 mL) with 

addition of 10% Pd/C (20.0 mg, 20 wt%). The reaction was stirred vigorously at 

ambient temperature (ca. 20 °C) under an atmosphere of hydrogen (hydrogen generator) 

overnight. Purification by column chromatography (Rf = 0.29, 100% CH2CI2) afforded 

411 as a colourless oil (61.2 mg 94%).

5h  NMR (400 MHz, CDC13): 2.24 (s, 3H, CH3), 6.68 (s, IH, H-2), 7.10 (dd, J

4.9, J 4.0, IH, H-4’), 7.44-7.37 (m, 3H, H-3” and 

H-4”), 7.58-7.51 (m, 2H, H-2”), 7.65 (dd, J 4.9,

1.1, IH, H-5’), 7.78 (dd, J4.0, 1.1, IH, H-3’).

208



6c NMR (100 MHz, CDC13):

HRMS (m/z-EI):

Vmax (neat)/cm'’:

20.4, 77.8, 127.8, 128.1, 128.7, 129.0, 132.8,

133.4, 134.0 (q), 140.2 (q), 169.9 (C=0), 186.1 

(C=0).

Found 283.0411 (M + Na. CnH nO sSN a Requires: 

283.0405).

3065, 3034, 1747, 1675, 1514, 1497, 1450, 1409, 

1369, 1353, 1243, 1226, 1064, 1037, 1002, 908, 

725, 695.
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8.3 Experimental procedures and data for chapter 4 

l-M ethyl-l/f-l,2,4-triazole (414)̂ ^®

5

To a flame-dried 250 mL round-bottomed flask equipped with a magnetic stirring bar 

was charged MeOH (80 mL) and sodium (3.3 g). The solution was stirred for 5 minutes 

before 1,2,4-triazole (10 g, 1.5 mol, 1 equiv) was added and the mixture stirred at room 

temperature until the solid had dissolved. The vessel was then placed under a protective 

atmosphere of argon and cooled to 0 °C in a HiO/ice bath. lodomethane (9 mL, 20 g, 

1.55 mol, 1.0 equiv.) was added drop wise via syringe. Stirring was continued for 5 

minutes at 0 °C before warming to room temperature and stirring for a further 2 hours 

under argon before refluxing at 60 °C for 20 h. Upon cooling, the solvent was removed 

in vacuo and H2O (60 mL) was added. The product was extracted with CH2CI2 (150 

mL), the combined organic layers dried over MgS04 and concentrated in vacuo to yield 

the title product as a yellow liquid (4.67 g, 39%) that was dried under vacuum for 

several hours.

5h  (400 MHz, CDCI3): 3.80 (s, 3H, CH3), 7.78 (s, IH, H-3), 7.93 (s, IH, H-5).

HRMS {m/z -E S r) : Found 84.0564 (CsHeNs^ requires 84.0562).

4-Ethyl-l-methyl-4//-[l,2,4]triazol-l-iuni iodide (412)

3
I ' /= '1  

, N -

5

To a flame-dried 50 mL round-bottomed flask equipped with a magnetic stirring bar 

was charged l-methyl-l//-l,2,4-triazole (4.2 g, 0.051 mol, 1 equiv). The vessel was 

placed under a protective atmosphere of argon and ethyl iodide (8.9 mL, 0.11 mol, 2.1
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equiv.) was added via syringe. The flask was covered with aluminium foil and the 

reaction mixture stirred for 96 h at room temperature under argon. The resulting 

precipitate was filtered, washed with Et20 (3 x 20 mL) and recrystallised from 1% 

CH2Ch/MeOH to yield the title product as a white crystalline solid (3.07g, 0.0128 mol, 

23%). M.p.: 137 - 139 “C.

5h  (400 MHz, DMS0-d6): 1.42 (t, J 7.3, 3H, H-2’), 4.03 (s, 3H, CH3), 4.20 (q, J 7.3,

2H, H - r ) ,  9.18 (s, IH, H-5), 10.03 (s, IH, H-3).

5c (100 MHz, DMS0-d6): 144.7, 143.1, 43.4, 39.0, 15.0.

HRMS {m/z -ESr): Found 112.0874 (M^-I C 5H 10N 3 . Requires: 112.0875).

vmax (neat)/cm-': 3423, 3028, 1773, 1583, 1164, 990, 730, 720, 653.

General Procedure J (Esterification of aldehydes by triazolium precatalyst, Table 

4.1)

To a 25 mL vial equipped with a magnetic stirring bar was charged the triazolium 

precatalyst 18 (36 mg, 0.15 mmol, 15 mol%). Dry THF (2.5 mL) and dry MeOH (2.5 

mL) were added. DBU (170 jiL, 1.1 mmol, 110 mol%) was added and the solution was 

stirred for 2 minutes. The relevant aldehyde (1.0 mmol) was then added. The vessel was 

sealed with a plastic lid perforated by 4 holes 2 mm in diameter and the reaction 

mixture was stirred for the indicated time at room temperature. The solvent was then 

removed in vacuo and the resulting residue subjected to flash chromatography to yield 

the ester product.

Methyl benzoate (194, Table 4.1, entry 1)̂ '̂



Procedure J was followed using precatalyst 412 (36 mg, 0.15 mmol), with addition of 

THF (700 |aL), MeOH (2.5 mL), DBU (170.0 fj.L, 1.1 mmol) and benzaldehyde (102.0 

jiL, 1.0 mmol). The reaction was stirred at room temperature for 18 h. Purification by 

column chromatography (R f = 0.29, hexane/Et20, 9/1, v/v) afforded 194 as colourless 

oil (128.0 mg, 94%).

5 h (400 MHz, CDCb): 3.87(s, 3H, CH3), 7.43 (t, J 7.5, 2H, H-3), 7.54 (t, J 7.7,

IH, H-4), 8.02 (d, J 7.4, 2H, H-2).

Methyl 2-naphthoate (415, Table 4.1, entry 2)̂ ’̂

Procedure J was followed using precatalyst 412 (36 mg, 0.15 mmol), with addition of 

THF (700 ^L), MeOH (2.5 mL), DBU (170.0 |aL, 1.1 mmol) and 2-napthaldehyde 

(156.0 mg, 1.0 mmol). The reaction was stirred at 18 °C for 40 h. Purification by 

column chromatography (R f = 0.27, hexane/Et20, 9/1, v/v) afforded 415 as a white solid 

(167.0 mg, 90%).

5h  (400 MHz, CDCI3): 3.97(s, 3H, CH3), 7.58 - 7.49 (m, 2H, H-7 and H-8), 7.85

(m, 2H, H-5 and H-6), 7.93 (d, J 8.0, IH, H-4), 8.06 (d, J 

9.6, IH, H-9), 8.60 (s, IH, H-2).

HRMS {m/z - El): Found 186.0688 (M - H. C12H 10O2 requires 186.0681).

Methyl 4-chlorobenzoate (416, Table 4.1, entry 3)̂ *̂

o
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Procedure J was followed using precatalyst 412 (36 mg, 0.15 mmol), with addition of 

THF (700 |iL), MeOH (2.5 mL), DBU (170 )j.L, 1.1 mmol) and 4-chlorobenzaldehyde 

(156.0 mg, 1.0 mmol). The reaction was stirred at 18 °C for 40 h. Purification by 

column chromatography (Rf = 0.28, hexane/EtaO, 9/1, v/v) afforded 416 as a white solid 

(123.0 mg, 72%).

5h (400 MHz, CDCb): 3.88 (s, 3H, OCH3), 7.38 (d, J 8.5, 2H, H-2), 7.94 (d, J

8.4, 2H, H-3).

HRMS (m/z-El): Found 170.0141 (M^ C8H7O2CI. Requires; 170.0135).

Methyl 2-thiophene 2-carboxylate (417, Table 4.1, entry 4)^ ’̂

Procedure J was followed using precatalyst 412 (36.0 mg, 0.15 mmol), with addition of 

THF (700 |iL), MeOH (2.5 mL), DBU (170.0 |o,L, 1.1 mmol) and thiophene-2- 

carbaldehyde (94 |j,L, 1.0 mmol). The reaction was stirred at room temperature for 18 h. 

