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Abstract

Due to the vast number of biologically active compounds bearing a hydrogen substituent as a 

part of the stereogenic center, the development of efficient reduction reactions has been a main 

focus within the area of asymmetric catalysis. Herein we detail the design and synthesis of 

chiral (metal-free) bifunctional organocatalysts, specifically inexpensive and easily assembled 

(thio)urea derivatives, for enantioselective reduction of benzils to benzoins. The catalyst 

operates via a biomimetic mechanism in which the substrate is bound and activated by a 

thiourea moiety and subsequentely reduced by a catalyst-bound dihydropyridine unit. It was 

found that bifunctional catalysts devised to operate in this manner were considerably more 

active than binary catalyst systems involving the use of separate (thio)urea and 

dihydropyridine catalysts. A two phase solvent system was also developed which allowed the 

substrate binding and reduction to take place in an ethereal phase, while the regeneration of 

the ketoreductase by reaction of the oxidised catalyst with sodium dithionite occurred in the 

aqueous phase - allowing turnover for the first time in such a catalyst system. The optimum 

catalyst proved capable of the highly chemoselective mono-reduction of a range of substituted 

benzils to the corresponding benzoins in good yields at room temperature. An example of an 

enantioselective (25% ee) variant of the process is also disclosed.

An unprecedented organocatalytic process mediated by a single small-molecule catalyst 

involving the highly enantioselective desymmetrisation of an achiral electrophile while it 

simultaneously kinetically resolves a racemic nucleophile has been developed which allows 

the efficient direct acylative kinetic resolution of ^ec-thiol substrates for the first time. The 

levels of enantioselectivity associated with both processes (which exhibit verifiable synergy) 

are excellent using a readily accessible cinchona alkaloid-derived organocatalyst at low 

loadings. The inexpensive achiral glutaric anhydride electrophiles are desymmetrised as the 

resolution progresses with excellent levels of stereocontrol and can be later cleaved to afford 

highly enantioenriched products (up to 97% ee).

In the course of our research aimed at the development of an artificial ketoreductase catalyst 

designed to mimic enzyme-catalysed reduction in the presence of NADH, we observed 

unambiguous catalysis of the formation of benzaldehyde dimethyl acetal from a methanolic 

solution of benzaldehyde at room temperature. This was surprising in view of the fact that the

VI1



pyridinium ion in question is aprotic and thus Brpnsted acid catalysis initially seemed unlikely 

to occur. Further investigation of the influence of the steric and electronic characteristics on 

the catalytic behavior of related pyridinium ions allowed the design of a highly active catalyst, 

capable of the efficient, room temperature acetalisation of benzaldehyde at 0.1 mol% levels. It 

is noteworthy that this material, devoid of any identifiable acidic groups, is capable of 

promoting the reaction between benzaldehyde and methanol faster than the rate obtained using 

o-nitrobenzoic acid (pATa = 2.2).
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Chapter 1.0

Introduction



1.1 General

The term ‘chirality’, or ‘handedness’, derived from the greek word xetp rneaning 

hand, refers to the property of certain organic compounds which can not be 

superimposed on their mirror image. A chiral molecule and its mirror image are called 

enantiomers and are known for their ability to rotate the plane of polarisation of a 

beam of plane polarised light in opposite directions. This was first observed by the 

physicist Biot in 1815.’ The discovery had a huge impact on the future development 

of asymmetric synthesis, due to the ability of enantiomers to behave differently in a 

chiral environment. Characteristically, different enantiomers of chiral compounds 

often taste and smell differently and have different effects as drugs: these effects 

reflect the chirality inherent in biological systems. Many biologically active 

molecules are chiral, including the naturally occurring amino acids and sugars. In 

biological systems, most of these compounds have the same configuration: most 

amino acids are L and sugars are D. The origin of this homochirality is the subject of 
much debate.^ Most scientists believe that Earth life’s “choice” of chirality was purely 

random and that, if carbon-based life forms exist elsewhere in the universe, their 

chemistry could theoretically have opposite chirality. A recent paper, published in 

2008 by Pizzarello and co-workers, reported that some of the possible abiotic 

precursors to the origin of life on Earth have been shown to carry chiral information 

in a larger number than previously thought. Analyses carried out on amino acids from 

the Murchison meteorite (landed in Australia in 1969), that were unknown on Earth, 

revealed the preponderance of L-amino acids over their “right-handed” form. Their 

findings supported the idea that chiral asymmetry may have arisen in abiotic 

chemistry ahead of life.^

Over the last 30 years, enantioselective synthesis and organocatalysis in particular 

have become one of the most intensively investigated areas in the field of organic 

chemistry.'’ ’” This is not surprising, due to the growing interest of the drug market 

towards the production of enantiopure compounds, driven by regulatory requirements 

regarding the biological screening of both enantiomers of any potential drug candidate 

molecule.



Biological systems are complex and possess inherent chirality, which can result in the 

two antipodes of a given chiral molecule possessing very different pharmacokinetic 

and toxicological profiles on exposure to biological system. For example, Figure 1.1 

shows the two enantiomers of thalidomide 1, a drug known since 1954 for its 

sedative-hypnotic and antiemetic properties: only the (/?)-thalidomide is the active 

species, while the (5) enantiomer has proved to be teratogenic.*'

Figure 1.1 The two enantiomers of thalidomide (1)

O

The continuous development of improved catalytic methods to obtain optically pure 

materials has consequently become a challenging target, not only for its intellectual 

rewards, but also for the strong impact on the pharmaceutical industry.

Enantiopure products can be obtained from different routes (outlined in Figure 1.2): 

a) Exploitation of the ‘chiral pool’, the natural source of enantioenriched 

compounds bearing stereocentres, such as sugars, alkaloids and amino acids, all of 

which can be utilised as chiral auxiliaries or reagents in diastereoselective synthesis. 

This approach is mainly limited by the difficulty of obtaining both enantiomers of the 

starting material from natural sources.^

b) Resolution of racemates by physical, chemical or enzymatic means. An 

equimolar mixture of enantiomers can be reacted with a chiral acid or base, thus 

forming two diastereomeric salts that can be separated based on their different 

physical properties, following the pioneering methodology introduced by Pasteur in 

1848. Biochemical methodologies involve the use of enzymes, exploiting their high 

enantioselectivity in consuming one of the two antipodes. The main disadvantage of 

this technique is the high specificity of enzymes, which limits their use to a selected 

range of reactions, and they often requires high mass-loadings.Alternatively,



kinetic resolution can be performed, whereby a chiral catalyst or a chiral reactant is 

able to distinguish between the two enantiomers, based on a different reaction rate.'^ 

Although this appears to be an elegant methodology of separating racemic mixtures, a 

maximum yield of 50% of the desired product can be achieved unless Dynamic 

Kinetic Resolution (DKR) is applied, which involves the continuous racemisation of

the slow reacting enantiomer as the resolution progresses. 16

c) Asymmetric synthesis is the most efficient way to perform enantioselective 

transformations, from achiral or prochiral starting materials, using a chiral catalyst to 

both accelerate the reaction and control its stereochemical outcome, without any 

further separation.^

Figure 1.2 General methodologies for obtaining enantiomerically pure compounds

♦
Enantiomerically Pure Compounds

Catalysis
t

Asymmetric Synthesis
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Asymmetric synthesis can be achieved by either using a chiral molecule as a starting 

reagent, to induce stereoselectivity into the new generated stereocentre, or through the 

use of a catalyst, whereby the catalyst could be an optically pure small molecule

(Scheme 1.1) or an enzyme. 17

Scheme 1.1 Example of asymmetric catalysis.
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1.1.1 Physical concepts of asymmetric catalysis

A number of physical conditions must be obeyed for any chemical reaction to be 

possible. The Arrhenius equation (eq. 1.1) states the relationship between the rate 

constant for a reaction (k), the temperature (T), the pre-exponential factor (A), the gas 

constant (R) and the activation energy (Eact).'^ A catalyst increa.ses the rate of a 

reaction by lowering its activation energy.

- E / (eq. 1.1)
k = Ae RT

The generation of a new stereocentre leads to the formation of a racemic mixture 

when performed in an achiral fashion, for example with optically inactive materials. 

The {R) and (5) products have exactly the same energy, the activation energy driving 

their formation is therefore equivalent; consequently, the rate constant for the 

formation of each enantiomer is the same, i.e. Ur is equal to ks (eq. 1.2). An achiral 

catalyst is not able then to influence the stereoselectivity of such a process (Figure 

1.3).

\R] ku -AAC”/J ^ ^ /RT

[*S] k, (eq. 1.2)



Where Ur and ks are the rate constants for the formation of (/?) and (5) enantiomers, 

respectively. AAG^^ is the difference in the transition state energies for each 

enantiomer (eq. 1.3).

AAG” = AG TH AG'TS (eq. 1.3)

AG^'^ and AG” are the free energies of activation for the formation of (/?) and (5)

enantiomers, respectively. AAG^^ is zero in an achiral environment (see eq. 1.2 

above). For a reaction promoted by a chiral catalyst there is often a predilection for 

the formation of one enantiomer over the other, due to the preferential reduction in the 

energy of the transition state leading to one product antipode relative to the other 

(Figure 1.3).

Figure 1.3 Potential energy diagram for asymmetric catalysis

Chiral
A + B Cat. P

Egct uncatalysed

Reaction Coordinate

= AAG^® = Energy difference between transition states
leading to (R) and (S) products in the presence 
of a chiral catalyst.

The efficiency of the catalyst (from a stereochemical standpoint) can be directly

related to the AAG value: the larger this parameter is, the better is the activity of the



catalyst in terms of asymmetric induction. The whole process can be further improved 

by modulating the other physical parameters reported in equation 1.2: by lowering the 

temperature, the energy available to the system can be reduced, usually resulting in 

increased enantiomeric excess (ee). By bringing a confluence of factors to bear on the 

reaction it is often possible to lower the energy of the transition state leading to one 

enantiomer relative to the other to such an extent that the product is synthesised in 

almost enantiopure form (i.e. >99% ee).

1.2 Catalyst classincation

Asymmetric synthesis can be performed by several routes,'^ the more common of

these are listed below: 20

a) Enzyme-mediated catalysis

b) Catalytic antibodies, RNA/DNA and oligopeptides

c) Metal-ion mediated catalysis

d) Organocatalysts

The first two categories (a and b) include biocatalytic methods and are often 

characterised by poor application scope due to their exceptional substrate specificity.^*^ 

Synthetically derived catalysts, belonging to categories c) and d), present the 

significant advantage of being designable according to the reaction profile, so 

virtually no limits exist regarding their potential to catalyse a given reaction and they

offer the greater potential for general asymmetric synthesis. 21

1.2.1 Enzyme-mediated catalysis

Biological systems are complex and their survival and their efficiency is guaranteed 

through a large number of processes finely monitored and tuned at every step. Each 

reaction is performed only when it is necessary and in the presence of very specialised 

biocatalysts, also known as enzymes, aided by several co-factors.



Enzymes have the role of promoting highly selective reactions, often acting through a 

complicated and delicate equilibrium of weak interactions, such as hydrogen bonding. 

Van der Waals interactions and ionic attractions. However, the delicate interplay 

between these weak interactions - so carefully controlled in enzymatic catalyst 

systems - is very difficult to replicate in artificial catalyst systems.

Proteases cover approximately 2% of the total number of proteins present in all types 

of organisms. They have been hierarchically organised in families, depending on 

their common ancestors. Moreover, for every family, they have an identifier, 

according to the catalytic mechanism involved. Serine proteases are the largest group 

of peptidases and they are characterised by the presence of a serine residue in the 

active site. They are excreted by the pancreas and grouped in three general classes 

(chymotrypsin, trypsin and elastase) which have similar primary and tertiary 

structures.The catalytic action is based on the cooperation of a nucleophile, a 

general base and a general acid, also known as the “catalytic triad”, composed of 

serine, histidine and aspartate residues.

Scheme 1.2 illustrates this mechanism, in the first step, the peptide (which is 

activated by a hydrogen bond to serine-195) is attacked by the nucleophile (the serine- 

195 OH residue) on the carbonyl carbon atom. This process is facilitated by a general 

base catalysis, represented by the histidine/aspartate proton shuttle system (Scheme 

1.2, A).

The tetrahedral intermediate is stabilised by two hydrogen bonds from glycine-193 

and serine-195 to the carbonyl oxygen. The next step is the alcoholysis of the amide 

bond, with expulsion of the amine as leaving group, after its protonation by general 

acid catalysis from histidine-57 (Scheme 1.2, B).

The acyl-enzyme specifically binds the “oxyanion hole” through Van der Waals 

interactions and it is then hydrolysed by a water molecule (also catalysed by the 

enzyme via a similar mechanism) to regenerate the active site and release the final 

product (Scheme 1.2, C).



Scheme 1.2 Amide hydrolysis catalysed by serine protease through double H-
n

bonding and bifunctional catalysis.
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Asymmetric bifunctional catalysis has largely been inspired by the general strategies 

employed in this mechanism, in which the nucleophilic and the electrophilic 

counterparts of a reaction are simultaneously activated through weak, non-covalent 

interactions.

RNA catalysis has also been extensively investigated, especially in relation to the 

discovery in the early 1980s of catalytic RNA molecules also known as ribozymes. 

This catalytic RNA has been shown to be involved in several reactions, including 

RNA splicing and protein synthesis. This has gained a lot of attention, due to the

10



possibility of linking RNA catalytic activity with its well known ability of carrying
23genetic information.

1.2.2 Metal-ion catalysis

Inspired by these natural catalysts, many chemists have endeavoured to develop a 

variety of synthetic small-molecule catalysts, capable of achieving high levels of 

selectivity, in some cases approaching those observed in enzymatic reactions.

The biomimetic, simultaneous activation of both the nucleophile and the electrophile 

in a given reaction can be achieved by coupling a Lewis-acidic metal with a Lewis- 

basic group on the same molecule; if such a catalyst is chiral or if the process is 

carried out in a controlled asymmetric environment, it could be possible to mimic the 

active site of an enzyme. It is noteworthy that progress in this area has been 

bedevilled by the problem of self-quenching, i.e. the binding of the Lewis-acidic and 

Lewis-basic components to each other in preference to the substrate.

The employ of metal complexes for asymmetric catalysis started in the 1950s, leading 

to the discovery by Noyori, in 1980, of the ft/i-phosphine based ligand BINAP (2)
21 25(Figure 1.4), playing a key role in metal-ion catalysed asymmetric hydrogenation. ’ 

Figure 1.4 BINAP catalyst (2)

PPh2
PPh2

Since then, metal-based catalysis have continuously made progress, leading to the 

synthesis of bifunctional analogues, based on the Lewis acidic properties of metal

ions.

The exceptional activity and selectivity of such a bifunctional structure is ascribable 

to a lowering of the lowest unoccupied molecular orbital’s energy (LUMO) upon



coordination of a Lewis basic substrate heteroatom to the catalyst, thus activating the
26,27group towards a nucleophilic attack (Scheme 1.3).

Scheme 1.3 Electrophile activation by a metal-ion centre.

X
,A.

B

ML*

X = NR,0,S NuH 

B=basic group 
L =chiral ligand

-MLn

Nu
R-'

bY
XH ^

R^'

Nu

The main advantage of such a catalyst is the high adaptability: simple variations of the 

metal-ion (M), the general base (B), or the chiral ligand (L*) can dramatically alter the 

catalyst profile by modifying either its steric or electronic properties. On the other 

hand, several disadvantages may be associated with the use of strong Lewis acids: a) 

product inhibition due to non-specific binding; b) strong oxophilicity of some metal

ions (especially group 1 and II metals and the early transition metals), thus making the 

whole process highly air and moisture sensitive; c) limited functional group 

compatibility.^’^*

Nevertheless, metal-based catalysis is still a very promising field in the area of 

asymmetric synthesis, due to the exceptional activity and the high levels of stereo

induction achievable in well-designed systems.

1.2.3 Organocatalysis

29-31

Organocatalysts can be considered as a third major class of catalysts, besides the well 

established enzymes and metal complexes. Generally, they are low-molecular weight 

organic molecules that play the catalytic role without the need of a metal-ion.

therefore they can be considered as small molecule analogues of enzymes. 32
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They offer the advantages of being relatively easy to build and modify through 

standard methodologies, they are generally stable and safe to handle, due to their high 

functional group tolerance, and they are environmentally friendly in the main, in 

addition, they are usually designed to be air/moisture insensitive. Therefore, over the 

last ten years they have gained attention as potential powerful catalysts to complement
Q

metal-based systems for the preparation of optically pure molecules. A common 

strategy which underpins (or at least plays a role in) most asymmetric organocatalysis 

is the stabilisation of the transition state (TS) of the reaction through either hydrogen 

bonding or a degree of proton transfer. While such a catalytic system, also known as 

general acid catalysis (GAC), lacks the strong enthalpic substrate-binding ability 

associated with metal-ion based Lewis acid catalysis (often resulting in a lower 

turnover frequency (TOP)), this can, in some cases, be regarded as an advantage, 

since it allows for more specific substrate binding, thus reducing the problem of 

product inhibition.^

Nevertheless, even though organic chemists were conscious of the potential of 

organocatalysis for enantioselective synthesis since early 1970s, when the medicinal 

chemistry laboratories of Sobering AG and Hoffmann La Roche reported the use of L- 

proline (3) (Scheme 1.4, A) as an asymmetric catalyst for Robinson annulation, 

significant progress towards the development of asymmetric organocatalytic reactions 

has dramatically increased only over the last decade.* In 2001, Bahmanyar and Houk 

applied computational calculations to the competitive R,R- and S,S- transition 

structures in an effort to identify the origins of the enantioselectivity. Bicyclic chair 

transition structures with cA-ring junctures are diastereomeric and lead respectively to 

the S,S- and R,R- products (Scheme 1.4, The two transition structures differ

both in total energy and Ea. Several structural features are believed to contribute to 

these differences. The favored S,5-transition structure is derived from the anti

conformation of the enamine while the /?,/?-transition structure is derived from the 

.syn-conformation. A key feature of both structures is the hydrogen bond between the 

carboxy group and the acceptor (electrophilic) carbonyl. This interaction is a crucial 

component of the proline catalysis. Key differences in the two transition structures are 

the higher degree of planarity of the iminium bond (angle = 19° in S,S versus angle = 
31° inR,R) and a smaller separation of the positive and negative charge centers (2.4A 

in S,S and 3.4A in R,R).

13



Scheme 1.4 L-proline (3) catalysed Robinson annulation (A). Transition states 

leading to the observed stereoselectivity (B).

S,S-Transition State

COOH

d""
3 (3 mol%)

1. DMF, 20 °C
2. TsOH, CgHe

O

(R)-5
93% ee

/?,fl-Transition State

However, these efforts have been rewarded by the discovery of a number of classes of 

chiral organocatalysts capable of performing with high efficiency and stereoselectivity 
in a broad range of reactions."*’^’’

For example, chiral diol analogues have been used to promote Diels Alder and hetero 
Diels Alder reactions with excellent results (Scheme 1.5, A),^^ while binol-derivatives 

have shown to positively affect challenging reactions such as the Baylis-Hillman

process (Scheme 1.5, B and C). 36,37
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Scheme 1.5 Chiral diol-catalysed asymmetric transformations.
Reactants Product

TBSO. 
A

R

O

10

NTs
jJ

+

14

O

15

NHTsO
16(10mol%) ,

toluene/CPME,-15 “C ^
88-100%, 95-97% ee

17

The ability to donate more than one hydrogen bond has emerged as a crucial catalyst

property, making these catalysts a ‘privileged’^'' class, because of their ability to

catalyse mechanistically diverse reactions such as 1,2 and 1,4 additions, acyl-transfer
'1

and cycloaddition reactions. Figure 1.5 schematically represents the rigid double 

hydrogen bond activation of a carbonyl electrophile by guanidinium^^/ amidinium 

ions^^, diol'"' and (thio)urea classes of catalyst.
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Figure 1.5 Examples of double hydrogen bond activation of a carbonyl 

electrophile by various rigid catalyst frameworks.

Jorgensen's diol model

O O
I I

Corey's guanidinium ion catalysts (Y = NR2) 

Gobel's amidinium ion catalysts (Y = CR3)

I I

Y = NR2, CR3
'd

- Kelly's biphenyienediol 18 

-Schreiner's diaryithiourea catalyst 19a

C3H'3^7

F3C

1.3 Development of (thio)urea catalysts

As illustrated earlier in Section 1.2.3, hydrogen bond donor catalysts may offer many 

advantages related to the use of weak interactions over general acid catalysis, thus 

circumventing most of the problems associated with the use of strong protic acids 

such as protonation of the final product, leading to decomposition, epimerisation, 

polymerisation or inactivation of a ‘nucleophilic’ reaction component.'^' Hydrogen 

bond activation of the carbonyl group is one of the strategies employed by enzymes in 

biological systems, this inspired the use of Lewis acids capable of similar hydrogen 

bonding techniques in catalysis. Therefore, it is not surprising perhaps that general 

acid catalysis operating through hydrogen bonds has become an important 

methodology being employed in asymmetric organocatalysis.'^^"^'^
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1.3.1 A^,A^’-Diaryl(thio)urea development - historical perspective

The first total synthesis of urea was accomplished in 1828/^ however, urea 

derivatives were just considered as potential general acid catalysts only in 1988, 

thanks to the discovery, by Etter, that N,N’- diarylurea analogues such as 20 are able 

to co-crystallise with ketones through the donation of two hydrogen bonds to the 

carbonyl Lewis base (Figure 1.6), thereby making it obvious that the urea merely was 

a suitable structural backbone upon which catalysts deviced to donate two hydrogen 
bonds could be developed."^^

Figure 1.6
urea 20

Early examples of hydrogen bond activation of a carbonyl substrate by

\ / 
\ /\ / 
O

20

Since then, research in this field has made great strides: nowadays, ureas and 

thioureas are recognised as very useful templates for the construction of both mono- 

and bifunctional organocatalysts.'*^

In 1994, Curran et al. reported the first use of urea 21 to promote the allylation of 

cyclic a-sulfinyl radicals with allylbutylstannane.'*^ One year later, they found that 21 

could also catalyse the Claisen rearrangement of 22 to 23 (Scheme 1.6)."^* While the 

need for urea 21 in high loading in order to achieve satisfactory results rendered the 

methodology inefficient, the whole study was valuable in setting the basis for further 

developments in catalyst design by discovering the importance of including a m- 

electron-withdrawing substituent in the aromatic ring to augment the N-H acidity of 

the catalyst (and hence also its hydrogen-bond donating ability) without increasing the 

catalyst’s propensity to self associate (which would be expected if electron 

withdrawing groups incorporating C=0 or C=N moieties were used).
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Scheme 1.6 Claisen rearrangement catalysed by urea 21.

O
21 (too mol%) 

benzene-dg, 80 °C

22

ROOC

21, R = C8H 17

Q

COOR

OMe

23

Furthermore, to confirm the involvement of both urea protons in catalysis, they 

evaluated the performance of analogues 24 and 25 (Figure 1.7), lacking either one or 

both the N-H motif. It was found that both were uneffective catalysts in this reaction.

Figure 1.7 Urea 21 analogues 24 and 25, incapable of donating two hydrogen 

bonds
CFo

C8H17OOC COOC8H17

24

O

N Ph
I
H

Schreiner et al. demonstrated the ability of diarylthioureas 19a and 19b to promote 

Diels-Alder reactions between cyclopentadiene 26 and ci;^unsaturated carbonyl 

compounds in a fashion comparable to weak Lewis acids such as AICI3 and TiCU

(Scheme 1.7).49

Thioureas were preferred over their urea counterparts for a number of reasons 

including greater solubility in a range of solvents, ease of preparation and the 

inferiority of the thiocarbonyl group as a hydrogen-bond acceptor (compared to the 

carbonyl group) thereby reducing the problems of self-association. The hydrogen 

bond donor capability of the thiourea analogue was expected to be greater than that of

the urea, based upon their relative acidity (pKg thiourea = 21.0; pKa urea = 26.9). 50
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Scheme 1.7 Diels-Alder reactions between 27 and cyclopentadiene (26) promoted 

by diarylthioureas.

By using a combination of NMR spectroscopy, IR spectroscopy and ab initio 

calculations, they were able to demonstrate that catalyst 19a is able to H-bond to the 

substrate (a dienophile) in a complex structurally similar to the corresponding Lewis 

acid-substrate complex (Figure 1.8, A). In addition, they found that meta-CF^ groups 

are useful because of their remarkable electron withdrawing ability and their lack of 

Lewis-basicity (reducing the possibility of seif association), as shown by the 

superiority of tetra-substituted catalyst 19a over the others tested in the Diels-Alder 

reaction between cyclopentadiene and a series of a,y&-unsaturated aldehydes and 

ketones. The poor catalytic activity exhibited by either aliphatic amines, or simple 

anilines, or ort/jo-substituted diaryl(thio)ureas, further confirmed this hypothesis. In 

fact, thioureas either lacking electron-withdrawing groups (which increase N-H 

acidity and were proposed to also rigidify the catalyst if situated at the 3- or 5- 

position) or substituted at the 2-position of the aromatic ring (which hinders 

substrate/transition state binding) proved dramatically inferior catalysts in this process

(Figure 1.8, B). 51
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Figure 1.8 A: Hydrogen-bonding between the catalyst 19b and the dienophile 

(27); B: Observed meta substituent effect on 19a

FX

B
the electron-withdrawing CF3 
moieties have been 
postulated to rigidity the 
catalyst by polarising the 
adjacent H atoms, which in 
turn facilitates a H-bonding 
interaction with the S atom

rigidifying S-H interaction

CF3 ^ CF3 
H._.H

/u
I I
H H

19a

CFn

1.3.1.1 Summary of AA^’-diaryl(thio)urea catalyst applications.

Etter, Curran and Schreiner’s seminal work has been fundamental in evaluating the 

essential design features necessary for the development of hydrogen bond donor 

molecules as powerful catalysts. Their studies pointed to the A,A’-diarylthiourea 

backbone, which is more acidic, more soluble and more easily prepared than the 

analogous ureas. The choice of a second aromatic trifluoromethyl substituent in place 

of the ester group characteristic of Curran’s urea 21 was also important to prevent 

catalyst .self-association, thus leading to Schreiner’s thiourea 19a which has been 

utilised by several research groups to augment catalyst N-H acidity in subsequently

designed systems. 45

A,A’-diarylthiourea 19a has been shown to be an excellent catalyst for a plethora of 

synthetically useful reactions. A chronological summary of these advancements is 

reported in Scheme 1.8. Takemoto and co-workers exploited the Lewis acidity of 19a 

to catalyse the addition of cyanide ions or silyl ketene acetals to nitrones (Scheme 1.8, 

even though the reactions were significantly accelerated only in the presence of 

relatively high catalyst loadings.
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Friedel-Crafts type alkylation addition reactions could also be promoted by 19a: 

nitroolefins could be successfully added to a range of electron-rich aromatic and 

heteroaromatic systems, a reaction commonly catalysed by Y(0Tf)3.3H20,53

ScCOTOa^"* or Bi(OTf)3” (Scheme 1.8, B).55 56

Thiourea 19a was also efficiently employed in catalysing the acylcyanation of both 

aliphatic and aromatic aldimines (using acetyl cyanide as the cyanide source - Scheme 

1.8, C).^’ Moreover, acetalisations (Scheme 1.8, D),^* epoxide ring opening reactions 

(Scheme 1.8, E),^^ and the tetrahydropyranylation protection of alcohols (Scheme 1.8,

F)^° could be accelerated without the aid of any Bronsted or Lewis acid.

The catalytic reduction of imines could also be achieved, whereby stoichiometric 

amounts of the Hantzsch 1,4-dihydropyridine 48a were used as the hydrogen source 

(Scheme 1.8, G).^' Further studies on Claisen rearrangements have also recently been

carried out using 19a (Scheme 1.8, H).\ 62

More recently, Schreiner and co-workers reported an impressive cooperative catalysis 

between 19a and mandelic acid in the alcoholysis of epoxides (Scheme 1.8, and 

in 2008 Connon el al. utilised 19a in the synthesis of epoxides from sulfonium ylides

and aldehydes {i.e. the Johnson-Corey-Chaykovsky reaction).63b

21



Scheme 1.8 Examples of reactions catalysed by catalyst 19a.
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Scheme 1.8 continued

Reactants

19a (1.0 mol%)

mandelic acid, 
22 h, rt

52 (5 mmol) 53 (12.0 equiv.) 54

Yield Year

94% 2008

1.3.1.2 A^^’-diarylurea development: conclusions

The ability of N,A^-diaryl(thio)urea to accelerate reactions by stabilising developing 

negative charge at heteroatoms in the transition state of addition reactions coupled 

with their compatibility with basic functionality (thus allowing the possibility of 

bifunctional catalysis) made them a ‘privileged’ class of catalyst. Besides, they have 

proved to be stable, readily available (from corresponding iso(thio)cyanates) and 
environmentally friendly.

1.3.2 Chiral (thio)ureas as catalysts

Once the reliability of (thio)urea’s catalysis was well established, it was obvious that 

in order to increase the synthetic utility of these materials the synthesis and evaluation 

of a chiral version of this class of catalyst was required. The ready availability of 

enantiopure chiral building blocks (such as primary amines) from the chiral pool 

made this objective theoretically easy to realise. On the other hand, the ability of 

(thio)ureas to weakly bind their substrates can make the determination of the 

catalyst’s mode of action difficult to predict with accuracy in advance. In an achiral 

context, this can be considered a minor problem; however, in order to achieve 

stereocontrol over the reaction, acceleration of the process must be guaranteed {i.e. to 

ensure that the racemic background uncatalysed pathway is not competitive), along 

with the ability to anticipate and control the binding mode of the substrate/transition 

state to the catalyst to make asymmetric induction possible.
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In 1998 it was reported for the first time that a chiral thiourea derivative could induce 

a high level of stereocontrol in a chemical process. In the course of studies involving a 

combinatorial approach to the design of catalysts for the metal-ion-promoted 

asymmetric Strecker reaction, Jacobsen et al. made the startling observation that one 

particular chiral urea-derived ligand was able to promote the reaction with a higher 

degree of enantioselectivity in the absence of the metal ion. Further optimisation 

studies carried out by the group led them to the identification of 56a as an efficient 

and highly enantioselective catalyst for the addition of HCN to aromatic and aliphatic

A^-allyl amines (Scheme 1.9) 64

Scheme 1.9 Jacobsen’s thiourea Schiff base catalysts for the enantioselective 

Strecker reaction.

1. 56a (2 mol%)
HCN toluene, 24 h, -78 °C

55

(2.0 equiv.) 2. TFAA

Aside from the benefits associated with the discovery of an excellent protocol for the 

enantioselective synthesis of Strecker adducts, the development of catalysts such as 

56a represented a forward step into asymmetric synthesis: 1) it demonstrated that 

catalytic activity is not limited to the A^, A’-diaryl urea motif; and 2) it proved that 

(thio)urea derivatives incorporating chiral substituents are capable of transferring their 

stereochemical information to prochiral substrates in addition reactions.

A suite of chiral (thio)ureas structurally related to 56a was next prepared in order to 

further improve the process - to expand the reaction scope, achieve better
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stereoselectivity and to better understand the catalyst mechanism of action. 

Mechanistic and binding studies showed that (thio)urea catalysts reversibly bind the 

substrate (following a Michaelis-Menten kinetic behaviour), with a preference for the 

imine (Z)-isomer, through double hydrogen bond donation to the imine lone pair, in 

order to minimise any steric interaction between the catalyst and large imine 

substituents (Figure 1.9).^^'^^ The imine binds at 90° to the plane of the thiourea 

moiety. Binding occurs with orientation of the a-carbon of the imine away from the 

catalyst into the solvent. The A^-substituent resides on the top face (as drawn in Figure 

1.9) with the smaller ‘aldehydic’ hydrogen atom directed below the plane of the 

thiourea moiety (as drawn). This binding mode avoids a steric clash between either 

the a-carbon (and its substituents) or the A^-alkyl group with the catalyst’s tert-huty\ 

moiety. The nucleophile approaches over the catalyst cyclohexane ring to attack a 

single face of the bound imine.

Figure 1.9 Proposed binding mode of imines with the Jacobsen template

r'" = Large R group 
R®= Small R group

R^'

Thanks to this discovery, an optimised catalyst 56b (Scheme 1.10) could be designed 

and evaluated in an array of imine addition processes, including the asymmetric
68 69 70Mannich, imine hydrophosphonylation and aza-Baylis-Hilman reactions.
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Scheme 1.10 Thiourea catalyst 56b for the promotion of enantioselective aza-Baylis- 

Hillman reaction.

NOp
O

59

56b (10 mol%) 
xylenes, 36 h, 4 °C

,N~N 60(1.0equiv.)

Due to their lack of an aromatic ring at the thiourea, these A^-alkyl catalysts were 

predicted to be weaker hydrogen bond donors than the simpler N,N’- diarylthiourea 

prototype, and as a result a restricted reaction scope was expected. Observations were 

contrary to those predicted: chiral thioureas related to 56 proved to be highly effective 

in a broad range of enantioselective processes and they currently constitute one of the 

most generally applicable class of chiral H-bond donors. Interestingly, the 

diaminocyclohexane-derived Schiff base portion of the catalyst was not necessary for 

the enantioselective Mannich reaction. The simpler analogues 62 and 63 were 

synthesised and successfully applied to promote the asymmetric Pictet-Spengler,’’

acyl-Mannich^^ (62) and nitro-Mannich''’ (63) reactions (Scheme 1.11).73
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Scheme 1.11 Jacobsen’s thiourea-catalysed asymmetric Pictet-Spengler and nitro 

Mannich reactions.

AcCI (1.05 equiv.)
62 (10 mol%) 
2,6-lutidine

-78 °C —► 30 “C, EI2O

. Boc NO2 63 (10 mol%)

toluene, 4 °C, 
4A mol. sieves

66 67

Previous work carried out in our group^'* found that diarylureas, in conjunction with a 

basic (nucleophilic) tertiary amine, could catalyse the notoriously slow Baylis- 
Hillman reaction between methyl acrylate and aromatic aldehyde substrates (Scheme 

1.12).