Purification by column chromatography (Rf = 0.27, hexane/Et20, 9/1, v/v) afforded 417 

as a pale yellow oil (92.0 mg, 90%).

Spectral data for this compound were consistent with those in the literature.^^'

5h (400 MHz, CDCI3): 3.87 (s, 3H, CH3), 7.07 (app. t, J 4.12, IH, H-4), 7.52 (d, J

4.96, IH, H-5), 7.77 (d, J 3.8, IH, H-3).

HRMS (m/2 -EI): Found 142.0090 (M +. C 6H6O2S requires: 142.0089).

2-Hydroxy-l,2-diphenylethanone (32)^^^
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To a 5 mL round-bottomed flask, equipped with a magnetic stirring bar, was added 

Rb2C03 (99.8%, anhydrous, 20 mg, 0.088 mmol) that had been finely ground using a 

mortar and pestle. The reaction vessel was put under a vacuum and heated with a heat 

gun for 4 one-minute intervals. When cooled to ambient temperature the precatalyst 97 

(16.0 mg, 0.04 mmol) was added and the flask was fitted with a septum seal. The 

reaction was evacuated for 1 min and put under an atmosphere of Ar. The reaction flask 

was charged with freshly distilled benzaldehyde (204.0 .̂L, 2.0 mmol) and THF (1000 

|iL ). The reaction was stirred at room temperature for 24 h. CH2CI2 (3.0 mL) and 

deionised H2 O (3.0 mL) were added. The lower organic layer was removed and the 

aqueous layer was washed with CH2Cl2-(4 x 3.0 mL). The organic layers were 

combined, dried (MgS04), filtered and the solvent removed under reduced pressure. 

Purification by column chromatography (R f 0.28 Hexane:CH2CI2 , 3/2, v/v) gave product 

32 as a white solid (390.0 mg, 92%). M.p. 133-134 “C 131-134 °C

5h  (400 MHz, CDCI3): 4.57 (d, IH, J 5.8, OH), 5.98 (d, IH, J 5.8, H-2), 7.29-7.38

(m, 5H, H-2”, H-3” and H-4”), 7.41-7.44 (app. t, 2H, H- 

3’) 7.53 (t, IH, J 7.0, H-4’), 7.93 (d, 2H, J 7.1, H-2’).
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8.4 Experimental procedure and data for chapter 5

General Procedure K: Esterification of cyclic diketones by triazolium ion

based-precatalyst using methyl iodide

To a 25 mL vial equipped with a magnetic stirring bar was charged the triazolium 

precatalyst 412 (18.0 mg, 0.07 mmol, 15 mol%). Dry THF (1.25 mL) and deionised 

water (62.5 |o.L) were added. DBU (170.0 |iL, 1.10 mmol, 220 mol%) was added and the 

solution was stirred for 2 minutes. Aromatic diketone (0.50 mmol) was then added. The 

vessel was sealed with a plastic lid perforated by 4 holes (2 mm in diameter). After 

stirring for 20 h at room temperature, M gS04 (1.40 mmol, 170 mg) and 5.0 equiv. of 

iodomethane were added and stirred for 12 h. The solvent was then removed in vacuo 

and the resulting residue subjected to flash chromatography to yield the ester product.

General Procedure L: Oxidative cleavage of cyclic diketones by triazolium

ion based-precatalyst and in situ Fischer esterification

To a 25 mL vial equipped with a magnetic stirring bar was charged the triazolium 

precatalyst 412 (18 mg, 0.07 mmol, 15 mol%). Dry THF (1.25 mL) and deionised water 

(62.5 |j.L) were added. DBU (170.0 |iL, 1.10 mmol, 220 mol%) was added and the 

solution stirred for 2 minutes. Aromatic diketone (0.50 mmol) was then added. The 

vessel was sealed with a plastic lid perforated by 4 holes (2 mm in diameter). After 

stirring for 20 h at room temperature, the solvent was removed in vacuo, the resulting 

residue was dissolved in MeOH (5.00 mL) and H2SO4 (6.0 equiv.) was added. The 

solution was heated at reflux temperature for 5 h. Water (10.00 mL) was added and the 

crude product was extracted with CH2CI2 and dried over MgS04. The solvent was then 

removed in vacuo and the resulting residue subjected to flash chromatography to yield 

the ester product.
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Dimethyl biphenyl-2,2'-dicarboxylate ( 437, Table 5.3, entry 1)̂ ^̂

o.

— o

Procedure K was followed using precatalyst 412 (18.0 mg, 0.07 mmol), with addition of 

THF (1.25 mL), deionised H2O (62.0 |iL), DBU (170.0 ^L, 1.1 mmol) and 

phenanthrene-9,10-dione (104.0 mg, 0.50 mmol). The reaction was stirred at room 

temperature for 18 h. Purification by column chromatography (Rf = 0.26, 

hexane/EtOAc, 9/1, v/v) afforded 437 as a white solid (110.0 mg, 82%). Mp 73-75 °C
(lit.^23 74 .75  o^)

8h  (400 MHz, CDCI3); 3.59 (s, 6H, 2 x OCH3), 7.18 (d, J 7.6, 2H, H-3 and H-3’),

Dimethyl 4,4'-dinitrobiphenyl-2,2'-dicarboxylate (440, Table 5.3, entry 2)̂ ^̂ *

Procedure K was followed using precatalyst 412 (18.0 mg, 0.07 mmol), with addition of 

THF (1.25 mL), deionised H2 O (62.0 |j,L), DBU (170 )a,L, 1.1 mmol) and 2,7-dinitro- 

9,10-phenanthrenequinone (149.0 mg, 0.50 mmol). The reaction was stirred at room 

temperature for 18 h. Purification by column chromatography (Rf = 0.22, 

hexane/EtOAc, 9/1, v/v) afforded 440 as a white solid (144 mg, 80%). M.p 178-180 °C 

(lit.^24 182-183 °C).

7.40 (t, J 7.6, 2H, H-4 and H-4’), 7.51 (t, J 7.5, 2H, H-2 

and H-2’), 7.98 (d, J 7.6, 2H, H-2 and H-5’).

HRMS (m/z-ESr): Found 271.0984 (C16H 15O4 requires: 271.0970).

NO2
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5 h  (400 MHz, CDCI3): 3.76 (s, 6H, 2 x OCH 3), 7.42 (d, J 8.5, 2H, H-5), 8.49 (dd,

J 2.3, 8.5, 2H, H-4), 8.94 (d, J 2.3, 2H, H-2).

Dimethyl 2,2'-bipyridine-3,3'-dicarboxylate (442, Table 5.3, entry 3)̂ ^̂

O ' ^

o

Procedure L was followed using precatalyst 412 (18.0 mg, 0.07 mmol), w ith addition o f 

THF (1.25 mL), deionised H2 O (62.0 ^L), DBU (170 |iL, 1.1 mmol) and 

dipyridobenzoquinone (105.0 mg, 0.50 mmol). The reaction was stirred at room 

temperature for 18 h. Purification by colum n chrom atography (Rf = 0.21, 

hexane/EtOAc, 9/1, v/v) afforded 442 as a white solid (95 mg, 70%). M .p 154-157 °C 

(lit.^2^ 155-156 ”C)

5 h  (400 MHz, CDCI3): 3.66 (s, 6 H, 2x OCH 3), 7.42 ( d d ,  J 4.9, 7.9, 2H, H-3), 8.34

(dd, J 1.6, 7.9, 2H, H-4), 8.75 (dd, J 1.6, 4.9, 2H, H-2).

HRMS (w/z-ESr): Found 273.0873 (M^. C14H12N2O4 Requires: 273.0875).

Dimethyl naphthalene-1,8-dicarboxylate (444, Table 5.3, entry 4)^ ’̂

4 5

Procedure K was followed using precatalyst 412 (18.0 mg, 0.07 mmol), with addition o f 

THF (1.25 mL), deionised H 2O (62.0 )iL), DBU (170.0 )xL, 1.1 mmol) and 

acenaphthenequinone (91.0 mg, 0.5 mmol). The reaction was stirred at room 

temperature for 18 h. Purification by  colum n chrom atography (Rf = 0.24, 

hexane/EtOAc, 9/1, v/v) afforded 444 as a pale yellow solid (80 mg, 6 6 %). M .p 100-104
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°C 102-103 °C). Spectral data for this compound were consistent with those in

the literature^^^

5h  (400 MHz, CDCI3):

HRMS (w/z-ESr):

3.90 (s, 6H, 2 X  OCH3), 7.53 (dd, J 8.2, 8.2, 2H, H-3 and 

H-6), 8.00-7.97 (m, 4H, H-2, H-4, H-5 and H-7).

Found 245.0817 (M^. ChHi3O4 Requires: 245.0814).
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8.5 Experimental procedures and data for chapter 6 

Ethyl 6-methyl-2-oxo-4-phenyl-2/f-pyran-5-carboxylate (453)^^*

o

In a 250 mL round-bottomed flask containing a magnetic stirring bar ethyl 3- 

phenylpropiolate (6.0 g, 34.4 mmol) and ethyl 3-oxobutanoate (4.4 mL, 34.4 mmol) 

were dissolved in 1,4-dioxane (66.0 mL). After the addition of NaOH (280.0. mg, 34.8 

mmol, 20 mol%), the flask was fitted with a condenser and the reaction mixture was 

heated at 90 °C for 16 h. The mixture was then cooled to room temperature, diluted with 

water (100 mL) and extracted with EtOAc (90 mL). The combined organic phases were 

dried over anhydrous MgS04 and the solvent was evaporated under reduced pressure to 

give a residue that was purified by recrystallisation furnishing 402 as a white solid (4.1 

g, 45%). M.p. 86-88 °C (lit.^^* m.p. 95-96 °C); TLC (hexanes:EtOAc, 4/1, v/v): Rf = 

0.41.

5 h (400 MHz, CDCU): 0.87 (3 H, t, J 7.2, H-2” ), 2.48 (3 H, s, H-5), 3.97 (2 H, q, J

7.2, H-1” ), 6.16 (1 H, s, H-1), 7.32-7.24 (2 H, m, H-3’), 

7.45-7.37 (3 H, m, H-2’ and H-4’).

5c(100M H z, CDCb): 13.5, 19.1, 61.7, 111.9, 113.0 (q), 126.8, 129.6, 137.3 (q),

156.2 (q), 160.9 (q), 164.7 (C=0), 165.9 (C=0).

(£')-3-Phenylpent-2-enedioic acid (454)

o

5
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In a 100 mL round-bottomed flask containing a magnetic stirring bar 403 (4.2 g, 16.3 

mmol) was added to water (60 mL). After the addition of NaOH (3.2 g, 81.0 mmol) the 

flask was fitted with a condenser and the reaction mixture was heated at 80 °C for 5 h. 

The mixture was then cooled to room temperature and the resulting aqueous solution 

was washed with diethyl ether (60 mL). The aqueous layer was adjusted to pH = 2 by 

addition of concentrated HCl and extracted with diethyl ether (3 x 20 mL). The 

combined organic extracts were dried over anhydrous MgS04, filtered and concentrated 

in vacuo to give a residue that was triturated with a small amount of diethyl ether (5 

mL) to furnish 454 as an off white sohd (2.3 g, 65%). M.p. 134-136 °C.

5h  (400 MHz, DMS0-d6); 4 .11 (2 H, s, H-4), 6.22 (1 H, s, H-2), 7.45-7.35 (3 H, m, H-

2’ and H-4’), 7.54-7.48 (2 H, m, H-3’), 12.36 (2 H, bs, H-1 

and H-5).

6c(100MHz, DMS0-d6): 35.8, 119.8, 126.4, 128.7, 129.2, 140.2 (q), 150.4, 167.2

(C=0), 171.3 (C=0).

vmax(neat)/cm-’: 3114,2911,2617,2542, 1677, 1608, 1402, 1289, 1213,

876, 769, 682.

HRMS (m/z - ESI): Found: 161.0603 (M=-COOH C10H9O2 Requires:

161.0603).

4-Phenyl-2^-pyran-2,6(3^-dione (448)^̂ ^

o

In an oven-dried 25 mL round-bottomed flask containing a magnetic stirring bar under 

argon atmosphere was added the 454 (500.0 mg, 2.4 mmol) of the desired anhydride. 

Freshly distilled acetyl chloride (15.0 ml) was then added via syringe. The flask was 

fitted with a condenser and the reaction was heated at reflux temperature for 16 h. The
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I
I

mixture was then cooled to room temperature and the volatiles were removed under 

reduced pressure to afford the crude anhydride that was purified by rapid flash column 

chromatography (hexanes:EtOAc, 2:1 v/v) to furnish 448 as solid (180.4 mg, 40%). 

M.p. 198-201°C (lit.^29 ^  p 193.195 o q

5h  (400 MHz, DMSO-de): 4.16 (s, 2H, H-3), 6.84 (1 H, s, H-1), 7.43-7.54 (3 H, m, H-

3’ and H-4’), 7.80 (d, J 7.2, 2 H, H-2’).

5c (lOOMHz, DMSO-de): 33.4, 110.8, 126.7, 129.0, 131.5, 134.0 (q), 154.1 (q), 161.4

(C=0), 166.2 (C=0).

HRMS (m/z - ESI): Found: 189.0553 (M+H)^ C 11H9O3 Requires: 189.0552.

4-Phenyl-6-(trifluoromethyI)-6-phenyl-5,6-dihydro-2//-pyran-2-one (456)

An oven dried 10 mL reaction vessel containing a stirring bar under argon atmosphere 

was charged with anhydride 448 (47.0 mg, 0.25 mmol, 1.0 equiv.) and catalyst 465 (7.0 

mg, 0.02 mmol, 8 mol%). Anhydrous MTBE (2.5 mL) was added via syringe. The 

trifluoromethyl acetophenone (35.0 îL, 0.25 mmol) was added via syringe and the 

reaction mixture was stirred for 24 h at room temperature. The solvent from the crude 

reaction mixture was removed in vacuo and purified by column chromatography to 

afford 456 (75.0 mg, 94%). M.p. 122-124 °C. [a]“ D = -22.68 (c 0.12, acetone).

CSP-HPLC analysis Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA:90/10, 0.75 mL 

min"', RT, UV detection at 254 nm, retention times: 22.3 min (major enantiomer) and 

48.9 min (minor enantiomer).

5h  (400 MHz, CDCI3): 3.52 (dd, J 17.7, 2.3, IH, H-5), 3.62 (d, J 17.7, IH, H-5),

6.24 (s, H-1), 7.39-7.54 (m, lOH, ArH).
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5c NMR (100 MHz, CDCI3): 29.6, 82.5 (q) (quartet, J 32), 114,9, 121.8 (quartet, J 280)

126.0, 126.5, 128.8, 129.1, 129.7, 131.1, 133.7 (q), 135.5 

(q), 151.9 (q), 161.7(C=0).

6f  (376.5 MHz, CDCI3): -73.5

HRMS (m/z-ESI): Found 320.1020 (M^+ H C 18H 15F3O2 Requires: 320.1024)

4,6-Diphenyl-6-(trifluoromethyl)-3,6-dihydro-2H-pyran-2-one (457)

An oven dried 10 mL reaction vessel containing a stirring bar under argon atmosphere 

was charged with anhydride 448 (47.0 mg, 0.25 mmol, 1.0 equiv.) and catalyst 465 (7.0 

mg, 0.02 mmol, 8 mol%). Anhydrous MTBE (2.5 mL) was added via syringe and the 

suspension was then cooled to -30 °C. The trifluoromethyl acetophenone (35.0 \xL, 0.25 

mmol) was added via syringe and the reaction mixture was stirred at -30 °C for 3 days. 

The crude reaction was purified by column chromatography without removal of any 

solvent and obtained 457 as colourless oil (50.0 mg, 62%), = -43.68 (c 0.10,

acetone).