Scheme 1.12 Baylis-Hillman reaction catalysed by 69.

The urea catalyst 69 is thought to stabilise the Zwitterionic ammonium intermediate 

via hydrogen bonding (Figure 1.10), which promotes the rate determining step of the 

reaction, Le. the addition of this intermediate to the aldehyde present.
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Figure 1.10 Binding mode of urea catalyst 69

CF,

hydrogen \ / \ 
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intermediate

69

P 60

Later, Nagasawa and co-workers demonstrated (supported by H' NMR experiments) 

that catalyst 19a could interact with both the cyclohexenone and aldehyde in a similar

Baylis-Hillman process (Figure 1.11). 75

Figure 1.11 Interaction between the substrates and the catalyst 19a during a Baylis- 
Hillman reaction.

\ /

lfS]73

CF,

O
A,Ph H 74

CF,

Ph' 

Ra'N

CFa

Based on this conjecture, they decided to modify the catalyst by introducing a second 

(thio)urea functionality connected by a chiral spacer, in order to accelerate the 

reaction and obtain the product stereoselectively. As expected, under optimised 

conditions, the chiral bis-thiomea catalyst 75 improved the reaction rate between the 

cyclohexenone 73 and a series of aromatic and aliphatic aldehydes. Furthermore,
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some enantioselectivity was found with aliphatic aldehydes, up to 90% ee in the case 

of cyclohexancarboxaldehyde 76 (Seheme 1.13).

Scheme 1.13 Baylis-Hillman reaction promoted by fe/i'-thiourea catalyst 75.

75 (40 mol%) 
neat, -5 °C, 72 h

76 N

77 (40 mol%)

The extraordinary functional group tolerance of the (thio)urea catalysts is noteworthy. 

This tolerance arises from their relatively weak binding with organic Lewis bases 

(such as alcohols and amines). While such a property was initially envisaged as a 

drawback - leading to a diminished activity relative to benchmark metal-ion-based 

catalysis - the concept of exploiting the high functional group tolerance of these 

catalysts by incorporating a Lewis basic nucleophile-activating functionality into the 

catalyst structure has recently begun to be explored.

1.3.3 Bifunctional asymmetric (thio)urea-based organocatalysts

Bifunctional catalysts generally act by simultaneously activating both the nucleophile 

and electrophile in a given reaction (mimicking natural enzymatic systems). Catalysts 

that could control the encounter between these reaction components hold much 

promise as potential promoters of asymmetric transformations. Chiral bifunctional 

(thio)urea derivatives have recently emerged as enantioseletcive catalysts for several 

organic transformations.Their ability to provide two or more hydrogen bonds to 

bind to oxygen atoms in ethers or carbonyl groups is well established.''^ '*^’^"^
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The vast majority of bifunctional catalyst systems are based upon a hybrid catalyst 

design strategy involving the design principles set out by Curran, Jacobsen and 

Schreiner (vide supra). The strategy involves the combination of readily tuneable 

aromatic functionality at one (thio)urea nitrogen atom, and chiral functionality (often 

Lewis basic) at the other. Representative bifunctional catalyst designs are illustrated 

in Figure 1.12.

Figure 1.12 Representative bifunctional catalyst designs

1.3.3.1 Asymmetric synthesis using (thio)urea organocatalysts

The first (thio)urea-based bifunctional catalyst reported was tertiary amine 79 (Figure 

1.12), which was capable of the efficient promotion of the addition of malonate esters 

to (3-nitrostyrenes with excellent enantioselectivity (Scheme 1.14, A).^^ After that, 

bifunctional catalysts designed based on Jacobsen’s original template^^ have found 

application in a vast range of enantioselective reactions including Michael addition

reactions,Baylis-Hillman reaction,'^ nitro-Mannich reactions,'® silylcyanation of75 78
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827Q sn ft 1ketones, dynamic kinetic resolutions, ’ stereoselective additions to nitroalkenes, 

addition of allylindium reagents to acylhydrazones*^ and desymmetrisation of meso-
anhydrides*"^ (see Scheme 1.14).
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Scheme 1.14 Bifunctional catalyst applications: examples.

Reactants Product
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1.3.3.2 Asymmetric (thio)ureas organocataiysts: conclusions

The general compatibility of (thio)urea catalysts with a range of Lewis-bases has 

allowed the development of bifunctional systems, which while adding an extra level 

of complexity to catalyst design, also provide new opportunities regarding not only 

the rate-enhancing simultaneous activation of the reaction by interaction with both the 

electrophile and the nucleophile, but also in terms of allowing greater control over the 

chiral environment in which they encounter one another.

1.4 Asymmetric reduction

1.4.1 Asymmetric reduction: background

Asymmetric catalysis, since its beginnings in the 1960s, has undoubtedly changed the 

approach chemists take to enantioselective chemical synthesis.Much effort has been 

put into developing this area, considering the large number of chiral biologically 

active compounds and also the fact that most physiological phenomena arise in a 

chiral environment. Enantioselective reduction of unsaturated compounds is certainly 
one of the most useful breakthroughs in asymmetric catalysis in both academic 

laboratories and large-scale industrial procedures.Hydrogen is indeed the most 

common substituent in either pharmaceutical or biologically active molecules bearing 
a stereogenic center.^ Since the 1960s, when Knowles and co-workers discovered that 

chiral Rh complex analogues of Wilkinson catalyst catalysed the hydrogenation of 

unsaturated carboxylic acids,^*’*^ much progress has been made in this field.

1.4.2 Organometallic catalysis of asymmetric reduction reactions

Currently, there are many examples in the literature reporting the use of metal 

catalysts surrounded by chiral ligands performing enantioselective reductions of 

unsaturated organic compounds.

In 1974 Noyori et al. began investigating the properties of BINAP (2), an axially 

chiral diphosphane, as a chiral ligand (Figure 1.4). They found its metal complexes to
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be highly effective in asymmetric reductions of a wide range of substrates such as 

tetrasubstituted olefins,^' functionalised^^’^^ and simple ketones,^"^ in addition to P- 

ketoesters (in the case of y9-ketoesters the reactions were performed following a 

dynamic kinetic resolution protocol).

BINAP-Ru” dicarboxylate complexes, for example, are excellent catalysts for 

asymmetric reduction of various functionalised olefins (Scheme 1.15),^'’^^’^^ which 

are a key step in the synthesis of a wide variety of pharmaceutical compounds (Figure

Scheme 1.15 Asymmetric hydrogenation of functionalised olefins catalysed by (5)- 

BINAP-Ru dicarboxylates.

H X)OOH

H CgHg
(S)-104
92% ee

(S)-103 (0.25 mol%)

Figure 1.13 Examples of molecules of biological interest prepared using a BINAP- 

Ru catalyst in the olefin-hydrogenation step

HgCO'

COOH

10599,100 107 101

Functionalised ketones could easily be reduced, by simply switching to halogen- 

containing BINAP-Ru" complexes (Scheme 1.16).^^’^°^
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Scheme 1.16 Asymmetric hydrogenation of functionalised ketones catalysed by (/?)- 

BENAP-Ru (109) dichloride complexes.

o o H2 (4 atm)

OCHq 100 °C, 6 h, degassed MeOH

108

RuClp

(fl)-109 (0.06 mol%)

OH O

OCH,

92% ee

Moreover, it was discovered by the same group that even simple ketones could be 
enantioselectively reduced by BrNAP/diamine-Ru" complexes (Scheme 1.17),^^’'°^ 

leading to the synthesis of a wide variety of chiral alcohols that are important 

intermediates for the production of many biologically active compounds (Figure

1.14)
103,104

Scheme 1.17 Asymmetric hydrogenation of simple ketones catalysed by (S)-BINAP- 

(5)-diamine-Ru (112) complexes.
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Figure 1.14 Examples of precursors of bioactive compounds prepared using a 
BINAP-diamine-Ru catalyst (ketone-hydrogenation step)'°^’'^

114 103,105

OH

115103,105 116104,106

Finally, the same group reported that [RuCl{(5',5)-YCH(C6H5)CH(C6H5)NH2}-(//- 

arene)] (Y= O, NTs) complexes and analogues catalyse asymmetric transfer 

hydrogenation of aromatic and acetylenic carbonyl compounds, by using a 2- 

propanol/alkaline-base system to give the corresponding (.S') chiral alcohols in high

enantiomeric purity (Scheme 1.18). 107

Scheme 1.18 Asymmetric transfer hydrogenation of acetylenic ketones catalysed by 

RuCl {(5, S)-NTsCH(C6H5)CH(C6H5)NH2 } -(mesytilene)].

In the late 1980s, Corey, Bakshi and Shibata synthesised oxaborolidine 120a (CBS 

catalyst. Figure 1.15), which was proved to be capable of reducing acetophenone with 

high enantioselectivity.’°^ This, together with its more stable methyl-substituted 

analogue 120b (Figure 1.15), was successfully applied to the enantioselective 

reduction of a wide range of substrates such as aryl, diaryl and dialkyl ketones, cyclic 

and acyclic a,y5-enones and a,y9-ynones (Scheme 1.19).'^
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Figure 1.15 Structure of the CBS catalyst and its methyl-substituted analogue

Scheme 1.19 CBS reduction of arylketones catalysed by (S)-120b.

More recently, Ikariya and co-workers reported the successful synthesis of optically 

active w-hydroxy ketones and anti 1,2-diols via asymmetric transfer hydrogenation of 

unsymmetrically substituted 1,2-diketones, by using (S,S)-118 (at high catalyst 
loadings), with high regio- and enantioselectivity (Scheme 1.20)."'^ Although 

enantiopure a-hydroxy ketones are useful building blocks for the synthesis of several 
interesting molecules,*'*""^ no other catalytic reduction systems had been reported 

previously, with the exception of enzymatic cases.""*

Scheme 1.20 Asymmetric hydrogenation of 1,2-diketones to a-hydroxyketones 

catalised by (S,S)-118.

(S,S)-118 (33 mol%)

2:1 (HC00H/N{C2H5)3) 
10 °C, 24 h
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1.4.3 Biocatalytic systems in asymmetric reduction

Although the use of metal-(ion) based catalysts has dramatically improved the

efficiency of organic synthesis in terms of reaction rate and selectivity, there are

several potential drawbacks associated with their use {i.e. product inhibition and the

strong oxophilicity of most of the catalytically useful metal ions, which requires the

exclusion of air/moisture from the reaction and limits functional groups/solvent

compatibility). The high chemo- and enantioselectivity of enzyme-catalysed

reductions are well documented in the literature.The advantages of biocatalytic

methods for the reduction of ketones over classical chemical reactions have been well

summarised by Faber and co-workers.''^ A considerable difficulty associated with the

exploitation of biocatalytic reduction in preparative chemistry has been the need for

the use of stoichiometric quantities of the expensive and significantly unstable (in

solution) NADH cofactor. In response to this challenge several approaches to cofactor

regeneration in preparative biooxidations/reductions'^" have been developed, the most

practical of which involve either a single (A, Figure 1.16)"^ '^' or binary (B, Figure 
1221.16) enzyme system using either isolated enzymes or whole cells.

Figure 1.16 Biocatalytic strategies for cofactor regeneration

o

o
0^0

A - Coupled Substrate

NAD(P)H NAD(PF

HO

B - Coupled Enzyme

jj Enzyme 1
A-^B -----------------------

NAD(P)H NAD(P)^

Additive
Enzyme 2

Additive-H2

Recently, Li and co-workers have reported the use of permeabilised cells as in vitro 

biocatalytic systems for enantioselective reduction of ketones with cofactor 

recycling.The method consists of coupling two different microorganisms, whose 

cytoplasmic membrane has been made permeable for NAD(P)H/NAD(P)'^ by
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controlled treatment with an organic solvent. The cofactor is initially added externally 

and then recycled in such a system whereby the two permeabilised organisms are 

utilised for the desired reduction and cofactor regeneration respectively (Figure 1.17). 

By using this approach they were able to reduce y?-ketoesters in high yields and 

enantioselectivities with a total turnover number of up to 98 for NADPH (Scheme 
1.21).

Figure 1.17 Coupled permeabilised microorgansms system for enantioselective 

bioreduction with cofactor recycling

Permeabilised Microorganism A

keto-reductase

NAD(P)H NAD(PF

Permeabilised Microorganism B

Glucose Gluconolactone

glucose dehydrogenase

NAD(P)^ NAD(P)H

Scheme 1.21 Enantioselective bioreduction of y9-ketoesters.

126

Pseudomonas sp. Tyr-FlO
(6.7 g/L)

B. subtilis BGSC 1A1
(27 g/L)

Glucose (55 mM)

Very recently, Truppo and co-workers developed a practical procedure for the 

enantioselective reduction of diaryl ketones by using isolated enzymes (from a library 

of commercially available ketoreductases, KREDs).'^'^ As illustrated below (Figure 

1.18), the enzyme requires NADPH cofactor, and this is recycled using glucose and 

glucose dehydrogenase (GDH). Their method proved to be efficient in the reduction 

of a wide range of substituted benzophenones and benzoylpyridine derivatives.
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affording the corresponding chiral alcohols in high yields and moderate to excellent 

enantioselectivities (Scheme 1.22).

Figure 1.18 KRED-Catalysed enantioselective diaryl ketone reduction
OHO,A, Ketoreductase

Ar^ -------------------------------- ► Ar^'^'^Ai^

NAD(P)H NAD(P)^

Gluconolactone Glucose

Glucose dehydrogenase

Scheme 1.22 Highly enantioselective bioreduction of diaryl ketones.

KRED (2.0 g/L)
THF, K3PO4 buffer (pH 7.0), 30 °C

GDH (20 g/L)

1.4.4 Organocatalysts for asymmetric reduction

The excellent activity/selectivity of enzymatic reductase systems has inspired the 

development of de-novo designed small organic molecules for biomimetic reduction

which can be categorised as being either chiral nicotinamide-based reagents 125-134 or

chiral NADH-analogue dependant organocatalysts. 135-140 Benchmark systems in the

former category of NADH models are reagents, capable of effecting highly 

enantioselective reduction of activated ketones at stoichiometric loadings in the 

presence of Mg^"^ ions (100 mol%) and are not regenerated. On the contrary, the 

second class of reductase mimic can promote efficient reductions of a,y9-unsturated

electrophilesand imines'"*' with impressive levels of stereoinduction at catalytic 

loadings (1-20 mol%) in the presence of stoichiometric amounts of an achiral 

Hantzsch dihydropyridine hydride donor 48 (Figure 1.19).

,141
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Figure 1.19 Structure of Hantzsch esters commonly used as hydride donors

OR

48a: R = Et 
48b: R = ;Bu

1.4.4.1 Asymmetric organocatalytic reductions by dihydropyridines

Synthetic dihydropyridines analogues of NADH were firstly used by Westheimer and 

Mauzerall to mediate direct hydride transfer.'"*^ They found that dyestuff 131 could 

successfully be reduced to its leuco-base 132 by 1-benzyldihydronicotinammide 

(BDNA, 130) in aqueous solvent (with the simultaneous formation of pyridinium ion 

130a) (Scheme 1.23).

Scheme 1.23 First reduction of dyestuff 131 to 132 promoted by BDNA 130.

In addition, they employed deuterium labelling experiments to prove that only a 4- 

deuterium analogue of BDNA was able to transfer deuterium to the product, while 

this was not the case when either a 2- or a 6-deuterated specie was used.
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Two years later, mechanistically studies carried out by Westheimer and co-workers on 

the reduction of thioketones allowed to exclude any influence of either molecular 

oxygen or common radical traps over the process, thus suggesting that the reaction 

proceeds through a synchronous hydride transfer mechanism.However, this would 

not explain the presence of intermediates along the reaction coordinate.''*^"''^^ Bruice 

et al. were able to partially clarify these controversial data by using quantum 

mechanical arguments.*'*’ However, the existence of radical intermediates in some 

dihydropyridines-mediated reductions has recently been confirmed, thus leaving the 

whole mechanism still unfolded.*'*^ Nevertheless, it is unambiguous that some 

reactions proceed through a stepwise hydride transfer (A, Figure 1.20), which is 

often kinetically similar to a synchronous hydride transfer (B, Figure 1.20).*'*’

Figure 1.20 Mechanism of reduction reactions mediated by NADH analogues

A - stepwise hydride transfer
O o,vH

N
I
R

NHo

e' transfer

O

transfer

N
I
R

O

NH,
e’ transfer

O

NHo

R

B - synchronous hydride transfer

NHp O

O
NHo OH

On the basis of Westheimer’s work, a wide array of substartes such as a,p-unsaturated 

electrophiles, imines, iminium ions, aldehydes and other functional groups could
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successfully be reduced by dihydropyridines in the absence of metal ions under either 

thermal or Brensted acid-catalysed conditions.''*^

1.4.4.2 Summary of asymmetric reductions by dihydropyridines

Once the ability of dihydropyridines as reducing agents has been well established, the 

next logical step was the design of chiral analogues, in order to achieve asymmetric 

induction. However, most efforts have only focused on designing chiral reagents for 

the metal-assisted reduction of activated carbonyl-based substrates.