CSP-HPLC analysis Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min"’, 

RT, UV detection at 254 nm, retention times; 7.4 min (minor enantiomer) and 8.1 min 

(major enantiomer).

5h  (400 MHz, CDCI3): 3.32-3.66 (m, 2H, H-1), 6.70 (s, IH, H-5), 7.27-7.48 (m,

8H, ArH), 7.65 (m, 2H, Ar-H)

5cNMR(100M Hz,CDCl3): 3L8, 84.2 (q) (quartet, J 31), 117.0, 122.9 (quartet, J 281)

125.4, 125.9, 128.8, 128.9, 129.5, 129.7, 134.7 (q), 136.1 

(q), 136.9 (q), 166.4(C=0).
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5f  (376.5 MHz, CDCb): -73.0

HRMS (m/z-ESI): Found 320.1020 (M+ + H C 18H 15F3O2 Requires: 320.1024)

Methyl 6-oxo-2,4-diphenyl-2-(trifluoromethyl)-3,6-dihydro-2H-pyran-3-

carboxylate (450)

o

An oven dried 10 mL reaction vessel containing a stirring bar under argon atmosphere 

was charged with anhydride 448 (0.25 mmol, 1.0 equiv.) and catalyst 465 (13.5 mg, 15 

mol%). Anhydrous MTBE (2.5 mL) was added via syringe and the suspension was then 

cooled to -50 °C. Trifluoromethyl acetophenone (105.0 |iL, 3.0 equiv.) was added via 

syringe and the reaction mixture was stirred for 6 days at -50 °C. Dry MeOH (750.0 

|j.L), followed by trimethylsilyldiazomethane (110.0 |iL) were added via syringe and the 

reaction was allowed to stir for 60 min at -50 “C. The solvent was then removed in 

vacuo and purification by column chromatography (R/ = 0.29, hexane/EtOAc 95/5) 

afforded 450 as a white solid (144 mg, 80%). (84.5 mg, 90%, 96% ee). M.p 178-180 °C 

[afOD = -2.68 (c 0.14, CHCI3).

CSP-HPLC analysis. Chiralcel AD (4.6 mm x 25 cm), hexane/IPA:90/10, 1.0 mL min"', 

RT, UV detection at 254 nm, retention times; 11.96 min. (major enantiomer) and 13.33 

min. (minor enantiomer).

223



S h  (600 MHz, CDCI3):

6c (150 MHz, CDCI3):

5 f  (376.5 MHz, CDCI3): 

HRMS {m/z-Eiy.

Umax (neat)/cm'';

3.80 (s, 3H, OCH3), 4.73 (s, IH, H-3), 6.33 (s, IH), 7.38- 

7.30 (m, 3H, H-2” and H-4”), 7.40-7.38 (m, 5H, Ar-H), 

7.50-7.40 (m, 2H, H-2’).

46.7, 53.9, 84.2 (q) (quartet J 30.8), 117.2, 122.6 (q) 

(quartet J 283.9), 126.1, 129.5, 130.0, 131.5, 134.1 (q), 

134.2 (q), 149.8 (q), 161.6 (C=0), 167.3 (C=0).

-76.5

Found 376.0912 (M^ C2oHi5F304.Requires: 376.0922)

1750, 1733, 1626, 1450, 1428, 1321, 1231, 1167, 1037, 

1039, 961, 883, 776, 720.
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8.6 Experimental procedures and data for chapter 7 

Homophthalic anhydride (260)̂ ^®

o

A 100 mL round-bottomed flask containinig a stirring bar was charged with 

homophthalic acid (4.0 g, 22.2 mmol). Acetic anhydride (30.0 mL) was added, the flask 

was fitted with a condenser and the reaction mixture was heated at 80 °C for 2 h. The 

excess acetic anhydride was removed in vacuo and the solid obtained was triturated 

with Et20 (15.0 mL), filtered and dried to obtain homophthalic anhydride as an off 

white solid (3.2 g, 85%). Spectral data for this compound were consistent with those in 

the literature .M.p. 140-144 °C (lit. m.p. 140-145 °C).^^°

5h (400 MHz, DMSO-d6); 4.27 (s, 2H, H-5), 7.44 (d, J 7.8, IH, H-), 7.52 (app. t, IH,

H-2), 7.75 (app. t, IH, H-3), 8.05 (d, J 8.2, IH, H-1).

(^^-A'-Benzylidenebutan-l-amine (469)^^’

1 3

An oven dried 50 mL round-bottomed flask containing a stirring bar was charged with 

dry CH2CI2 (12.5 mL) and anhydrous MgS04 (5.00 g, 41.54 mmol). Freshly distilled 

benzaldehyde (1.0 mL, 9.82 mmol) and «-butyl amine (1.2 mL, 12.14 mmol) were 

added via syringe, the flask was kept under Argon and the reaction mixture was stirred 

at room temperature for 16 h. The MgS04 was removed by filtration over a pad of 

Celite and the filtrates were concentrated in vacuo to afford imine 469 (1.42 g, 90%) as
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a colourless oil. The imine 469 exhibited identical spectroscopic data to those reported 

in the literature.^^'

5h (400 MHz, CDCb): 0.95 (t, J 7.4, 3 H, H-4), 1.39 (sext., J 7.4, 2H, H-3), 1.69

(app. quint., 2H, H-2), 3.62 (t, J 7.2, 2H, H-1), 7.45-7.37 

(m, 3 H, H-3’ and H-4’), 7.77-7.69 (2 H, m, H-2’), 8.27 (1 

H, s, H-1”).

HRMS (m/z -ESI): Found 162.1279 ([M+H]^ CnHieN requires: 162.1283).

(£)-7V-Benzylideneaniline (482)̂ ^̂

In an oven-dried 100 mL round-bottomed flask containing a magnetic stirring bar under 

argon atmosphere, toluene (25 mL), followed by freshly distilled benzaldehyde (1.02, 

10.0 mmol) and aniline (0.90 mL, 10.0 mml), were added via syringe. The flask was 

then fitted with a Dean-Stark apparatus for azeotropic removal of water and the reaction 

was heated to reflux temperature for 14 h. The reaction was cooled to room temperature 

and volatiles were removed under reduced pressure to afford the crude imine 487 which 

was purified by recrystallisation to furnish a pale yellow solid (1.3 g, 74%). M.p. 54-56 

°C

5h  (400 MHz, CDCb): 7.21 (d, J 8.1, 3H, ArH), 7.38 (d, J 7.6, 2H, ArH), 7.45-7.47

(3H, m, H-3’ and H-4’), 7.88-7.91 (m, 2H, H-2’ ), 8.49 (IH, 

s, CH=N).

(£)-A^-(Benzylidene)-4-methylbenzenesuIfonamide (483)^̂ ^
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An oven-dried 100 mL round-bottomed flask containing a magnetic stirring bar under 

argon atmosphere was charged via syringe with anhydrous dichloromethane (25 mL), 

benzaldehyde (31, 1.0 mL, 10.0 mmol) and triethylamine (4.2 mL, 30.0 mmol), p- 

Toluenesulfonamide (1.712 g, 10 mmol) was then added to the mixture and the reaction 

was cooled to 0 °C. A solution o f titanium tetrachloride (551 |iL, 0.5 mmol) in dry 

dichloromethane (10 mL) was then added dropwise via syringe to the stirring solution 

and the reaction was allowed to stir for 1 h at room temperature. The solid formed was 

then removed by suction filtration through celite, washed with dichloromethane (20 

mL) and the solution was concentrated under reduced pressure to afford a white solid. 

Diethyl ether (30 mL) was then added and the mixture was heated at reflux temperature 

for 15 min to dissolve the solid product formed. The reaction mixture was cooled to 

room temperature, the remaining white solid (EtaN HCl) was removed by suction 

filtration and the mother liquor concentrated in vacuo to give the crude imine 483 that 

was purified by recrystallisation (hexanesidichloromethane) to furnish 483 as a white 

solid (1.9 g, 40%). M.p. 109-110 °C; lit.,^^^ 110-111 °C.