For example, in 1997 Kanomata and co-workers reported the employ of the bicyclic 

dihydropyridine 133 in conjunction with Mg^”^ ions for the reduction of activated 

ketones such as a-keto ester 134 to afford (^)-ethyl mandelate (135) with good yields

and excellent enantioselectivity (Scheme 1.25). 150,151 While such artificial system

proved to be effective, it was not catalytic, since it required stoichiometric amounts of 

both the hydrogen source 133 and the metal ions (Mg^"^). Besides, the multistep 

synthesis of 133 was not a trivial process, thus making the whole methodology 

difficult to handle in a preparative context.

Scheme 1.25 Efficient asymmetric reduction of activated ketones promoted by the 

NADH mimic 133.

HO

The corresponding metal-free asymmetric processes have not been investigated until 

recent times, when the design of synthetic organocatalytic systems has been largely 

explored; scheme 1.26 outlines recent developments in this field. The first efficient 

highly enantioselective organocatalytic reduction of a,p-unsaturated aldehydes was
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reported by List’s group.They found that dihydropyridine 48a and catalytic 

amounts of simple ammonium salts such as 136 were sufficient to efficiently promote

the process (Scheme 1.26, A). 137

In 2005, Rueping and co-workers have been the first group to develop the 

enantioselective Brpnsted acid catalysed reduction of ketimines.'"" They found that 

chiral acids such as 139 could asymmetrically catalyse the hydrogenation of imines 

when Hantzsch esters were used as the hydrogen source. This afforded optically 

active amines in good to high yields and with good enantioselectivities (Scheme 1.26, 

B). The same group was able to exploit such a Brpnsted acid catalysis to bring about 

heterocycle reductions, leading to the synthesis of biologically relevant compounds

such as tetrahydroquinolines (Scheme 1.26, C). 152

A domino process, involving the use of both ‘iminium’ and ‘enamine’ type catalysis 

with chiral secondary amine promoters was designed by MacMillan et al. for the 

highly enantioselective reduction of enals (Scheme 1.26, while at the same time 

List group reported a similar strategy for an enantioselective reductive Michael 

cyclisation (Scheme 1.26,

More recently. List and co-workers were able to bring about the first organocatalytic 

asymmetric nitroolefin reduction reaction. Their methodology involves the activation 

of the nitroalkne substrate towards nucleophilic attack by the (thio)urea catalyst

(Scheme 1.26, F). 153
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Scheme 1.26 Dihydropyridine mediated asymmetric reduction reactions.

Reactants Product Yield ee

81%

OMe

82%

81%

84%

93% >99%

145

Q

1. 146 (7.5 mol%)
48b (1.2 equiv.)
CHCI3, 30 h,- 20 “C

2. 147 (5.0 equiv.)
148 (30 mol%) 
THF//PrOH, 12 h, -10°C

/
V'Nx>-

H

146

F
I

*TFA Ph02S S02Ph

147

149
81% 99% 

16:1 syn/anti

• HCI

148
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Scheme 1.26 continued

Reactants Product Yield ee

96%

15:1 anti/syn

97% 94%

The ability of dihydropyridines to reduce organic substrates is known since the 

1950’s, however, it took almost fifty years before the design of chiral metal-free 

organocatalyst systems gained attention. Since 2004, much progress has been made in 

this field, leading to the effective reduction of a variety of substrates such as a,p- 

unsaturated electrophiles and imines (including reductive amination of ketones). 

Nevertheless, either catalyst efficiency or substrate scope can be further improved. 

Especially, the asymmetric reduction of simple ketones to the corresponding alcohols 

is still a challenging target to achieve using current catalyst technology.

1.4.5 Synthesis of a-hydroxycarbonyl compounds via reduction

Optically active a-hydroxyketones are useful building blocks for the synthesis of 

biologically active compounds, natural products and medicines, as well as chiral 

auxiliaries or ligands for asymmetric synthesis.This important class of 

compounds has been prepared by means of oxidative'^^’'^* and nonoxidative'^^ '^ 

methods. Among these effective transformations, versatile methods include the 

enzymatic kinetic resolution of a-hydroxyketones'^^ and the asymmetric oxidation of 

enolates or enol ethers using a stoichiometric amount of chiral N- 

sulfonyloxoaziridines,'^^ (salen)Mn catalysts,'^* or Sharpless dihydroxylation
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1 ft"!catalysts. The asymmetric catalytic reduction of 1,2-diketones would be a 

promising approach, however, no practical reduction systems have been reported 

except for the enzymatic reduction systemsand the metal-based catalyst system 

reported by Ikariya and co-workers {vide supra). Moreover, no chemical methods 

have been reported to be effective in reducing benzils selectively to afford 

benzoins. The main difficulty associated with these substrates is the selective 

reduction of one carbonyl group, as both of them tend to react to afford diols.’^^ 

Finally, the selective reduction of unsymmetrically substituted benzils has been 

proved to be extremely difficult, since no catalytic systems as yet were able to 

discriminate between the two carbonyl units with high regioselectivity.

1.5 Cinchona alkaloids as bifunctional catalysts

In 1912, Bredig and Fiske reported one of the first example of asymmetric 

organocatalytic reaction. They found that quinine and quinidine were able to catalyse 

the addition of HCN to benzaldehyde affording the corresponding optically active 

cyanohydrins (although enantioselectivities achieved in most of these early examples 

were modest).Cinchona alkaloids are readily available and inexpensive, they exist 

as pseudocndLniiomtnc forms and possess a relatively rigid structure in which the 

Brpnsted basic and the Lewis acidic functionality are positioned in close proximity to 

each other in a well defined chiral environment.

1.5.1 Cinchona alkaloids: background

Wynberg’s pioneering work started by investigating the reaction between aromatic 

thiols and cyclic enones in the presence of cinchona alkaloids and modified 

derivatives as catalysts.An enantiomeric excess of 67% and a quantitative chemical 

yield resulted from the cinchonine (159) catalysed addition of p-rcrt-butylthiophenol 

(157) to 2-cyclohexen-l-one (156) (Scheme 1.27).
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Scheme 1.27 Natural and modified cinchona alkaloids utilised in Wynberg’s study.

SH
cat. (1 mol%)
benzene, rt

equiv.)

catalyst ee (%)

159 67 (S)
160 55 (S)
161 62 (R)
162 44 (R)
163 7(R)
164 4(R)

R = H cinchonine (159) R = H cinchonidine (161) acetylquinine (163) deoxycinchonidine (164)
R = OMe quinidine (160)R = OMe quinine (162)

Natural cinchona alkaloids proved to be superior to their derivatives modified at the 

C-9 position to be devoid of the hydrogen-bond donating hydroxyl group. This was 

interpreted in terms of a bifunctional mechanism involving the simultaneous 

activation of the cycloalkenone and the thiol by the hydroxyl and the amine groups of 

the catalyst respectively. The enantiomer formed in excess when using quinine and 

cinchonidine had the opposite absolute configuration to that obtained with quinidine 

and cinchonine as a result of the different stereochemical arrangement of the fi- 

hydroxy amine unit of these molecules, indicating again that these molecules operate 

via a bifunctional mechanism.

In view of the precedent set by Wynberg and the ready availability of cinchona 

alkaloid derivatives it is somewhat surprising that this field did not undergo 

immediate rapid growth. At turn of the millennium Hatakeyama et al. found that 

demethylation of the 6’-methoxy moiety made the catalyst a superior hydrogen bond 

donor when used as a promoter of enantioselective Baylis-Hillman reaction,while 

Deng and co-workers later demonstrated that readily accessible 6’-demethylated 

quinine/quinidine (and 9-0-arylated derivatives) could serve as more effective

promoters of asymmetric Michael addition processes than their parent alkaloids. 167
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1.5.2 (Thio)urea-substituted cinchona alkaloids catalysts

On the basis of Takemoto’s work on bifunctional thiourea organocatalyst 79 (see 

section 1.3.3.1), it was logical to think about the development of thiourea-substituted 

cinchona alkaloid catalysts (Figure 1.21, diagram taken from Ref. 168).'^®

Figure 1.21 (Thio)urea-modified cinchona alkaloid catalysts: design elements

C-9 stereocentre 
-synthetic route makes both 
diastereomers available; 
-orientation of the bifunctional 
components can be tuned

(Thio)urea W-aryl group 
-relatively unhindered 
(facilitates selective substrate 
binding orientation) 
-substitution (and hence 
pKg/binding ability) variable

Quinuclidine ring
-general base, activates the nucleophilic 
reaction component by 
deprotonation/nucleophilic catalysis 
-located in close proximity to the 
(thio)urea moiety
-variable absolute configuration at C-8

(Thio)urea moiety 
-can stabilise (facilitates 
developing negative charge 
in the is of addition reactions) 
-known to bind to a variety of 
Lewis-basic functional groups 
-relatively rigid (minimal 
entropy loss on binding) 
-variable Lewis-acidity 
(X = 0/S)

(Thio)urea-substituted cinchona alkaloids 81 and 165-169 (Figure 1.22) in particular 

have attracted much attention: substitution of the C-9 hydroxy group for a more acidic 

Lewis acid (thio)urea moiety enhances the hydrogen-bond-donating capacity of these 
materials'^^ and this binding ability can be easily modulated by substitution at the aryl 

(thio)urea moiety.
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Figure 1.22 Thiourea substituted cinchona alkaloids

CFo

165 X = S R = C2H3 
81 X = S R = C2H5

166 X = 0 R = C2H3

CF3

In 2005 Chen et al™ attempted the enantioselective Michael addition of thiophenol 

to a,p-unsaturated imide 170 catalysed by (thio)urea-substituted 9-^?p/-cinchonidine 

and 9-ep/-cinchomne 172 and 173. While the corresponding product could be 

obtained in high yield, catalysis was not satisfactory, leading to poor 

enantioselectivities (Scheme 1.28).

Scheme 1.28 The first thiourea-substituted cinchona alkaloid mediated catalysis.

Ph

O O
N^Ph

H
(1.1 equiv.)

cat. (10 mol%)
CFI2CI2 rt, 2 h, mol. sieves

170

CF3 F3C

F,C

SPh O O

H

171 99%

172

Sobs el investigated the use of these materials in the asymmetric addition of 

nitromethane to chalcones. Surprisingly, organocatalyst 169, the thiourea derivative of 

quinine with natural stereochemistry at C-9, exhibited no activity. However, the epi-
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thiourea catalyst 165 and its pseudoenantiomer 167 afforded promising results which 

could be further improved by using the hydroquinine derived catalyst 81: under 

optimum conditions adduct 175 is obtained in 96% enantiomeric excess and in almost 

quantitative yield (Scheme 1.29).

Scheme 1.29 Addition of nitromethane to chalcones.

O
Ph Ph

174

81(10mol%)

CH3N02(3 equiv.) 
PhMe, rt, 110 h

O
O2N

Ph" ' Ph

175 94%, 96% ee

Briefly after these results, our group'^^ reported the effect of configuration at C-9 and 

replacement of the urea moiety for the more acidic thiourea moiety on catalyst 

performances in the asymmetric Michael addition of dimethyl malonate to 

nitroolefins: 81 could promote the smooth transformation of 176 into 177 at very low 

catalyst loading (Scheme 1.30) under optimised conditions.

Scheme 1.30 Asymmetric Michael reaction at low catalyst loading.

NOp

176

81 (0.5 mol%)

CH2(C02Me)2 (2.0 equiv.) 
PhMe, 0 °C, 46 h

1.5.2.1 Asymmetric synthesis by (thio)urea-substituted cinchona alkaloid
organocatalysts

(Thio)urea-substituted cinchona alkaloid organocatalysts have proved to be able to 

catalyse a wide array of reaction classes. A selection of significant examples of 

reactions catalysed by (thio)urea-substituted cinchona alkaloids is outlined in Scheme 

1.31.
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Scheme 1.31 Bifunctional (thio)urea-substituted cinchona alkaloid catalysts 

applications.

Reactants

Br

NOp

178

NOp

1. 179 (1.05 equiv.) 81(2 mol %)
-30 5 h

2. HMPA, DBU (1.05 equiv.) 
rt, 24 h

167 (10 mol %) 
PhMe, -50 “C, 96 h

Ph

O O
A

188

185

NHCbz

jg + CH2(C02Bn)2 

189 (1.5 equiv.)

4 A mol sieves

165 (20 mol %)
PhMe, 22 °C 

CHO

SH
186 (1.5 equiv.)

165(1 mol%) 
1,2-DCE, rt, 1 h

167(10mol%)

CH2CI2, 0 °C, 20 h, 
CsOH(aq.) (1 equiv.)

Product

Br

Me02C
C02Me
NO2

180, 67%, >98% de, 47% ee

182, 80%, 93%ee

OH O O

AN' O

187, 90%, > 20:1 dr, 99% ee
S" '"Ph

NHCbz
C02Bn

COpBn
190, 88%, 92% ee

A further investigation of the catalysed addition of dimethylmalonate to nitro-olefins 

led our group to accomplish the first asymmetric Michael addition-cyclopropanation 

reaction (Scheme 1.31, Catalyst 81 promoted the asymmetric addition of

chlorodimethylmalonate 179 to nitroalkene 178 leading to the Michael adduct that 

could immediately be filtered off, dissolved in HMPA and added to DBU, thus 

affording the highly functionalised nitrocyclopropane 180 as a single diastereomer 

with moderate enantioselectivity.
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In 2007, Chen et al. first reported the use of catalyst 167 to activate the 

pronucleophile towards the Friedel-Crafts reaction between naphtols and nitroolefins. 

The relevance of their study relies on the fact that the nucleophilic counterpart is 

activated by the amine unit of the catalyst, but not at the atom forming a bond to the 

electrophile.'^"* Further optimisation, such as using the nitroalkene as the limiting 

reagent and lowering the temperature to -50 °C, allowed the authors to obtain good 

yields and enantioselectivities - ranging between 85 and 95% ee - across a range of 

aryl- and alkyl-substituted nitroalkene derivatives (Scheme 1.31, B).

Catalyst 165 could be successfully used to diastereo- and enantioselectively promote 

the cyclisation of o-acylphenol 183 to give 184, a precursor of the medicinally 

relevant flavanone, which could easily be obtained upon a subsequent acid catalysed 

/err-butyl ester deprotection/decarboxylation sequence (Scheme 1.31, C).'^^

A stereoselective tandem Michael-aldol sequence could also be catalysed by thiourea- 

derived cinchona alkaloid 165, as demonstrated by Wang and co-workers in the 

addition of oxazolidinone 185 to thiophenol 186 carried out in 1,2-dichloroethane, 

affording the cyclised product 187 with excellent yield and exceptionally high

stereocontrol over the formation of three new stereocentres (Scheme 1.31, D). 176

The efficiency of this class of catalyst was also evaluated in the Mannich reaction. In 

2006, Dixon and co-workers found catalyst 168 highly effective in terms of both 

product yields and stereoselectivities for the asymmetric addition of dicarbonyl 

pronucleophiles to protected aldimines, even though this procedure was incompatible 

with alkyl-substituted aldimines, due to their tautomerisation to the corresponding 

enamine derivatives under the reaction conditions.One year later, this problem was 

easily circumvented by Deng’s group: they found that the substrate could be 

generated in situ by the base-mediated elimination of HSOiAr from a-amido 

sulfones. Following this protocol, the Cbz-protected aliphatic aldimine 188 was 

generated and catalyst 167 could promote the asymmetric trapping by 

dibenzylmalonate, affording the desired product 190 in satisfactory yield and 

enantioselectivity (Scheme 1.31, E).
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1.5.2.2 Asymmetric (thio)urea cinchona alkaloid organocatalysts:
conclusions

Over the last four years, (thio)urea cinchona alkaloid-based organocatalysts ability has 

been demonstrated over a wide class of reactions, including 1,4- or 1,2-asymmetric 

additions. The main features associated with this class of organocatalysts are their 

ability to interact with both the nucleophilic and electrophilic reaction components 

simultaneously and in a chiral context, their ready availability from natural alkaloids, 

their ability to catalyse enantioselective processes at various temperatures (ranging 

from -78 to 75 °C). Nevertheless, the scope and utility of these materials has not been 

fully explored and these catalysts continue to hold much promise for future 

developments and improvements in the area of the organocatalysis.

1.6 Acylative kinetic resolution

lUPAC definition of kinetic resolution is: “The achievement of partial or complete 

resolution by virtue of unequal rates of reaction of the enantiomers in a racemate with

a chiral agent (reagent, catalyst, solvent, etc.)”. 179

As mentioned earlier (section 1.1), Pasteur’s pioneering work on the manual 

resolution of ammonium tartrate crystals laid the foundations of stereochemistry. In 

1858, he published a paper on the fermentation of racemic ammonium tartrate, where 

he reported the selective reaction of (25,35')-tartaric acid and the recovery of the 

previously unknown (2/?,3/?)-tartaric acid. This report represents the first enzymatic 
kinetic resolution performed in the laboratory. Further studies by Fischer'"* in 1890 as 

part of an investigation into the determination of the absolute configuration of sugars 

resulted in additional progress towards the utilisation of biological catalysts for the 

preparation of enantiopure molecules.

Over the last century, much progress has been made into the field of kinetic 

resolution. In fact, many chemists have been actively involved in the design and 

synthesis of synthetically useful chiral substrates for asymmetric induction. Although 

it may seem that enantioselective synthesis is the most efficient methodology
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currently available to obtain enantioenriched compounds, kinetic resolution offers the 

advantages of exploiting the ready availability of inexpensive racemates coupled with 

the easy application to virtually all chiral substrates, thus it can justifiably be regarded 

as a premier synthetic strategy by obtaining optically pure substrates.

1.6.1 General background and theoretical concepts

In a catalytic kinetic resolution each antipode of the substrate interacts with the chiral 

catalyst to form two diastereomeric transition states. Figure 1.23.

Figure 1.23 Rate constants of enantiomers in Kinetic Resolution

AAG^^ is the difference in activation energy between the transition states for the fast 

and slow [(S) and (R) respectively] reacting enantiomers. Its magnitude can be defined 

as the ratio of the rate constants for the reaction of the substrate enantiomers and it 

measures the selectivity factor of an asymmetric process quantified by kre\ (eq. 1.4).

^ = aag'^"
^slow (1.4)

Alternatively the selectivity factor or value can be determined using the 

enantiomeric excess of the recovered substrate (ee) (eq. 1.5a) or the enantiomeric 

excess of the product (ee’) (eq. 1.5b), achieved for a certain conversion, C i.e. \ee/(ee 

+ ee’)l
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s = ln[(l-C)(l-eg)]
ln[(l-C)(l+e^)] (1.5a)

ln[l-C(lW)]
\r\[\-C{\-ee')] (1.5b)

Where the enantiomerie excess {ee) is defined as the excess of one enantiomer over 

the other (eq. 1.6), with [/?] and [5] representing the concentrations of each antipode.

ee =-----------  X 100
(l^J+[5]) (1.6)

One of the advantages of kinetic resolution (KR) is that the substrate can be recovered 

with the required ee by setting the necessary conversion regardless of selectivity as in 

Figure 1.24, as opposed to asymmetric synthesis where product is recovered with 

constant ee. Moreover, if S is greater than 50, then significant amounts of 

enantioenriched product (>98% ee, 45% yield) can be obtained.

Figure 1.24 Plot of substrate ee vs. conversion for different S values. 181

A main disadvantage could arise when the conversion approaches 50%, due to the 

increasing concentration of the slower reacting enantiomer. This would determinate 

an increase of the rate of selectivity for the less reactive antipode (known as mass
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action). This problem can be overcome if there is an exceptionally large difference in 

rate constant between enantiomers.

Equation 1.5a assumes that first-order kinetics is followed with regards to substrate, 

however, this is not always the case. In fact, substrate kinetics can change over the 

course of a reaction,along with non-linear correlations between catalyst ee and 

product ee}^^ Therefore, A:rei should be calculated for more than one conversion to 

exclude any deviation from the standard kinetics. However, in this work ^rei values 

will be used for comparison of catalysts in kinetic resolution.

1.6.2 A brief introduction to the kinetic resolution of alcohols

In 1897, Frankland and Price reported the first catalytic kinetic resolution of a racemic 

alcohol. An excess of racemic amyl alcohol 191 was treated with (7?)-glyceric acid 

192 to form the two diastereomers glycerates 193 and 194. Subsequent saponification 
with BaOH (aq.), steam distillation and extraction with ether yielded (S)-191 with 

moderate e.e., without any further purification (Scheme 1.32).'^

Scheme 1.32 Resolution of (rac)-amyl alcohol.

O
HO' X OH + 

H bn

(«)-192 (rac)-191

BaOH (aqueous)

[afo = 0

O

nw 150°C, 8h HO X ^ 
° ^ H bH

193

'^'^(fl)-191 + (S)-191

[a]^^D = 'O-SS (after distillation)
pure(S)-191 [a]^^D = -4.85

HO
H OH

194
r

After 2 years, in 1899, Markwald and McKenzie reported the KR of mandelic acid by 

esterification with optically pure (-)-menthol'*^ which is often mentioned in literature

as the first non-enzymatic kinetic resolution. 185
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Shortly after, in 1903, the pig liver esterase (PLE) catalysed hydrolysis of mandelic 

esters was reported by Dakin.The importance of this study was that it demonstrated 

the differential rate of hydrolysis for the antipodes of the ester (Scheme 1.33).

Scheme 1.33 Kinetic resolution of mandelic ester analogues using Pig Liver Esterase 

(PLE).

5.8% conv., 25% (S)-196, [af°D +39.9 
99.8% conv, 0% (S)-196

Dakin discovered that different conversions of hydrolysed product could be obtained 

by simply varying the amounts of enzyme added. He realised that while partial 

hydrolysis liberated enantioenrichcd acid, no optically active product could be 

detected after complete conversion, thus concluding that differential rates of 

hydrolysis were involved for each antipode and, more importantly, that optically pure 

substrates could be obtained from inactive precursors.

Secondary alcohols, such as 5ec-phenylethanol (197) could also be resolved, using (-)- 
brucine (198), as reporetd by Wegler in 1932 (Scheme 1.34).’*^

Scheme 1.34 Resolution of 5cc-phenyl alcohol by (-)-brucine.

OH OH OAc

S = 3.5

(S)-199
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Although these first reports could sound promising, it was only after 60 years that KR 

was generally recognised as a powerful method for the resolution of racemic 

substrates, thanks to the advent of Sharpless’ kinetic resolution of racemic allylic

alcohols'*^ with a titanocene complex in 1981.

1.6.2.1 Enzyme-mediated catalysis

Enzymes are able to promote reactions with high chemo-, regio- and stereo

selectivity, which make them an important class of catalyst, as we stressed already 

(Section 1.2.1). Among them, lipases can be considered as the most versatile catalysts 

for KR. In fact, they are capable of promoting the resolution of a wide spectrum of 

non-natural substrates in the absence of a cofactor, both in aqueous or organic media.

CAL-B is a lipase obtained from Candidia antarctica capable of catalysing the 

resolution of P-lactams to afford enantiopure P-amino acids and unreacted P-lactam 

compounds, an important class of compound due to their relevance as medicinal 

scaffolds upon which several important antibiotic drug classes {e.g. penicillins and 

cephalosporins) can be constructed.

Figure 1.25 illustrates the mode of action of CAL-B: initially, Ser-105 is activated by 

the Histidine-imidazole residue (His 224), simultaneously. Gin-106 H-binds the amide 

carbonyl substrate to activate it towards nucleophilic attack (A). lin the following 

step, this tetrahedral intermediate will form the enzyme p-amino ester (B), which is 

subsequently hydrolysed to yield the p-amino acid via a similar general acid and base 

catalysis pathway.
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Figure 1.25 Mode of action of CAL-B mediated hydrolysis of P-lactam rings

40-Thr—O-H

H

H—N-Thr-40

H
'Gin- 106

40-Thr—O-H-, ,N-

224-His

,H Gln-106

,H

Asp-187

CAL-B exhibited excellent activity and selectivity profiles across a range of P-lactam 

substrates, some of the results of these experiments are outlined in Table 1.1.

Table 1.1 Selectivity of CAL-B for a range of substrates (200a-d).

v°>-NH

200a-d

O

Ol
200a

CAL-B
O COOH

H2O (1.0 equiv.; 
70 °C, /Pr20

ca:
200b

HN— r2 r2'^NH2

(1S,2fl)-200a-d (1B,2S)-201a-d

-NHCrl
200c 200d

Entry substrate time
(h)

conv.
(%)

P-lactam
(% ee)

P-amino acid
(% ee) S

1 200a 249 48 93 99 >200
2 200b 31 50 99 98 >200
3 200c 5 51 99 96 >200
4 200d 7 51 99 99 >200

Moreover, this enzyme could be successfully employed for resolving I-heteroaryl 
amines’^' along with their corresponding acetamides using ethyl acetate as acyl donor 

and di-Ao-propyl ether as solvent (Scheme 1.35).
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Scheme 1.35 CAL-B catalysed acylation of primary amines
O

hA
R'^Het Et0Ac/r'P'')20 p-^Het R'^Het

NH, CAL-B NH2

60 °C, 2-24 h
202a-d (S)-202a-d (f?)-203a-d

Yield: 29-48% Yield: 47-70% 
ee:61->99% ee: 40-98%

According to Kazlauskas’ rule,'^^ (which is based on the steric difference of the R 

groups attached to the chiral centre) the lipase selects only for the (/?)-enantiomer of 

202. The increased rigidity of the structure, provided by the introduction of a saturated 

six-membered ring fusing the amine and the hetero-aryl moiety, allowed to reach 

higher S values (up to >500). However, when the size of the cycloalkyl ring is 

increased, selectivities dramatically decrea.se. The (/?)-antipode of 202 can only be 

obtained under harsh conditions, i.e. hydrolysis of the acetamide (6N HCl, reflux).

1.6.2.2 Organocatalysed Kinetic Resolution

Enzymes (lipases and esterases) have traditionally been employed and indeed have set 

the benchmark for the promotion of enantioselective acyl transfer.However, over 

the last ten years, intensive interest has been focused on the development of non- 

enzymatic alternatives i.e. small chiral organic molecules that mimic enzymatic 

action. In this regard significant advancements have been made and chiral, Lewis 

basic, nucleophilic catalysts have emerged that rival and surpass (in certain cases) 

enzymes in terms of the range of substrate resolved and the selectivities achieved

upon acylation. 194

Kinetic resolution of secondary alcohols through acyl transfer reactions has largely 

been investigated, due to the ready availability of the racemic starting material, the
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inexpensive nature of acylating agents and the ease of separation of reactants and 

products. Moreover, the importance of enantiopure secondary alcohols from a 

synthetic point of view is highlighted by their versatility and their applicability in the

synthesis of natural products, chiral ligands and biologically active compounds. 193

The first organocatalysed acetylation of sec-alcohols dates to 1898, when Einhom and 

Hollandt reported the ability of pyridine to accelerate this process.The mechanism 

was not properly elucidated until 1970, when the hydrolysis of acetic anhydride in the

presence of pyridine was studied. 196

The reaction proceeds through the formation of an acetylpyridinium ion intermediate 

204 (Figure 1.26), followed by hydrolysis achieved by either the acetate anion or 

excess pyridine, in a general base fashion. The intermediate 204 is of higher energy 

than the anhydride and more susceptible to nucleophilic attack. As a consequeance, 

alcoholysis of 204 leading to the final product, will be much faster than alcoholysis of 

the original acylating agent (anhydride or acid chloride), thus making the whole 

process feasible under milder reaction conditions, preventing unwanted side reactions. 

The use of pyridine as a catalyst for acylation reaction has been limited by its poor 

activity towards less reactive substrates, such as hindered tertiary alcohols. To 

circumvent this problem, Steglich and Litvinenko developed 4-N,N- 

dimethylamnopyridine (DMAP) 77, a more reactive analogue of pyridine (Figure
1.26) .'^^ The high degree of nucleophilicity attributed to DMAP (77) is due to the 

dialkylamino group allowing resonance electron donation to the ring nitrogen, thereby 

stabilising the pyridinium ion formed upon attack on the electrophile, this stabilisation 

mode is not available in the case of pyridine or alkylated pyridine derivatives (Figure

1.26) .

Figure 1.26 Acetylpyridinium ion intermediate 204 vs DMAP cation 205

o

204
N

DMAP 77 COCH3

205

N
COCH3
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198The utility of 77 as a nucleophilic catalyst has found widespread application. 

Catalytic amounts of 77 could be employed to promote the acylation of a diverse 

array of sterically hindered secondary and tertiary alcohols. While the synthetic utility 

and commercial availability of 77 has been well established, leading to several 

thousand patents and papers pertaining to DMAP and its derivatives, it is surprising 

that the first examples of a chiral DMAP catalyst appeared as recently as 1996 when 

Vedejs'^^ and Fu^'* both independently reported chiral analogues of 77 that promoted 

asymmetric acyl transfer.

KR of secondary alcohols was accomplished by Vedejs using the first chiral DMAP 

based reagent 206. A range of alkyl aryl carbinols could be isolated with high ee and 

selectivity factors ranging from 12 to 53 (Scheme 1.36).'^^

Scheme 1.36 Acylation of .vec-alcohols catalysed by 206.

/ 206 (100 mol%) 
CHgClg, rt, 43 h

CbC
OH

207

CI3C OCOCI ZnCl2 (2.0 equiv.) Ar
PMP (3.0 equiv.) {ff)-207

59% ee
208

O

AAr
208
93% ee

S = 53

In the same year, Fu reported the synthesis of (71-heterocycle) FeCp complex 209a for
200a range of transformations including the KR of secondary alcohols with diketene. 

Further optimisation of the catalyst was achieved by increasing the steric environment 

around the ferrocene moiety, in order to promote a greater enantiodiscrimination. The 

use of the ferrocene moiety was an excellent choice on two fronts: firstly it was 

electron rich, increasing the nucleophilicity of the catalyst and counteracting the 

decrease in activity associated with fusing a cyclopentyl ring to 77; secondly, the 

steric environment is easily tuneable by modifying the steric bulk of the 

cyclopentadienyl rings. Selectivity was shown to increase upon substrate alkyl 

substitution, with maximum selectivity achieved for the r-butyl analogue. Subsequent 

optimisation studies found that reaction at 0 °C in r-amyl alcohol afforded greatest

selectivity using catalyst 209b (Scheme 1.37). 201
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Scheme 1.37 KR of 5ec-alcohol 210 catalysed by 209b.

210

o o

209b (2 mol%), NEtg, 
f-amyl alcohol, 0 °C

A OH

Ar'

S > 200

(«)-211
51% conv.

kx'
(S)-210, 99% ee

209a R = Me 
209b R = Ph

Further classes of alcohols were identified as suitable for resolution under these 

optimised conditions. While KR of propargylic alcohols generated moderate 

selectivities (S = 8-20),^*^^ allylic alcohols proved to be superior substrates (S = 5- 

107).^°^ Fu also accomplished the resolution of amines. The KR of these substrates 

had proved elusive due to the inherent nucleophilicity of the amines, with acylation 

occurring in the absence of catalyst. Resolution was carried out by the use of an O- 

acylated azalactone that would not react with the amine in an uncatalysed reaction. 

The acylative resolution of 212 promoted by 213 proceeded with synthetically useful 

selectivity (Scheme 1.38).^'*^

Scheme 1.38 Acylative resolution of amine promoted by 213.

2-naphthyl
212 214 215 5 = 27 213 R = Ph

‘Axially chiral’ analogues of 77 were firstly synthesised and evaluated by Spivey in 

1998.^*^^ After optimisation studies and further investigations catalyst 216 was finally 

prepared, which proved to effectively promote the KR of j'ec-alcohols such as 217,

with a selectivity factor of 25 (Scheme 1.39). 206
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Scheme 1.39 KR of ^ec-alcohol 217 catalysed by axially chiral catalyst 216.
O

OH O R' OH
(;-PrCO)20, NEtj

216 (1 mol%)

+
Ph ^

Ph'^

217 toluene, -78 °C, 9.5 h (S)-218,
86% ee

(ff)-217,
61% ee

Over the last decade, many chemists have focused on the design and synthesis of 

conceptually new catalysts to enable the kinetic resolution of a range of racemic 

substrates, sometimes approaching the levels of efficiency/selectivity normally 

associated with enzymes. However, there is still space for improvements, in order to 

solve some questions about the applicability of this kind of systems, such as substrate 

specificity, laborious catalyst syntheses (sometimes involving inefficient resolution 

steps) and catalyst instability. In fact, a variety of different organocatalysts is 

continuously emerging, including also structures not related to chiral analogues of 

DMAP (Scheme 1.40).

Catalyst 219, designed by Kim et was able to resolve a range of aryl-alkyl

alcohols with selectivity factor of 21 with the best substrate 220 (Scheme 1.40, A). 

The steric clash associated with C-3-substituted analogues of DMAP is here avoided 

and the presence of an axially chiral moiety increases the nucleophilicity of the 

catalyst, without compromising its catalytic potential.

908Levacher and co-workers prepared a novel catalyst (222) from commercially 

available 3-bromo-4-(dimethylamino)pyridine, which was able to carry out the 

acylation of 223 with modest selectivity at -78 °C (Scheme 1.40, B).