5h (400 MHz, CDCb): 2.44 (s, 3H, H-3’), 7.35 (d, J 8.2, 2H, H-6), 7.49 (app. t, 2H,

H-2), 7.62 (t, J 7.4, IH, H-3), 7.89 (d, J 8.2, 2H, H-5), 7.93 

(d, J 7.4, 2H, H-1), 9.03 (s, IH, H-4).

(Z)-7V-(2,2,2-Trifluoro-l-phenylethylidene)aniline (485)^^^

In an oven-dried 100 mL round-bottomed flask containing a magnetic stirring bar under 

argon atmosphere, toluene (20 mL), followed by freshly distilled aniline (1.82 mL, 20.0



mmol) and 2,2,2-trifluoroacetophenone (2.8 mL, 20.0 mml), were added via syringe. To 

the mixture was then added /7-TSA (190.2 mg, 0.1 mmol, 5 mol%), the flask was then 

fitted with a Dean-Stark apparatus for azeotropic removal of water and the reaction was 

heated at reflux temperature for 12 h. The reaction was cooled to room temperature and 

volatiles were removed under reduced pressure to afford the crude imine 485 which was 

purified by vacuum distillation to furnish pale yellow oil (3.7 g, 84%). Spectral data for 

this compound were consistent with those in the literature.^^^

6h  (400 MHz, CDCb): 6.74 (d, J 8.1, 2H, H-2’), 7.04 (t, J 7.4, IH, H-4’), 7.24-

7.16 (m, 4H, H-1 and H-3’), 7.30 (app. t, 2H, H-2), 7.34 (t, 

J 7.2, 1 H, H-3).

General procedure M for the preparation of imines 493,502-506

An oven dried round bottomed flask was charged with the methane solfonamide (1 

equiv.) fitted with a septum and placed under an atmosphere of argon using balloon. 

Dry CH2CI2 was then added via syringe followed by triethylamine (3 equiv.) and the 

appropriate aldehyde (1 equiv.). The resulting solution was cooled to 0 °C. 

Titanium(IV) chloride (0.5 equiv.) in CH2CI2 was then added drop wise to the cooled 

solution and the resulting solution was allowed to stir for 1 h at this temperature. The 

reaction mixture was filtered through celite and washed with CH2CI2 . The filtrate was 

concentrated in vaccuo and the resulting solid was suspended in toluene and then 

filtered to remove triethylaminehydrochloride salt. The filtrate was then concentrated 

under reduced pressure to afford the desired imine which was purified by 

recrystallisation.

(jE)-A^-(Methyl)-4-methylbenzenesulfonainide (493)^ '̂'



Prepared according to general procedure M using methanesulfonamide (950.0 mg, 10 

mmol), triethylamine (4.2 mL, 30 mmol), benzaldehyde (1.20mL, 10 mmol) in CH2CI2 

(25 mL) and titanium(IV) chloride (547.0 )o,L, 0.5 mmol) in CH2CI2 (25.0 mL). The 

product was purified by recrystallisation from CH2CI2 : hexane to afford 493 as an off- 

white solid (695 mg, 38%). 92-93 (lit.” '* 90-92 “C)

5h  (400 MHz, CDCI3): 3.14 (s, 3H), 7.55 (t, J 7.4, IH, H-4), 7.64-7.68 (m, 2H, H-

3) 7.96 (d, J 7.4, 2H, H-2), 9.04 (s, IH, H-1’)

HRMS (m/z-ESI): Found 184.0430 (M^ + H C8H 10NO2S. requires 184.0432)

(£)-N-(Naphthalen-2-ylmethylene)methanesulfonamide (502)^ '̂

Prepared according to general procedure M using methanesulfonamide (950.0 mg, 10

mmol), triethylamine (4.2 mL, 30 mmol), napthaldehyde (1.56 gm, 10 mmol) in

CH2Ch(25 mL) and titanium(IV) chloride (547.0 |j.L, 0.5 mmol) in CH2CI2 (25.0 mL). 

The product was purified by recrystallisation from CH2CI2 : hexane to afford 502 as pale 

yellow solid (746.0 mg, 32%).M.p. 120-122 °C (lit.^^‘ 119-121 °C)

5h  (400 MHz, CDC13): 3.18 (s, 3H, CH3), 7.57-7.62 (m, 2H, H-7 and H-6), 7.89-

7.99 (m, 3H, H-3, H-4 and H-5), 8.05-8.08 (m, IH, H-8),

8.35 (app. d, IH, H-1), 9.17 (s, IH, H-1’).

HRMS (m/z-ESI): Found 234.0590 (M^ + H C 12H 12NO2S. Requires

234.0589)

(£)-N-(4-Methoxybenzylidene)methanesulfonamide (504)^  ̂’
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Prepared according to general procedure M using methanesulfonamide (950.0 mg, 10 

mmol), triethylamine (4.2 mL, 30 mmol), 4-methoxybenzaldehyde (1.2 mL, 10 mmol) 

in CH2CI2 (25.0 mL) and titanium(IV) chloride (547.0 ^L, 0.5 mmol) in CH2CI2 (5.0 

mL). The product was purified by recrystallisation from CH2CI2 : hexane to afford 504 

as pale yellow solid (852.0 mg, 40%). M.p. 122-126 °C.

5 h (400 MHz, CDCI3): 3.09 (s, 3H, OCH3), 3.89 (s, 3H, CH3), 7.00 (d, J 8.6, 2H,

H-2’), 7.90 (d, J 8.6, 2H, H-3’), 8.91 (s, IH, H-1”)-

HRMS (m/z-ESI): Found 214.0538 (M^ + H C9H 12NO3S. Requires

214.0538)

(£)-N-(2-Methylbenzylidene)methanesulfonamide (505)^ '̂

Prepared according to general procedure M using methanesulfonamide (951.2 mg, 10 

mmol), triethylamine (4.2 mL, 30 mmol), 2-methyl-benzaldehyde (1.1 mL, 10 mmol) in 

CH2Cl2(25 mL) and titanium(IV) chloride (547.0 |j.L, 0.5 mmol) in CH2CI2 (25.0 mL). 

The product was purified by recrystallisation from CH2CI2 : hexane to afford 501 as pale 

yellow solid (746.0 mg, 32%).

HRMS (w/z-ESI): Found 198.0594 (M + H C9H 12NO2S Requires: 198.0589)
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(£)-N-(Thiophen-2-ylmethylene) methanesulfonamlde(506)^^'

Prepared according to general procedure M using methanesulfonamide (951.2 mg, 10 

mmol), triethylamine (4.2 mL, 30 mmol), 2-thiphenecaraldehyde (930.0 |iL, 10 mmol) 

in CH2CI2 (25 mL) and titanium(IV) chloride (547.0 jiL, 0.5 mmol) in CH2CI2 (5 mL). 

The product was purified by recrystallisation from CH2CI2 : hexane to afford 506 as pale 

yellow solid (643.0 mg, 34%).

6h  (400 MHz, CDC13): 3.11 (s, 3H, CH3), 7.23-25 (m, IH, H-4), 7.79 -7.83 (m,

2H, H-3 and H-5), 9.08 (s, IH, H-] ’).

HRMS (m/z-ESI): Found 189.9998 (M + H C6H8NO2S2 Requires: 189.9996)

General procedure N: Cycloaddition reaction of imines with homophthalic

anhydride

An oven dried 10 mL reaction vessel containing a stirring bar was charged with 

anhydride 260 (40.0 mg, 0.25 mmol) then placed under an argon atmosphere (balloon). 