Alternative methods incorporating proline derivatives, phosphines, carbenes, 

imidazoles and biomimetic approaches have been investigated and successfully 

employed in the KR of primary, secondary and tertiary alcohols along with the 

desymmetrisation of meso-diols. Proline-derived catalysts 225 and 226, synthesised 

by Oriyama in 1998, were able to efficiently promote the KR of epimeric sec- 

alcohols, leading to extraordinarily high S factors (160-200; Scheme 1.40, C and

D). 209
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A chiral phosphine capable of catalysing asymmetric acylations was developed by 
Vedejs in 1996.^'° The next generation catalyst 228 and optimised conditions allowed 

for the acylation of methyl mesityl carbinol 229 in the presence of wo-butyric 

anhydride with exceptional enantiodiscrimination (S = 369) at -40 °C (Scheme 1.40,

E) 194

In 1998, a biomimetic catalytic system was developed by Miller et al., by 
incorporating an L-Histidine residue into a peptide framework.^" Further 

investigations - including the employ of kinetic studies, combinatorial methodologies 

and a fluorescence based assays - allowed the identification of the best combination of 

conditions and catalyst structure to obtain effective organocatalysed kinetic resolution 

of aryl alkyl carbinols. Therefore, octapeptide 230 (Figure 1.27) was identified as

being the most selective catalyst.212

Figure 1.27 Miller’s KR catalyst 230 
Me

, Ph t-BuOv,

O /-Pr
T" 'n-th
N=/ 230

OMe

Me

Prompted by Miller’s peptidic catalyst results, Isihara designed an artificial acylase 

(231) derived from L-histidine. The sulphonamide moiety had the function of acting 

as a H-bond donor, while high catalytic turnover was guaranteed by incorporating the 

substituted imidazole. KR of cyclopentyl diol 232 could be successfully 

accomplished, with a selectivity factor of 93 (Scheme 1.40, F).

Birman et al. initially reported a class of readily-modified acyl transfer catalysts based 

on 2,3-dihydroimidazo[l,2-a]pyridine, (DHIP).^*'* Two years later, inspired by the 

previous improvement of asymmetric induction achieved by fusing a phenyl ring to 

the catalyst framework and after further optimisation studies, 234 was synthesised, 

resulting in a two fold increase in selectivity. Aryl alkyl carbinols, such as 235, could 

successfully be resolved at 0 °C, in the presence of Na2S04 to prevent hydrolysis of

the acyl intermediate (Scheme 1.40, G). 215
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Scheme 1.40 Examples of KR of alcohols promoted by various organocatalysts.
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Over the last decade, our group has focused on the design and preparation of chiral 

organocatalysts, with the final aim of synthesising new molecules, specifically 

inexpensive and easily assembled catalysts for enantioselective reactions. Among 

those, kinetic resolution of secondary alcohols and similar enantioselective acyl- 

transfer processes have been intensively investigated and chiral analogues of DMAP 

have been prepared and subsequently evaluated. The results of these endeavours are

summarised in Scheme 1.41. 216-219
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Scheme 1.41 Chiral analogues of DMAP for the kinetic resolution of 5ec-alcohols.
OH ^^,-^\.,K\OCO/Pr

^ r MPt- /n R oniiiu \ I IaOCOAr CH2CI2, 16h,-78 °C
a

c

OCOAr OCOAr

(rac)-242

(/PrC0)20 (0.7 equiv.) 
NEta (0.8 equiv.)

CH2CI2, -78 °C

OCO/Pr
COaMeCO2M0

(S)-242 97% ee {ff)-244 55% ee

64% conv., S=13.1

AC2O (1.2 equiv.),
{rac)-237 NEt3(1.25 equiv.), PhMe, {1S,2R)-237 99% ee

(1S,2R)-237 93% ee
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In 2005, Connon group reported the synthesis of a new class of chiral 4-(pyrrolidine)- 

pyridine derivatives for the KR of a wide range of both aromatic and aliphatic sec- 

alcohols. For example, secondary alcohols as 237 or 240 could successfully be 

resolved by 238 with selectivity factors of 9.4 and 8.7 respectively (Scheme 1.41, A 

and DMAP-derivative 238 represented the first chiral 4-A^,A-

dialkylaminopyridine catalyst to synergistically employ both van der Waals (n) 

interactions and hydrogen bonding to allow remote chirality to exert stereochemical 

influence on an acylation reaction.

Optimisation studies were carried out in order to improve the efficiency of KR 

performed by this class of organocatalysts. These investigations led to the design of 

243, allowing our group to expand the scope of kinetic resolution to Baylis-Hillman 

reaction (BHR) adducts (Scheme 1.41,

Finally, our group proved that an organocatalyst such as 245 could be immobilised on 

magnetic nanoparticles without compromising its activity. Moreover, the resulting 

heterogeneous catalyst can be used under mild conditions - such as ambient 

temperature and low catalyst loading - and it proved to be reusable for several cycles, 
without a significant loss of activity (Scheme 1.41, D).^'^

1.6.3 Kinetic resolution of thiols

The KR of racemic secondary alcohols via enantioselective acylation has been 

extensively proven to be an effective methodology for the synthesis/isolation of the 

corresponding enantiopure molecules from racemates either by biological catalysts or 

by artificial organocatalysts.

While the KR of alcohols is now a mature and useful technology, perhaps surprisingly 

no analogous direct methods exist for the highly selective, direct catalytic KR of 

racemic thiols - despite the importance of thiols and organosulfur compounds in 

organic chemistry ’ and chemical biology. ’ ’ In fact, while enantioenriched

thiols can be synthesised from the corresponding alcohols, this simply makes one 

reliant on (and limited by) the availability of the desired alcohol substrate in 

enantiopure form. Moreover, particular difficulties can arise for the development of an
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organocatalytic enantioselective acylation protocol for thiol substrates relative to 

alcohols (e.g. ‘softer’ nucleophile, greater distanee between the reacting heteroatom 

and the stereocentre, and lower heteroatom pKa), as it is witnessed by the paucity of 

methodologies available for the catalytic asymmetric synthesis of enantioenriched 

thiols and for the KR of thiols in particular.

Baker’s yeast has been used to resolve a chiral thiol in the presence of glucose, 

however the resolved material was isolated in trace amounts only and with low

enantioselectivity. 225

To the best of our knowledge only two other reports have appeared coneeming the 

KR of thiols: Cesti et al. and Hult et al. have developed indirect methodologies 

based on lipase-catalysed transesterification of thioesters derived from racemic thiols 

- under optimal conditions the thiol products can be obtained with high 

enantioselectivity (up to 95% ee), however only three thioester substrates were 

resolved and the methodology required long reaction times (up to 200 h) and high 

mass loadings of the enzyme catalyst (Scheme 1.42). It is noteworthy that attempts to 

utilise one of the lipases to promote the direct acylative KR of thiols failed to produce
997enantioenriched products.

Scheme 1.42 Kinetic resolution of 1-phenylethanethiol 247 and the corresponding 

alcohol analogue.

r

Ph'

O

S
246

+ 217

(2.0 equiv)

O

Lipase^ ^ 

39 °C

Ph" 'S' 'M'e + Ph"^SH

(S)-246 (R)-247

Ph"^0' + Ph" 'OH

(fl)-248 (S)-217

In 2005, Nagao et al. reported the use of bifunctional chiral sulfonamide 249 for the 

highly enantioselective thiolysis of prochiral substrates, such as dicarboxylic 

anhydrides (Scheme 1.43).^^*
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Scheme 1.43 Enantioselective catalytic thiolysis of prochiral anhydride 250 by 249.

o.
'^SBn
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rt, 15 min ^ ^COOMe 

251 90%, 98% ee

On the basis of this report, our group demonstrated bifunctional thiourea-modified 

cinchona alkaloid organocatalysts such as 165 to be capable of catalysing the efficient 

and selective desymmetrisation of meso glutaric anhydrides with achiral alcohol and 

thiol^^^ nucleophiles at ambient temperature using low catalyst loadings (Scheme 

1.44).

Scheme 1.44 Desymmetrisation of me^o-anhydrides by thiolysis.
,0

-COSCy

252 ^

166 (2 mol%) 
CySH (5.0 equiv) 

MTBE, rt, 48 h
CO2H 

253 98%, 92% ee

In case of ring opening with thiols, significantly higher enantioselectivity was 

observed by using bulkier, secondary achiral thiols than with primary analogues. This 

led our group to postulate that if catalyst-nucleophile steric interactions play a 

significant role in determining the efficacy of the desymmetrisation process from a 

stereoselectivity standpoint, then these putative interactions could potentially also be 

utilised to discriminate between enantiomers of a racemic chiral thiol nucleophile.

1.7 Pyridinium salt-based catalysts

The controlled, enzyme-catalysed interconversion of pyridinium ions to the 

corresponding dihydropyridine compounds {i.e. NAD^ to NADH and vice versa) is a 

transformation key in all cellular life which underpins a multitude of biochemical
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218processes."" In biological systems the role of these species is primarily one of a 

stoichiometric cofactor, participants in a redox process to be oxidised or reduced by 

the substrate as required.

While synthetic dihydropyridines have been used as catalysts in redox processes in 

conjunction with stoichiometric co-reductants,^^° soluble Walkyl pyridinium ions 

have only been exploited as catalysts for electrochemical and photoinduced 

polymerisation processes,which in all likelihood involve redox in situ. However, it 

should be noted that catalysts/ionic liquids which incorporate A^-alkyl pyridinium ions 

for which no specific catalytic role has been identified for the pyridinium ring other

than as a polar/or electron deficient group have also been reported.232,233,234

This lack of documentation regarding the use of ^substituted pyridinium cations is 

largely due to the low redox potentials of those species. Nevertheless, attempts have 

been made to determine the alcohol dehydrogenase mode of action using pyridinium 

cations as NAD"^ models.

1.7.1 Pyridinium salt-based catalysts: background

In 1977, Shirra and Suckling reported that substituted benzyl alcohols could be 

oxidised by 3-substituted-A-heptylpyridinium such as 254a-c (Figure 1.28), affording 

the corresponding benzaldehyde products. However, 1,4-dihydropyridine products

could not be isolated. 235

Figure 1.28 Pyridinium cations catalysts for the oxidation of substituted benzyl 

alcohols
^^^^-^^C0N(CH2CH2)20 ^^:;v^S02N(CH2CH2)20 ^^^^^'-5^C0N(CH3)2

N+ N+ N.
n-C7Hi5 n-CyHis

254a 254b

N.
n-CyHis

254c 254d

Subsequent experiments based on deuterium exchange between CDsOLi/CDsOH and 

nicotinamide cation 254d (Figure 1.28) allowed to isolate the corresponding 1,4-
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dihydropyridine (DHP), but only as a mixture of 2-deuterio-and 6-deuterio-l ,4-DHP, 

while no deuterium was found to be incorporated into the 4-position. This suggested 

that the 1,4-DHP is not the primary hydride transfer product, thus making these

models not suitable for studying alcohol dehydrogenase reactions. 236

In 1985, Kano and co-workers investigated the spectroscopical behaviour of N- 

methylacridinium chloride 255 (MA^) in primary alcohols and they found that the 

absorption spectra were quite different from those in water, probably due to the
237formation of A-methyl-9-alkoxyacridanes (Figure 1.29).

Figure 1.29 Formation of A-methyl-9-alkoxyacridane from MA in alcohol

+ ROM.
Cl

+ HCI

In methanol the absorption bands associated with the starting material disappeared, 

while two new bands appeared, in agreement with that of a pure sample of A^-methyl- 

9-methoxyacridane. Similar behaviour was observed when the alcohol was changed to 

either ethanol or 1-propanol or 1-butanol. However, no formation of the alkoxy- 

derived product was detected in either more hindered alcohol, such as t-butanol or 

glycerol, as well as in acetonitrile or acetic acid.

More recently, Lu et al. reported the first oxidation of isopropanol (i-PrOH) via 

hydride transfer by MA"^. The study had also the merit of demonstrating that the 

hydride transfer is involved in the rate-determining step. Moreover, they found how 

the addition of a base such as K2CO3 could prevent the oxidation, since no MAH

could be detected after 20 h in the presence of the base (Scheme 1.45). 238
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Scheme 1.45 Oxidation of isopropanol to acetone catalysed by acridinium ion MA^

O

1.7.2 Acid-catalysed carbonyl protection reactions

Organic chemistry is often applied to the synthesis of new compounds, which are 

often molecules relevant for their pharmaceutical activity. Most of these products 

derive from nature and they can be artificially prepared through long processes, often 

involving multistep synthesis. One of the problems associated with multistep 

synthesis is chemoselectively reacting a group of a molecule when a more reactive 

one is present. A common way of circumventing it is to install a protecting group, 

which will be removed at the end of the whole process, without altering the rest of the 

molecule.

Carbonyl groups are very reactive towards nucleophilic attack, therefore over the 

years organic chemists have been looking for different methods to protect them either 

from nucleophiles or bases. Protecting reactions are usually acid-catalysed and an 

acidic hydrolysis is often required to remove the protection, thus rendering the 

methodology not suitable for acid-sensitive molecules.

A common way of protecting a carbonyl group is by making acetals. The reaction is 

acid-catalysed and it is usually quite slow, with an equilibrium constant smaller than 1 

(even lower when the carbonyl is a ketone). However, there are several techniques 

that can be used to prevent the hydrolysis of the product by the water produced in the 

reaction: for example, using an excess of reagents (alcohol or aldehyde; Figure 1.30, 

A) or adding molecular sieves (Figure 1.30, B).
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Figure 1.30 Common methodologies for the synthesis of acyclic acetals

O
X

R (or H)
+ R^OH (excess) R^O^OR^

iX + HoOR^ R (or H) ^

B O
X

R^ R (or H)
+ R^OH H"

mol. sieves

R^O^ /0r2
R^ R (or H)

A more elegant way of making acetals is by using orthoesters as a source of alcohol: 

ketones or aldehydes can undergo acetal exchange with the alcohol released from the 

orthoester by hydrolysis (Figure 1.31).

Figure 1.31 Synthesis of acyclic acetals from orthoesters

R^OO
R^'^R(orH)

256 257

OR^ 
H^OR^

ROM, R^O^OR^
R^^R(orH)

258

O
H'^OR^

259

As it has been mentioned earlier in this section, acetals can be hydrolysed by acids, 

but they are stable to base. Cyclic acetals are more resistant and they are easier to 

make, even from ketones. They can be synthesised by adding a diol to the carbonyl 

and an acid catalyst, such as /?ara-toluenesulfonic acid 260. Water can be easily 

removed by distillation (Scheme 1.46).

Scheme 1.46 Synthesis of eyclic acetals: the use of diols.

O o, o
260

261 HO^XOH 
heat, distillation

262

Thioacetals are another important class of protecting group for carbonyl moieties. 

They can be prepared by treatment of an aldehyde or a ketone with a thiol and an acid
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catalyst, usually a Lewis acid such as BF3. Cyclic thioacetals are easily made and they 

are more stable toward hydrolysis. Dithianes derive from 1,3-propanethiol and they 

are a quite important class of compounds in organic synthesis, since they allow to 

invert the polarity at the carbon atom - from the electrophilic C=0 to dithioacetals, 

whose corresponding anion is easily obtained through deprotonation and is
239nucleophilic at the same atom of carbon (Figure 1.32).

Figure 1.32 Formation of dithianes and inversion of the carbonyl carbon polarity

O

R

1) HS

H 2) BuLi
263

electrophilic
carbon

R Li
264

nucleophilic
carbon

All the methodologies illustrated above require either a protic or a Lewis acid catalyst, 

and the protecting group require either acidic hydrolysis (with Hg(II) salts in the case 

of dithianes and dithiolanes) or hydrogenation with Raney nickel to be removed, thus 

limiting their use to molecule not bearing any acid-labile functional group.

Acid-free catalytic acetalisations have been investigated, leading to interesting results. 

For example, Schreiner and co-workers reported the use of thiourea 19a for the acid- 

free acetalisation of either aldehydes or ketones (Scheme 1.47). Their method has 

proved to be successful with various aliphatic and aromatic substrates, even if the 

corresponding /j-toluenesulfonic acid-catalysed process was always faster by a factor 

of 4-5. However, the organocatalytic process remains an useful approach to acid- 

sensitive substrates.
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Scheme 1.47 Organocatalysed acetalisation of aldehydes by thiourea 19a.

HC(OEt)3 (2 equiv) 
EtOH, rt, 8h,

OEt 

OEt

70 CF,

F.X

CF., 265 86%

H H
19a

CF,

More recently, Fujioka et al. reported a mild and efficient method for the preparation 

of 0,0-mixed, 0,S- and M 0-acetals from symmetrical 0,0-acetals with 

soichiometric amount of the in situ generated pyridinium salt of 266 (Scheme 1.48).“'*'’

Scheme 1.48 Synthesis of 0,0-mixed acetal 268 from the 0,0-acetal 267.

OMe 

OEt
8

268 94%

266 (3.0 equiv)

The reaction requires mild basic conditions to proceed and can successfully be 

employed with many acid-sensitive compounds.
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Chapter 2.0

A reductase-mimicking thiourea 
organocatalyst

The aim of the following study was the design and the synthesis of conceptually novel 

chiral bifunctional organocatalysts for reduction of benzils to benzoins. This 

completely new class of bifunctional catalyst incorporates both a substrate activating 

(thio)urea moiety and an organic hydride donor, that could be both generated and 

recycled in situ by simple, chemical means. Such approach was inspired by natural 

enzymatic systems, which use NADH as a stoichiometric cofactor in conjunction with 

an enzyme catalyst. The first artificial keto-reductase capable of the reduction of 1,2- 

dicarbonyl compounds was therefore designed, with the added innovation of being 

recyclable when used in tandem with a cheap inorganic co-reductant. The readily 

available and inexpensive sodium dithionite (Na2S204) was assessed as a co-reductant 

for “cofactor” generation/recycling.
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2.1 A reductase-mimicking thiourea organocatalyst

The development of a completely new class of bifunctional organocatalyst was 

undertaken. The new designed catalyst incorporates the following features:

• A substrate-activating (thio)urea moiety (Figure 2.1, A)

• An organic hydride donor (Figure 2.1, C)

Such a catalyst system was an appealing challenge, as opposed to a binary catalyst 

system, i.e. Hantzsch ester and Mg^Vorganocatalyst (Section 1.4.4.2). It was 

postulated that such a strategy would allow for the maximum possible synergistic 

cooperation between the catalyst’s functional components and would facilitate control 

(in a catalyst design context) over the catalyst-substrate interaction. To make the 

proposed process veritably catalytic in all organic components, a conceptually novel 

artificial reductase system was developed, in which a NADH-model hydride donor 

could be both generated and recycled in situ by simple, chemical means (Figure 2.1). 

The idea was that a thiourea could be employed to activate the ketone electrophile 

(i.e. to stabilise the developing negative charge in the ‘hydride’ addition step) while a 

dihydropyridine unit could be utilised as the hydride source. If the relative positions 

of the two groups in the catalyst structure could be controlled, then their synergistic 

cooperation would reasonably be possible.

Such a process would generate a pyridinium ion by-product which would have to be 

recycled for the catalytic cycle to afford turnover. The use of a two phase aqueous- 

ether system was choosen, where ketone reduction occurs in the organic phase, the 

resulting pyridinium ion would preferentially dissolve in the aqueous phase, where it 

would be reduced back to the dihydropyridine, which would then re-enter the catalytic 

cycle in the organic phase.
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Figure 2.1 Catalytic artificial reductase with cofactor regeneration

2.1.1 Preliminary study on pyridinium salt reduction by sodium 

dithionite

A preliminary study was carried out on the reduction of the pyridinium salt 130a by 

sodium dithionite to evaluate the possibility of performing this reaction in a biphasic 

aqueous/organic solvent system. Following the standard procedure^'^' for the 

preparation of 1,4-dihydropyridines from alkyl pyridinium salts in water, the reaction 

was tested using ether as a co-solvent (H20/Et20 = 1:1). Under these conditions, 

sodium dithionite was still capable of cleanly reducing A-benzylnicotinamide (BNA, 

130a) in 3 h (Scheme 2.1).
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Scheme 2.1 BNA reduction by sodium dithionite in a biphasic solvent medium.

O

Na2S204 (2.5 equiv.) 
Na2C03 (2.0 equiv.)

1;1 (H20/Et20), rt, 3 h

BDNA 130
100% conversion

Further investigation allowed the optimisation of the process by degassing the water 

and by keeping the reaction in the dark.

At this point of our study, the use of (thio)ureas as catalysts capable of activating the 

substrate by H-bonding, seemed feasible.

2.1.2 Preliminary (thio)urea catalyst evaluation for the reduction of 
benzil to benzoin

With this in mind (thio)ureas 19a, 69, 269-270 and rac-\ ,2-trans-

diaminocyclohexane-derived (thio)ureas 75 and 271 (Figure 2.2) were prepared. Their 

performance as promoters of the hitherto unknown (in an organocatalytic context) 
reduction of benzil 272 to benzoin 273'^^’^"*^ was then evaluated both in the presence 

and absence (as appropriate) of substoichiometric amounts of 130a in a biphasic 

aqueous/organic solvent medium.
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Figure 2.2 (Thio)urea catalysts selected for this study

The reduction of 212 was initially performed using 20 mol% of 130a and an excess of 

sodium dithionite in a biphasic solvent medium (degassed water/ether = 2.5/1.0) and 

the results were compared to a control reaction, carried out in the absence of 130a 

(Table 2.1).

Table 2.1. Preliminary benzil (272) reduction tests.

Ph Ph
272

130a (0-20 mol%)
Q OH

Ph Ph
273

Na2S204 (2.5 equiv.) 
Na2C03 (2.0 equiv.) 

2.5:1 (H20/Et20), rt, 24 h

entry 130a (mol%) conversion (%)“

1 0 30
2 20 67

“Determined by HPLC.

Disappointingly, under these conditions the background reduction of 272 by sodium 

dithionite was too fast (Table 2.1, entry 1). In the attempt of circumventing this 

problem, either the organic/aqueous ratio was increased, or the amount of sodium 

dithionite was reduced, so that the reduction of 272 would have occurred more readily 

in the organic phase by the reduced form of BNA (130). These conditions were ideal
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for the minimisation of the background reaction by dithionite, while 130a was still 

able to slightly accelerate the reduction (Table 2.2, entries 1 and 2). (Thio)urea 

catalysts were therefore evaluated in combination with 130a: as summarised below 

(Table 2.2), this approach led to substantial improvements in reaction rate and 

efficiency (entries 3-8).

Table 2.2 Preliminary (thio)urea catalysts evaluation.

272

cat. (20 mol%)
130a (0-20 mol%)

273
Na2S204 (1.1 equiv.) 
Na2C03 (1.4 equiv.)

1:3 (H20/Et20), rt, 48 h

entry catalyst 130a (mol%) conversion (%)^

1 0 6
2 - 20 13
3 19a 20 29
4 69 20 35
5 269 20 40
6 270 20 36
7 75 20 21
8 271 20 40

“Determined using H NMR spectroscopy.

2.1.3 Optimisation of the reaction protocol: solvent screening

Although these results were quite promising, the high volatility of ether and the poor 

solubility of the benzoin 273 in the organic phase made monitoring the reaction more 

difficult. To obviate this problem, different solvents were screened, such as THF, 

CH2CI2 and MTBE. Unfortunately, no trace of 273 was detected when the reduction 

was performed either in THF or CH2CI2, while the high rate of the background 

reduction reaction occurring in MTBE discouraged any further attempts with this 

solvent.
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2.1.4 Synthesis of bifunctional (thio)urea catalysts 274 and 275

Encouraged by these preliminary results using binary catalyst system (i.e. separate 

(thio)urea and dihydropyridine catalysts), the synthesis of bifunctional catalysts 

274-275 (Figure 2.3), bearing both the (thio)urea functionality and the BNA 

analogue, was suddenly accomplished and these catalysts were then evaluated in 

the benzil reduction under the optimised conditions (Table 2.3).

Figure 2.3 (Thio)urea-based catalysts 274 and 275

The catalysts were prepared via a concise and straightforward route. The addition of 

racemic diamine 276 to the appropriate iso(thio)cyanate (277 or 278) afforded the 

mono-acylated products 279-280 which were then treated with nicotinoyl chloride 

hydrochloride (281) in presence of excess base to yield nicotinamides 282 and 283. 

The corresponding pyridinium salts (274 and 275) were then prepared by benzylation 

with benzyl bromide in acetone (Scheme 2.2).
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Scheme 2.2 Synthesis of bifunctional catalysts 274 and 275.

(rac)-276

FX

NCX

FoC

BnBr (1.5 equiv.) 

Acetone
F.Q

F,C

(rac)-282X = 0 78% 
(rac)-283 X = S 60%

(rac)-274 X = O; R = Bn 74% 
(rac)-275 X = S; R = Bn 78%

2.1.5 Evaluation of the catalysts: urea-hased catalyst 274 and thiourea- 
based catalyst 275

The bifunctional (thio)urea-based catalyst activity was then estimated in the reduction 

of 272 to 273. The results are presented in Table 2.3.

Table 2.3. Bifunctional catalysts evaluation.

cat. (20 mol%)
272

Na2S204 (1.1 equiv.) 
Na2C03 (1.4 equiv.)

1 ;3 (H20/Et20), rt, 48 h

273

“Determined by 'H NMR spectroscopy.

entry catalyst conversion (%)**

1 69 12
2 274 30
3 275 71
4 283 8
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Gratifingly, the most efficacious promoter of the reaction proved to be bifunctional 

thiourea-based pyridinium salt precatalyst 275, which was capable of bringing about 

the clean and chemoselective reduction of 272 in 48 h in high yield (Table 2.3, entry 

3).

2.1.6 Investigation into the mode of action of catalyst 275

The clear superiority of 275 over both its neutral precatalyst analogue 283 and BNA 

{130a) itself (Table 2.2, entry 2; Table 2.3, entries 3 and 4) clearly indicates that 275 

operates primarily via a bifunctional reduction mechanism - intramolecular hydride 

donation from the in situ generated hydropyridine moiety to the thiourea-bound 

diketone, and not thiourea-catalysed reduction of 275 by dithionite. This hypothesis is 

supported by the presence of the reduced form of BNA, 130, as the only heterocyclic 

species observable (by 'H NMR spectroscopy. Figure 2.4) in the organic phase of the 

reduction of 272 by BNA (Table 2.2, entry 2) and by the slow reaction rate observed 

when the reaction was performed using urea 69 in absence of BNA (Table 2.3, entry 

1).
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Figure 2.4 Reduction of benzil 272 to benzoin 273 by BNA (130a) in the presence of 

dithionite (t = 24 h): detection of the hydropyridine form of BNA (130) by 'H NMR 

spectroscopy.

2.1.7 Further optimisation of the catalyst: influence on the reactivity 

and on the reaction rate

Both reactivity and reaction rate could further be improved by reducing the steric 

hindrance of the catalyst. Therefore, catalyst 284 (Scheme 2.3) was synthesised and 

tested under the same conditions as 275.

Scheme 2.3 Synthesis of 2"'^ generation thiourea-based catalyst 284.
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Table 2.3. Bifunctional catalyst evaluation.

272
284 (5-20 mol%)

Na2S204 (1.1 equiv.) 
Na2C03 (1.4 equiv.) 

1:3 (H20/Et20), rt, 48 h

273

“Determined by H NMR spectroscopy.

entry catalyst loading 
(mol%) conversion (%)“

1 20 97
2 10 57
3 5 26

As predicted, catalyst 284 was more efficient than its benzylated analogue 275 and it 

was able to catalyse the reduction of our model-substrate (272) in 48 h (Table 2.3, 

entry 1). Unfortunately, use of catalyst loadings of < 20 mol% resulted in dramatically 

reduced reaction rates and conversion (Table 2.3, entries 2 and 3), probably due to 

progressive decomposition of the catalyst over time in the reaction medium.

2.1.8 Reaction scope

The efficiency of benchmark catalyst 284 in the reduction of benzil encouraged the 

investigation of the possible reaction scope. Further experimentation demonstrated 

that 284 is also effective in the reduction of a range of substituted benzils (285-290) of 

variable steric and electronic characteristics to the corresponding benzoins 291-296 in 

good to excellent yield at room temperature (Table 2.4). As expected, diketones 

bearing electron withdrawing substituents underwent faster reduction than less 

electrophilic analogues. Interestingly, this methodology could be used in the synthesis 

of an unsymmetrical hydroxyketone (Table 2.4, entry 5).
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Table 2.4 Reaction scope.

Ov P
Ar Ar'

284 (20 mol%)

Na2S204 (1.1 equiv.) 
Na2C03 (1.4 equiv.) 

1:3 (H20/Et20), rt

9-

Ar

OH

V

entry substrate product Time yield(h) (%r

OMe

285

OMe

291

48 96

48 77

72 60”

OMe
288 294

120 65”

96 78

96 72

“Isolated yield after chromatography. “Refers to conversion - no further conversion detected after 

extended reaction time.
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2.1.9 Reduction of other diketone substrates

Prompted by these encouraging results, the reduction of highly activated substrates, 

such as anthrenequinone (297), acenaphtenequinone (298), 1-phenyl-1,2-

propanedione (299) and methylphenylglyoxylate (300) (Figure 2.5), was next 

attempted. Unfortunately, these substrates underwent fast reduction in the absence of 

catalyst and thus their catalytic reduction was not investigated further.

Figure 2.4 Highly activated 1,2-dicarbonyl substrates

2.1.10 Synthesis of an enantiopure analogue of 275 and its use in
asymmetric ketone reduction

Finally, the ability of enantiopure catalyst analogues to promote asymmetric 

reductions was also evaluated. Enantiopure (R,R)-275 was prepared as reported for 

the racemic analogue, starting with (/?,/?)-rran5-l,2-cyclohexanediamine ({R,R)-276) 

that was resolved as per the general procedure outlined by Schanz et al. (Scheme

2.4). 243

Scheme 2.4 Resolution of (rac)-rranj'-1,2-cyclohexanediamine 276.

HO2C CO2H
M -

H2N NH2 Hd' OH

(rac)-276 (R,R)-30^ (0.5 equiv.)

MeOH/HjO (10:1) 
CH3COOH (1.3 equiv.)

reflux, 24h
NH3©
poP

®H3N 
©02G

HO OH 

{R,R)-302 salt 46%

HpN NH2

(S,S)-276

To determinate the optical purity, {R,R)-302 was derivatised with m-toluoyl chloride 

303 and analysed by HPLC (Scheme 2.5).
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Scheme 2.5 Derivatisation of (/?,/?)-302 for HPLC analyses.

COCI

(fl,fl)-302 salt 46% 303 (4.0 equiv

The synthesis of the enantiopure catalyst {R,R)-275 was then performed, following 

the benchmark procedure (Scheme 2.6).

Scheme 2.6 Synthesis of (R,R)-275.

CF,

F3C ^ N ^ H

FX

FX

(R,R)-2S0

BnBr (5.0 equiv.) 

Acetone

The results of the asymmetric reduction process are reported in Table 2.5.
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Table 2.5 Reduction of 272 by {R,R)-TI5.

Ph Ph

272

(R,R)-275 (20 mol%)
- K'

Na2S204 (2.5 equiv.) 
Na2C03 (2.0 equiv.) 
2.5:1 (H20/Et20), rt

Ph Ph
(fl)-273

entry run time (h) conversion (%)“* ee (%)"

1 1 20 15 9

2 2 15 29 25

3 3
1.......... ...........................

24
“K----------- :----TT—^

97 2

column (Chiralpack AD, 250 x 4.6 mm).

The data reported in the table clearly demonstrates the ability of the enantiopure 

catalyst to furnish (/?)-273 from 272 with moderate enantioselectivity (Table 2.5, 

entries 1 and 2), however, evaluating the potential of the system is complicated by 

product racemisation under the reaction conditions (Table 2.5, entries 2 and 3). 

Surprisingly, when this reaction was repeated under the optimised conditions reported 

in Table 2.3, only racemic 273 was detected, at both 5 and 75% conversion. It is 

noteworthy that, while the observed racemisation of the final product could be 

explained by a base catalysed enolisation of the hydroxyketone (273), however, the 

observed enantioselectivity, even if not efficient, could be a further evidence of the 

bifunctional nature of the catalyst and it would point to a mechanism mediated by a 

synchronous hydride transfer from the dihydropyridine moiety to the thiourea bound 

diketone.

2.1.11 Conclusions for Chapter 2

In summary, the first class of thiourea-based bifunctional organocatalyst has been 

developed. The catalyst incorporates a chiral NADH analogue-component which can 

efficiently promote hydride transfer to a 1,2-diketone electrophile at room temperature

without the need for a stoichiometric Lewis-acidic (Mg^"^) additive. The active
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catalyst acts as an artificial keto-reductase and it can be generated and recycled in situ 

using an inorganic co-reductant (sodium dithionite), thus allowing the organic 

‘hydrogen source’ to be employed at substoichiometric levels. Moreover, the catalyst 

(284) has proved to be effective in the reduction of a range of substituted benzils of 

variable steric and electronic characteristics to the corresponding benzoins in good to 

excellent yields. Finally, the ability of the enantiopure catalyst analogue i{R,R)~275) 

to promote asymmetric reduction of 272 was demonstrated, affording (R)-273 with 

moderate enantioselectivity, product racemisation was also observed under the 

reaction conditions. The results of control experiments, experiments using a binary 

catalyst system and the remarkable efficiency of catalysts such as 284 strongly 

support a bifunctional mode of action for materials such as 284, i.e. binding of the 

substrate by the thiourea and simultaneous reduction by the dihydropyridine (Figure 

2.5).

Figure 2.5 Highly activated 1,2-dicarbonyl substrates
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Chapter 3.0

Highly enantioselective 
desymmetrisation of anhydrides with 

concomitant scc-thiol kinetic 
resolution

The aim of the following study was the organocatalysed desymmetrisation of a meso- 

substrate with concomitant kinetic resolution of the racemic nucleophile. The catalyst 

was designed exploiting the cinchona-backbone and a sulphonamide moiety was 

choosen as hydrogen bond donor. The levels of enantioselectivity were expected to be 

high, due to a synergystic cooperation between the chiral catalyst, the racemic 

nucleophile and the meso acylative agent. The inexpensive 3-methyl glutaric 

anhydride was assessed as the electrophile component, which would be 

desymmetrised as the resolution progresses and can be later cleaved to afford 

enantioenriched products.
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3.1 Enantioselective desymmetrisation of anhydrides with 

concomitant scc-thiol kinetic resolution

Recently, Connon group demonstrated bifunctional thiourea-modified cinchona 

alkaloid organocatalysts to be capable of catalysing the efficient and selective 

desymmetrisation of meso glutaric anhydrides^'*'^’^'*^’^^^’^'*^ with achiral alcohol^^^'’ and 

thioP^^^ nucleophiles at ambient temperature using low catalyst loadings?"'*’^'*^ In case 

of ring opening with thiols, significantly higher enantioselectivity was observed using 

bulkier, secondary achiral thiols than with primary analogues.This led us to 

postulate that if catalyst-nucleophile steric interactions play a significant role in 

determining the efficacy of the desymmetrisation process from a stereoselectivity 

standpoint, then these putative interactions could potentially also be utilised to 

discriminate between enantiomers of a racemic chiral thiol nucleophile.