Anhydrous MTBE (2.5 mL) was added via syringe and the reaction mixture was then 

cooled to -30 °C. Imine (0.25 mmol) was added followed by catalyst (466 mmol, 5 

mol%) and the reaction was stirred at -30 °C for 48 h. The conversion of the reaction 

was determined by ’H NMR spectroscopic analysis using p-iodoanisole (28.8 mg, 0.123 

mmol) as an internal standard and monitoring the disappearance of imine. To the 

reaction mixture containing the corresponding carboxylic acids, anhydrous MeOH (750 

(o,L), followed by trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 150 (j,L, 

0.300 mmol) were added via syringe and the reaction was allowed to stir for 30 min. at 

room temperature. The solvent was then removed in vacuo at room temperature and the 

crude mixture of diastereomeric esters was purified by column chromatography.
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?ran5-Methyl 2-(methylsulfonyl)-l-oxo-3-phenyl-l,2,3,4-tetrahydroisoquinoline-4- 

carboxylate {trans-495)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 493 (46.0 mg, 0.25 mmol) and catalyst 468 (8 

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture of carboxylic acids in a 54:46 ratio {trans:cis). After esterification, the 

diastereomer {trans-495) was purified by column chromatography eluting in gradient 

from 100% hexane to 10% EtOAc in hexane and isolated as pale yellow oil (34.0 mg, 

38%, 71% ee). [a]̂ °D = -34.0 (c 0.05, acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 70/30, 1 mL min"’, 

RT, UV detection at 254 nm, retention times: 18.6 min (major enantiomer) and 31.3 

min (minor enantiomer).

6h  (400 MHz, CDCb):

6c (100 MHz, CDCI3):

HRMS (w/z-ESI):

Vmax (neat)/cm'‘:
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3.45 (s, 3H, CH3) 3.74 (s, 3H, OCH3), 4.12 (d, J 1.2, IH, 

H-5), 6.22 (d, J 1.2, IH, H-6), 7.14-7.25 (m, 6H, H-2’, H- 

3’, H-4’ and H-4), 7.45-7.51 (m, 2H, H-3, H-2), 8.18 (d, J 

7.9, IH, H-1).

41.8, 50.7, 53.0, 59.0, 125.9, 128.0, 128.1, 128.8, 128.9, 

129.0, 129.4, 133.0 (q), 134.1 (q), 138.0 (q), 163.6 (C=0), 

170.4 (C=0).

Found 360.0904 (M + H CigHigNOsS. Requires: 

360.0906)

3011, 2931, 1736, 1682, 1602, 1458, 1320, 1245, 1158, 

1010, 959, 839,718.



cis-Methyl 2-(methylsulfonyl)-l-oxo-3-phenyl-l,2,3,4-tetrahydroisoquinoline-4- 

carboxylate (c/s-495)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 493 (46.0 mg, 0.25 mmol) and catalyst 468 (8 

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture of carboxylic acids in a 54:46 ratio (trans:cis). After esterification, the 

diastereomer (c/s-495) was purified by column chromatography eluting in gradient from 

100% hexane to 10% EtOAc in hexane and isolated as pale yellow oil (25.5 mg, 288%, 

28% ee). [a]^% = -22.0 (c 0.04, acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 70/30, 1 mL m in'', 

RT, UV detection at 254 nm, retention times: 8.8 min (major enantiomer) and 9.9 min 

(minor enantiomer).

o o

5h (400 MHz, CDCh): 3.07 (s, 3H, CHs), 3.67(s, 3H, OCH3), 4.88 (d, J 6.2, IH,

H-5), 6.07 (d, J 6.2, IH, H-6), 7.01 (d, J 7.2, 2H, H-2’), 

7.17 (app. t, 2H, H-3’), 7.24-7.26 (m, IH, H-4’), 7.49 (d, J 

7.6, IH, H-4), 7.54-7.62 (m, 2H, H-2 and H-3), 8.30 (d, J 

7.9, IH, H-1).

6c(100M H z, CDCI3): 42.1, 48.9, 52.3, 59.8, 127.4, 127.5, 128.3, 128.6, 128.8,

129.1, 129.2, 133.5 (q), 134.4 (q), 135.5 (q), 163.6 (C=0), 

168.7 (C=0).

HRMS (m/z-ESI): Found 360.0904 (M + H CigHigNOsS. Requires: 

360.0906)
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Vmax (neat)/cm'’: 3019, 2924, 1732, 1060, 1599, 1499, 1340, 1235, 1155, 

1027, 967, 767, 692.

?ran-Methyl 2-(methyIsulfonyl)-3-(naphthalen-2-yl)-l-oxo-l,2,3,4-

tetrahydroisoquinoline-4-carboxylate {trans-SQl, Table 7.4, entry 1)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 502 (58.0 mg, 0.25 mmol) and catalyst 468 (8 

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture of carboxylic acids in a 47:53 ratio (tmns:cis). After esterification, the 

diastereomer (trans-507) was purified by column chromatography eluting in gradient 

from 100% hexane to 10% EtOAc in hexane and isolated as colourless oil (44.02 mg, 

43%, 47% ee). = -12.5.0 (c 0.06, CHCh).

CSP-HPLC analysis:Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 60/40, 0.3 mL min"', 

RT, UV detection at 254 nm, retention times: 76.1 min (minor enantiomer) and 82.0 

min (major enantiomer).

o o

5h  (400 MHz, CDCh): 3.48 (s, 3H, SO2CH3), 3.76 (s, 3H, CO2CH3), 

4.24(d, J 1.3, IH, H-5), 6.38 (d, J 1.3, IH, H-6), 

7.18-7.27 (m, 2H, H-4, H-3’), 7.41-7.46 (m, 4H, 

H-3, H-2, H-6’, H-7’), 7.61 (s, IH, H-1’), 7.69- 

7.71 (m, 3H, H-8’, H-5’, H-4’), 8.20 (d, J 7.8, IH, 

H-1).

6c (100 MHz, CDCI3): 41.8, 50.6, 50.2, 53.0, 59.2, 123.3, 125.3, 126.5, 

127.4, 128.0, 128.1 (q), 128.9, 129.0 (q), 129.1 

(q), 129.4, 132, 122.9, 133.0 (q), 134.1, 135.4 (q), 

163.7 (C=0), 170.44 (C=0).
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HRMS (m/z - ESI): Found 410.1066 (M^ + H C22H20NO 5S. Requires: 

410.1062).

V n,ax(neat)/cm -': 3022, 2950, 1735, 1685, 1599, 1435, 1335, 1250,

1160, 1030, 935, 816, 731, 661.

m -(M ethyl 2-(methylsulfonyl)-3-(naphthalen-2-yl)-l-oxo-l,2,3,4- 

tetrahydroisoquinoline-4-carboxylate (m -507, Tablex 7.4, entry 1)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 502 (58.0 mg, 0.25 mmol) and catalyst 468 ( 8  

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture of carboxylic acids in a 53:47 ratio (trans'.cis). After esterification, the 

diastereomer (a'5-507) was purified by column chromatography eluting in gradient from 

100% hexane to 10% EtOAc in hexane and isolated as colourless oil (47.0 mg, 46%, 

11% ee). [a]20o = -7.6 (c 0.02, CHCI3).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 60/40, 1 mL min'*, 

RT, UV detection at 254 nm, retention times: 9.8 min (minor enantiomer) and 14.2 min 

(major enantiomer).

5h (400 MHz, CDCI3): 3.06 (s,3H, CH3), 3.64 (s,3H, OCH3), 4.96 (d, J 6.55, IH,

H-5), 6.25 (d, J 6.55, IH, H-6), 7.03-7.06 (m, IH, H-3’ ), 

7.45-7.43 (m, 2H, H-4, H -7'), 7.52-7.55 (m, 2H, H-2, H- 

6’) 7.57 (app. t, IH, H-3), 7.62 (s, IH, H-1’) 7.64-7.74 

(m, 3H, H-4’, H-5’ and H-8’), 8.35 (d, J 7.7, IH, H-1).
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5c(100M H z, CDCU): 42.2, 49.0, 53.3, 60.0, 124.2, 126.6, 126.8, 127.4, 127.6,

127.7, 128.1, 128.4 (q), 128.6, 128.9, 129.1, 132.8 (q), 

132.9 (q), 133.2 (q), 133.6, 134.5 (q), 163.6 (C=0), 

168.7(C=0).

HRMS (m/2-ESI): Found 410.1066 (M^+H C22H20NO 5S, Requires

410.1062).

Vmax (neat)/cm''; 3018, 2980, 1728, 1672, 1563, 1448, 1350, 1250, 1050, 

955, 816, 731,688.

?rans-Methyl 3-(4-bromopheny!)-2-(methylsulfonyl)-l-oxo-l,2,3,4

tetrahydroisoquinoline-4-carboxyIate (trans-508, Table 7.4, entry 2)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 503 (65.0 mg, 0.25 mmol) and catalyst 468 ( 8  

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture o f carboxylic acids in a 49:51 ratio itmns'.cis). After esterification, the 

diastereomer (frans-508) was purified by column chromatography eluting in gradient 

from 100% hexane to 10% EtOAc in hexane and isolated as a white solid (45.0 mg, 

41%, 65% ee). M.p. 154-156 °C. [a ]%  = 35.0 (c 0.04, CHCb).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IP A: 70/30, 1 mL min"', 

RT, UV detection at 254 nm, retention times: 10.0 min (minor enantiomer) and 12.3 

min (major enantiomer).

o o

3 '

5h  (400 MHz, CDCI3): 3.46 (s, 3H, CH3), 3.73 (s, 3H, OCH3), 4.07 (s, IH, H-5),

6.15 (s, IH, H-6), 7.03 (d, J 8.2, 2H, H-2’), 7.22 (d, J 7.2,
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IH, H-4), 7.36 (d, J 8.2, 2H, H-3’), 7.42-7.53 (m, 2H, H-3 

and H-2), 8.15 (d ,J 7.7, IH, H-1).

5c(100M Hz, CDCb): 46.1, 54.7, 57.4, 62.8, 126.5 (q), 131.9, 132.2, 132.3,

133.5, 133.7, 136.3, 136.9 (q), 138.5 (q), 141.5 (q), 167.7 

(C=0), 174.4 (C=0).

HRMS (m/z-ESI); Found 438.0014 (M^ + H CigHnNOsSBr, requires

438.0011)

vrnax(neat)/cm-': 3334, 3258, 2954, 1734, 1682, 1601, 1435, 1346, 1245,

1157, 1024, 964,816, 735.

cts-Methyl 3-(4-bromophenyl)-2-(methylsulfonyl)-l-oxo-l,2,3,4- 

tetrahydroisoquinoline-4-carboxylate (m-508. Table 7.4, entry 2)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 508 (65.0 mg, 0.25 mmol) and catalyst 468 (8 

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture of carboxylic acids in a 49:51 ratio {trans'.cis). After esterification, the 

diastereomer (cis-508) was purified by column chromatography eluting in gradient from 

100% hexane to 10% EtOAc in hexane and isolated as colourless oil (46.0 mg, 42%, 

10% ee). [a]^°D = 6.8 (c 0.002, acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 70/30, 1 mL min"’, 

RT, UV detection at 254 nm, retention times; 30.4 min (major enantiomer) and 34.9 

min (minor enantiomer).

5h (400 MHz, CDCb): 3.14 (s, 3H, CH3), 3.70 (s, 3H, OCH3), 4.86 (d, J 6.2, IH,

H-5), 6.03 (d, J 6.2, IH, H-6), 6.87-6.90 (m, 2H, H-2’),
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7.31-7.33 (m, 2H, H-4 and H-3), 7.50-7.65 (m, 3H, H-3’ 

and H-2), 8.28 (d, J 7.4, IH, H-1)

Sc (lOOMHz, CDCh): 42.4, 48.7, 52.4, 59.0, 123.4 (q), 127.2, 127.6, 128.5,

128.6, 129.3, 129.3, 133.2 (q), 134.6 (q), 134.7 (q), 163.3 

(C=0), 168.5 (C=0).

HRMS (m/z-ESI); Found 438.0014 (M^ + H CigHnNOsSBr, Requires

438.0011).

vmax (neat)/cm-^: 3320, 3232, 2948, 1736, 1685, 1589, 1437, 1365, 1254,

1176, 1024, 964, 836, 715.

?ra«s-Methyl 3-(4-methoxyphenyl)-2-(methylsulfonyl)-l-oxo-l,2,3,4- 

tetrahydroisoquinoline-4-carboxylate (fra#is-509. Table 7.4, entry 3)

I  3 '

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 504 (53.0 mg, 0.25 mmol) and catalyst 468 (8 

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture of carboxylic acids in a 65:35 ratio {trans'.cis). After esterification, the 

diastereomer (c/s-SOP) was purified by column chromatography eluting in gradient from 

100% hexane to 10% EtOAc in hexane and isolated as pale yellow oil (54.5 mg, 56%, 

72% ee). = 19.0 (c 0.003, acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 60/40, 1 mL min"', 

RT, UV detection at 254 nm, retention times: 20.7 min (major enantiomer) and 28.5 

min (minor enantiomer).
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3.41 (s, 3H, CHa), 3.70 (s, IH, 3H, OCH3), 3.72 (s, 3H, 

IH, CO2CH3), 4.08 (d, J 1.2, IH, H-5), 6.16 (d, J 1.2, IH, 

H-6), 6.74 (d, J 7.8, 2H, 3’), 7.05 (d, J 7.8, 2H, H-2’), 

7.22-7.23 (m, IH, H-4), 7.43-7.52 (m, 2H, H-2 and H-3), 

8.16 (d ,J 8.0, IH, H-1).

41.8, 50.7, 53.0, 55.1, 58.6, 114.2, 127.2 (q), 128.9, 129.0, 

129.4, 130.1, 133.2 (q), 134.1 (q), 159.3 (q), 163.6 (C=0), 

170.4 (C=0).

Found 412.0834 (M + Na C 19H 19NO6S + Na, requires 

412.0831).

2984, 2956, 1733, 1688, 1604, 1499, 1350, 1254, 1166, 

1039, 962, 769.

as-Methyl 3-(4-methoxyphenyl)-2-(methylsulfonyl)-l-oxo-l,2,3,4- 

tetrahydroisoquinoline-4-carboxylate (c/s-509, Table 7.4, entry 3)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 504 (53.0 mg, 0.25 mmol) and catalyst 468 (8 

mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a diastereomeric 

mixture of carboxylic acids in a 65:35 ratio (trans:cis). After esteriflcation, the 

diastereomer (c/s-509) was purified by column chromatography eluting in gradient from 

100% hexane to 10% EtOAc in hexane and isolated as pale yellow oil (27.5 mg, 28%, 

34% ee). [a]^°o = 14.6.(c 0.002, acetone).

5h  (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z- ESI):

Vmax (neat)/cm’':
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CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 60/40, 1 mL min'*, 

RT, UV detection at 254 nm, retention times: 8.1 min (minor enantiomer) and 9.2 min 

(major enantiomer).

6h  (400 MHz, CDCh): 3.06 (s, 3H, CH3), 3.68 (s, 3H, OCH3), 3.70 (s, 3H, 

CO2CH3), 4.85 (d, J 6.6, IH, H-5), 6.03 (d, J 6.6, IH, H- 

6), 6.69 (d, J 7.6, 2H), 6.94 (d, J 7.6, 2H), 7.50 (app. t, IH, 

H-4), 7.56-7.62 (m, 2H, H-2 and H-3), 8.29 (dd, J 7.8, 1.7, 

IH, H-1).

5c (100 MHz, CDCI3): 42.1, 48.9, 52.3, 55.1, 59.4, 114.1, 127.5 (q), 128.3, 128.7, 

128.9, 129.0, 133.7 (q), 134.4 (q), 159.9 (q), 163.6 (C=0), 

168.8 (C=0).

HRMS {m/z- ESI): Found 412.0834 (M"̂  + Na Ci9Hi9N06SNa. Requires: 

412.0831).

Vmax (neat)/cm : 2961, 2918, 1735, 1678, 1604, 1459, 1320, 1254, 1176, 

1063,962, 767.

?ra«s-Methyl 2-(methylsulfonyl)-l-oxo-3-(o-tolyl)-l,2,3,4-tetrahydroisoquinoline-4- 

carboxylate {trans-Sl^, Table 7.4, entry 4)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 505 (49.0 mg, 0.25 mmol) and catalyst 468 

(8.2 mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a 

diastereomeric mixture of carboxylic acids in a 65:35 ratio (trans'.cis). After
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esterification, the diastereomer (?fa«s-510) was purified by column chromatography 

eluting in gradient from 100% hexane to 10% EtOAc in hexane and isolated as 

colourless oil (54.3 mg, 58%, 46% ee). [a]^% = -11.6 (c 0.002, acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 85/15, 1 mL min"', 

RT, UV detection at 254 nm, retention times: 13.4 min (minor enantiomer) and 15.5 

min (major enantiomer).

5h  (400 MHz, CDCI3): 2,22 (s, 3H, H-6’), 3.42 (s, 3H, CH3), 3.72 (s, 3H, OCH3),

4.11 (d, J 0.9, IH, H-5), 6.18 (d, J 0.9, IH, H-6), 6.99- 

7.00 (m, 4H, H-2’, H -3’, H-4’ and H-5’, ), 7.20-7.22 (m, 

IH, H-4), 7.41-7.51 (m, 2H, H-2 and H-3), 8.15 (d, J 7.8, 

IH, H-1).

5c (100 MHz, CDCI3): 20.9, 41.8, 50.7, 53.0, 58.9, 125.8 (q), 128.0, 128.8, 128.9,

129.4, 129.5, 133.1, 134.0, 135.1 (q), 137.9 (q), 163.6 

(C=0), 170.4 (C=0).

HRMS (m/z-ESI): Found 374.1067 (M^ C19H20NO5S. Requires: 374.1062).

V m ax(neat)/cm -': 2925, 2863, 1732, 1680, 1604, 1457, 1348, 1214, 1156,

1061,962, 766.

(c/s)-Methyl 2-(methylsulfonyl)-l-oxo-3-(o-tolyl)-l,2,3,4-tetrahydroisoquinoline-4- 

carboxylate (c/5-510, Table 7.4, entry 4)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 505 (49.0 mg, 0.25 mmol) and catalyst 468 

(8.2 mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a
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diastereomeric mixture o f carboxylic acids in a 65:35 ratio (trans:cis). After 

esterification, the diastereomer (m -510) was purified by column chromatography 

eluting in gradient from 100% hexane to 10% EtOAc in hexane and isolated as a 

colourless oil (30 mg, 31%, 19% ee). [a]^% = -6.8 (c 0.002 acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IP A: 85/15, 1 mL m in'’, 

RT, UV detection at 254 nm, retention times: 19.9 min (major enantiomer) and 21.9 

min (minor enantiomer).

6h  (400 MHz, CDCI3): 2.40 (s, 3H, H-6’), 2.99 (s, 3H, CH3), 3.63 (s, 3H, OCH3),

4.93 (d, J 6.8, IH, H-5), 6.36 (d, J 6.8, IH, H-6), 6.83- 

6.91 (m, 2H, H-2’ and H-4’), 7.12- 7.28 (m, 3H, H-3’, H- 

5 ’ and H-4), 7.48- 7.59 (m, 2H, H-2 and H-3), 8.33 (d, J 

7.7, IH, H-1).

5c (100 MHz, CDCI3): 18.9, 41.9, 49.4, 52.2, 54.8, 126.3 (q), 126.5, 127.3, 128.3,

128.4, 128.8, 128.9, 131.1, 133.6, 134.0 (q), 134.4 (q), 

136.5 (q), 163.7 (C=0), 169.1 (C=0).

HRMS (w/z-ESI): Found 374.1067 (M̂ " C19H20NO5S Requires: 374.1062).

Vmax(neat)/cm-’: 3010, 2914, 2863, 1721, 1682, 1604, 1457, 1348, 1214,

1156, 1063,962, 778.

?rans-Methyl 2-(methylsulfonyl)-l-oxo-3-(thiophen-2-yl)-l,2,3,4-

tetrahydroisoquinoIine-4-carboxylate {trans-511, Table

7.4, entry 5)
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Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 506 (47.0 mg, 0.25 mmol) and catalyst 468 

(8.2 mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a 

diastereomeric mixture o f carboxylic acids in a 48:52 ratio (tmns:cis). After 

esterification, the diastereomer (tmns-511) was purified by column chromatography 

eluting in gradient from 100% hexane to 10% EtOAc in hexane and isolated as a yellow 

colour solid (54 mg, 40%, 67% ee). M.p. 128-132 °C. [a]“ o = -22.5 (c 0.02, acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 60/40, 1 mL min‘', 

RT, UV detection at 254 nm, retention times; 10.7 min (major enantiomer) and 14.1 

min (minor enantiomer).

5h  (400 MHz, CDCb): 3.36 (s, 3H, CH3), 3.74 (s, 3H, OCH3), 4.21 (d, J 1.1 IH, 

H-5), 6.49 (d, J 1.1, IH, H-6), 6.82-6.84 (m, IH, H-4’), 

6.98 (app. d, IH, H-3’), 7.08 (dd, J 0.8, 5.2, IH, H-5’), 

7.39 (d, J 7.6, IH, H-4), 7.49-7.53 (m, IH, H-2), 7.58- 

7.62 (app. t, IH, H-3), 8.15 (d, J 8.1, IH, H-1).

6c (100 MHz, CDCh): 46.1, 54.5, 57.3, 59.6, 129.9 (q), 130.9, 131.4, 132.0, 

133.4, 133.5, 134.4, 137.8 (q), 138.5, 145.1 (q), 167.0 

(C=0), 173.8 (C=0).

HRMS (m/z-ESI): Found 388.0293 (M^+Na. C i6H i5N 0 5 S2Na Requires: 

388.0289).

Vmax (neat)/cm'': 3232, 2961, 2918, 1735, 1678, 1604, 1459, 1320, 1254, 

1176, 1063,962, 767.
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c/s-Methyl 2-(methylsulfonyl)-l-oxo-3-(thiophen-2-yl)-l,2,3,4- 

tetrahydroisoquinoline-4-carboxylate (c/s-511. Table 7.4, entry 5)

Prepared according to general procedure N using anhydride 260 (40.0 mg, 0.25 mmol), 

anhydrous MTBE (0.1 M, 2.5 mL), imine 506 (47.0 mg, 0.25 mmol) and catalyst 468 

(8.2 mg, 0.012 mmol). The reaction was stirred at -30 °C for 48 h to give a 

diastereomeric mixture of carboxylic acids in a 48:52 ratio (trans'.cis). After 

esterification, the diastereomer (c«-511) was purified by column chromatography 

eluting in gradient from 100% hexane to 10% EtOAc in hexane and isolated as yellow 

colour oil (29.0 mg, 31%, 52% ee). [a]^% = 26.5 (c 0.02, acetone).

CSP-HPLC analysis, Chiralcel AD (4.6 mm x 25 cm), hexane/IPA: 95/5, 1 mL min'', 

RT, UV detection at 254 nm, retention times: 40.5 min (major enantiomer) and 46.2 

min (minor enantiomer).

S h (400 MHz, CDCI3): 3.07 (s, 3H, CH3), 3.74 (s, 3H, OCH3), 4.83 (d, J 5.6, IH,

H-4), 6.40 (d, J 5.6, IH, H-6), 6.81-6.84 (m, IH, H-3’), 

6.91-6.92 (m, IH, H-4’), 7.08-7.09 (m, IH, H-4), 7.53 

(app. t, IH, H-5’), 7.65-7.68 (m, IH, H-2), 7.72-7.74(m, 

IH, H-3), 8.26 (d ,J8 .0 , IH, H-1).

6c(100M Hz, CDCI3): 41.9, 48.9, 52.5, 56.1, 126.2 (q), 126.8, 127.5, 128.6,

128.7, 128.8, 129.4, 133.6 (q), 134.5, 137.4 (q), 163.2 

(C=0), 168.3 (C=0).

HRMS (w/z-ESI): Found 388.0293 (M+ +Na. Ci6Hi5N0 5 S2Na Requires

388.0289)
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