Therefore, the development of an organocatalytic process mediated by a single small- 

molecule catalyst, which would be able to desymmetrise an achiral electrophile while 

it simultaneously kinetically resolves a racemic nucleophile {i.e. a .yec-thiol substrate), 

was undertaken. To the best of our knowledge, this would be the first organocatalytic 

system for the direct efficient direct acylative kinetic resolution of 5ec-thiol substrates.

3.1.1 Difnculties associated with the synthesis of enantioenriched thiols

As mentioned before (see section 1.6.3, page 70), enantioenriched thiols can be 

obtained from the corresponding alcohols. A major limit correlated to this is the 

availability of the desired alcohol substrate in enantiopure form. In addition, care must 

be exercised^^'’ where a substrate (or its derivatives) is capable of racemisation, as it 

happened in the course of the preliminary studies. Before this study could begin, a 

sample of thiol 305 (Figure 3.1) in enantiopure form was required, so that both 

enantiomers of (rac)-305 could be unambiguously identified by CSP-HPLC analysis. 

Thus we took commercially available (/?)-!-phenyl-2-methyl-propanol ((/?)-306 

>99% ee) and subjected it to a sequence involving mesylation, substitution with 

thioacetate ion (dry acetone solvent, 65 °C) and deprotection with LiAlH4, which
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afforded (S)-305 in a substantially diminished enantiomeric excess of 84.5%, despite 

considerable care taken to avoid a competing SnI substitution pathway (Scheme 3.1).

Scheme 3.1 Synthesis of (S)-305 from enantiopure (/?)-306.

OH OSO2CH3

NEt3(1.24 equiv.) 
CH3SO2CI (1.12equiv.) 

CH2CI2, 0 °C, then rt, 12h

SCOCH3

(R)-306

LiAIH4 (1.05 equiv.) 

THF, 0 “C, then 70 °C, 1h

(fl)-307 80%

CH3COSK (1.9 equiv.)
acetone, 65 °C, 12 h

(S)-308 53%

SH

(S)-305 91% 84.5% ee

3.1.2 Enantioselective desymmetrisation of meso glutaric anhydride with 

an achiral thiol nucleophile: evaluation of bifunctional thiourea- 
modified cinchona alkaloid organocatalysts

Preliminary experiments were carried out to evaluate the acylative KR of the racemic 

i'cc-thiol 305 with glutaric anhydride (309) in the presence of bifunctional (thio)urea- 

derived organocatalysts 81 and 165-166, which we have demonstrated to be capable 

of promoting the addition of achiral alcohols to cyclic anhydrides.^^^^’*’

(rac)-305 was obtained by reducing the corresponding thioester (rflc)-308, which was 

synthesised from the corresponding alcohol (rac)-306 via a two step procedure 

involving initial activation of the hydroxyl function by conversion to the 

corresponding mesylate followed by displacement with the potassium salt of 

thioacetic acid in acetone; the synthesis of (rac)-l-phenyl-2-methyl-propanol (306) 

was accomplished by treating 2-methyl-propanale (310) with phenyl magnesium 

bromide (311), following a Grignard reaction protocol (Scheme 3.2). (Thio)urea- 

modified cinchona alkaloid catalysts (81, 165-166) were prepared by Mr Aldo 

Peschiulli.
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Scheme 3.2 Synthesis of (rac)-l-phenyl-2-methyl-propanthiol (305).

Results from these preliminary studies are summarised in Table 3.1.

Table 3.1 Kinetic resolution of thiol 305 with glutaric anhydrides 309.

SH SH
Ph

catalyst (5 mol%),* u MTBE, rt, 24h

S'"

i
CO2H

(rac)-305 309 (0.5 equiv.) (fl)-305 (S)-312

entry catalyst conv. (%)” ^^ester a (%) eCthiol (%)’’ S"

1 165 49 6.5 7 1.2

2 166 50 9 9 1.3

3 81 50 6 6
—:-- 1:---------------

1.2

or using CSP-HPLC, where conversion = 100 x eethio/(eethioi + ^^ihioesier)- '’Determined by 
CSP-HPLC of their o-nitrophenyl esters. ‘’S = selectivity factor (see section 1.6).

Initial results were far from encouraging, while acylation proceeded smoothly at low 

catalyst loading (5 mol%), nevertheless it resulted in products of low enantiomeric 

excess (Table 3.1, entries 1-3). The three catalysts tested could promote the KR with a 

very modest selectivity (S = 1.3, 9% ee at 50% conv., entry 2). While these results
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represented the first examples of direct catalytic asymmetric KR of a thiol, the 

selectivity achieved was not at a synthetically useful level.

3.1.3 2"** Generation bifunctional organocatalysts: sulfonamide-based 

cinchona alkaloid derivatives

In order to achieve better results, we prepared a different class of cinchona alkaloid 

derivative, whereby the (thio)urea moiety was substituted by a sulphonamide motif. 

Therefore, we choose to start the study with sulfonamide 313, previously designed by 

Song et for promoting the addition of achiral alcohols to cyclic anhydrides. 

Under the same conditions, catalyst 313 was able to promote the kinetic resolution of 

racemic thiol 305 by glutaric anhydride 309 with slightly better enantioselectivity and 

selectivity factor (13% ee at 50% conversion, S = 1.5; Scheme 3.3). Sulfonamide- 

based organocatalyst 313 was synthesised by Mr Aldo Peschiulli.

Scheme 3.3 Kinetic resolution of thiol 305 with glutaric anhydride 309, promoted by 

sulfonamide 313.
Ph

3.1.3.1 Optimisation of the KR protocol: solvent screening

In attempt of improving the KR protocol, we decided to vary the reaction parameters 

which usually play a key role in kinetic resolution processes. Therefore, we started by 

screening a few solvents: these experiments demonstrated that ethers were superior 

(Table 3.2, entries 1-3) and identified MTBE as the optimal solvent overall, although
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the KR of 305 was slower but more selective in THF (Table 3.2, entries 1 and 3). The 

reaction did not proceed in CH2CI2, leading to less than 20% conversion after 24 

hours (Table 3.2, entry 4).

Table 3.2 Kinetic resolution of thiol 305: solvent screening. 

SH
313(5mol%)

Ph

solvent, rt, 24h

S"

CO2H
(rac)-305 309 (0.5 equiv.) {B)-305 (S)-312

entry solvent conv. (%) ^^ester a (%) thiol (%)^ s”

1 MTBE 50 13 13 1.5

2 Et20 50 14 14 1.5

3 THF 39 27 17 2.1

4 CH2CI2 16 n.d. n.d.
—---- 1.......... ................

n.d.

or using CSP-HPLC, where conversion = lOO x eeuiio/(^^thioi + fi^thioester)- ‘’Determined by 
CSP-HPLC their o-nitrophenyl esters. ‘’S = selectivity factor (see section 1.6).

3.1.3.2 Optimisation of the KR protocol: acylative agent screening

Next, we attempted the KR reactions using 3-substituted achiral anhydride 

electrophiles 252 and 314-315. While this complicated matters considerably, as now 

control over the formation of four possible thioester diastereomers is required, we 

knew that organocatalytic, stereoselective additions of achiral nucleophiles to 3-

substituted glutaric anhydrides were possible228-229,244-249,251 and therefore posited that

the additional control associated with the catalyst guiding the nucleophile to a single 

prochiral face of the carbonyl group of the anhydride could result in improved 

potential for enantiodiscrimination of the thiol nucleophile. In addition, it allowed for 

the possibility of a conceptually novel type of catalytic process where both kinetic 

resolution and anhydride desymmetrisation occur simultaneously. Gratifyingly, this 

proved to be the case - use of anhydrides 252, 314-315 resulted in more 

enantioselective acylations (Table 3.3, entries 2-4), with methyl glutaric anhydride 

(252) proving optimal (Table 3.3, entry 3). Using this electrophile the resolved thiol
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could be isolated in 33% ee at 50% conversion (using 5 mol% of catalyst 313; Table 

3.3, entry 5), corresponding to S = 2.7. Furthermore, product esters 316a and 316b 

were both formed with excellent enantioselectivity (>90% ee) and with encouraging 

diastereocontrol dr; Table 3.3, entry 3). With respect to the anhydride, the

desymmetrisation aspect of the reaction was highly selective - the parameter eedesymm 

(Table 3.3) represents the percentage excess of products derived from attack of the 

thiol 305 at one prochiral anhydride carbonyl moiety over the other (i.e. the 

enantiomeric excess of the desymmetrised product if the combined thioester 

diastereomers were substituted by an achiral (non-hydroxide) nucleophile without 

racemisation).

Table 3.3 Kinetic resolution of thiol 305: acylating agent screening. 

SH

313 (5 mol%)

(rac)-305 MTBE, rt, 24 h

309 R = H 
252 R = Me
314 R = Ph
315 R = ABu

(0.5 equiv.)

312a R = H
316a R = Me (R,S) + (S,S) 
317a R = Ph (R,S) + (S,S) 
318a R = i-Bu (R,S) + (S,S)

312b R = H
316b R = Me (,R,R) + (S,R) 
317b R = Ph {R,R} +{S.R) 
318bR = /-Bu (R,R)+(S,R)

entry dr" ^^ester a (%) ^^ester b ( %*)
^^desym (%)*’’*' ^^thiol (%*) S'*

1 13 . _ 13 1.5

2 67:33 95 91 92 33 2.7

3 60:40 n.d. n.d. n.d. 26 2.3

4 n.d. n.d. n.d. n.d. 21 1.8
“Diastereomeric ratio = (316-318 (R,S) + e/it-316-318 (S,/?)):(316-318 (R,R) + e«r-316-318 iS,S)). 
’’Determined by CSP-HPLC. ‘’Desymmetrisation efficiency: the enantiomeric excess of the 
desymmetrised product if the combined thioester products were substituted by an achiral (non
hydroxide) nucleophile, calculated as 100 x [(316-318 {R,S) + 316-318 (R,R)) - (e/J<-316-318 (S,S) + 
eMf-316-318 (S,/?))] / [(316-318 (R,S) + 316-318 (R,R)) + (e/ir-316-318 (S,S) + ent-316-318 (S,/?))]. ‘’S 
= selectivity factor (see section 1.6).

The high efficiency of organocatalyst 313, under these optimised conditions, allowed 

us to lower the catalyst loading to 1 mol% without affecting neither the 

enantioselectivity nor the selectivity factor of the process (Scheme 3.4).
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Scheme 3.4 Kinetic resolution of thiol 305 using sulphonamide-based organocatalyst 

313 at a low loading.

SH

(rac)-305

252 (0.5 equiv.) 
313 (1 mol%)

MTBE, rt, 24 h

Ph

49% conversion 
dr = 67/33 S = 2.7

We prepared 3-phenyl glutaric anhydride (314) from 3-phenyl glutaric acid (319) 

(Scheme 3.5), while 3-/5o-butyl glutaric anhydride (315) was synthesised by Mr Aldo 

Peschiulli.

Scheme 3.5 Synthesis of 3-phenyl glutaric anhydride 314.

AC2O (10.0 equiv.)
HO2C y CO2H 

Ph

319

140 °C, 12h
O

314 52%

Unfortunately, neither anhydride 314 or 315 led to further improvements, with 

selectivity factors smaller than 2.5 and enantioselectivities on the thiol lower than 

30% (Table 3.3, entries 3 and 4). Moreover, the presence of a substituent bigger than 

the methyl group made the analyses more complicated - the corresponding adducts 

(317-318) were difficult to separate on HPLC columns. These results suggested that 

the methyl group on the three position was playing a crucial role. Therefore, we 

decided to use either 3,3-dimethyl-glutaric anhydride 320 (Scheme 3.6, A) - with a 

second methyl group on the three position - or succinic anhydride 321 - a five- 

membered ring cyclic anhydride (Scheme 3.6, B ).
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Scheme 3.6 Kinetic resolution of thiol 305 using 3,3-dimethyl glutaric anhydride 320 

(A) or succinic anhydride 321 (B).

SH SH
Ph

0^0 313 (5 mol%)

MTBE, rt, 24 h

r
(rac)-305 320 (0.5 equiv.)

* >C^^ ^COjH 

(n)-305 6.5%ee (S)-322 21.5%ee

23% conv. J
SH SH

,0 313(5mol%)

MTBE, rt, 24 h

HO2C

(rac)-305 321 (0.5 equiv.) (fl)-305 33%ee (S)-323 26%ee

59% conv. 
S = 2.3

While the second methyl group determined a dramatic decrease of the reaction rate 

(the conversion was only 23% after 24 hours; Scheme 3.6, A), the use of the succinic 

anhydride as the acylating agent did not result in improved selectivity (S = 2.3; 

Scheme 3.6, B).

In order to fully understand the reaction mechanism and the products distribution, we 

repeated the reaction twice using either the enantioenriched thiol (S)-305 or the 

racemic thiol (rac)-305 with 3-methyl glutaric anhydride (252) using achiral thiourea 

270 in the presence of triethylamine (Scheme 3.7). Interestingly, under these 

conditions the diastereoselectivity was reversed, with 316b as the major diastereomer, 

thus proving that the catalyst is able to fully control the attack of the thiol to a selected 

face of the anhydride.
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Scheme 3.7 Triethylamine catalysed acylation of thiol (5)-305 (A) or (rflc)-305 (B) 

using 3,3-dimethyl glutaric anhydride.

SH

{S)-305

SH

(rac)-305

252 (1.0 equiv.) 
NEts (1.2 equiv.) 

270 (5 mol%)

CH2CI2, rt, 12 h

252 (1.0 equiv.) 
NEts (1.2 equiv.) 

270 (5 mol%)

CH2CI2, rt, 12 h

Ph
S"

.<^0
^C02H

316b

Ph

Figure 3.1 illustrates the chromatogram of the thioesters 316a-b (derivatised as their 

o-nitrophenyl esters for analysis via CSP-HPLC, see section 5.3.9.3) from the reaction 

of 252 with (rac)-305 in the presence of triethylamine and an achiral thiourea (270) as 

catalysts. The chromatogram clearly identifies the enantiomeric relationship between 

the peaks at 16.2 and 23.1 min (316b and its enantiomer) and between those at 17.9 

min and 48.0 min (316a and its enantiomer).

Figure 3.1 Chromatogram of thioesters 316a-b from the achiral process

(ent)-316b



Figure 3.2 illustrates the chromatogram of the thioesters 316a-b (derivatised as their 

o-nitrophenyl esters for analysis via CSP-HPLC) from the reaction of (S)-305 (84.5% 

ee) with 252 in the presence of triethylamine and an achiral thiourea (270) as 

catalysts. The chromatogram clearly allows the identification of the major 

diastereomer 316a derived from attack of the enantioenriched thiol on a single 

prochiral carbonyl group to give (/?)-stereochemistry at the carbon chain. This is the 

sense of stereoinduction expected from previous work^^^ and confirmed by conversion 

of a mixture of thioester diastereomers derived from the addition of 335 to 252 

catalysed by 332 to a lactone of known configuration (Experiment carried out by Mr 

Aldo Peschiulli). The 84.5% ee relationship between the peaks at 16 and 42 min 

confirms the identity of ent-316a. Likewise, the larger of the two peaks associated 

with the 316b diastereomer must therefore be cnr-316b (i.e. with (5)-stereochemistry 

at the carbon bound to the sulphur atom).

Figure 3.2 Chromatogram of thioesters 316a-b derived from the reaction of the 

enantiorich (5)-305 with 252
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3.1.4 Generation bifunctional organocatalysts

Next the steric and electronic characteristics of the catalyst were systematically varied 

through the synthesis and evaluation of sulfonamides 324-327 (Figure 3.3).

Figure 3.3 Third generation bifunctional sulphonamide-based cinchona alkaloids 

derivatives

324 325 326 327

3.1.4.1 3"^** Generation bifunctional organocatalysts: synthesis

Sulfonamide-modified organocatalysts 324-327 were readily prepared by reacting 9- 

epi-QA’3HCl (328) - obtained from quinine 162 according to the literature'^^ - with 

the relevant sulfonyl chloride (329-331) in the presence of triethylamine (Scheme 

3.8). Pentafluorophenyl-sub.stituted organocatalyst 324 was prepared by Mr Aldo 

Peschiulli for this study.
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Scheme 3.8 Synthesis of the third generation catalysts 325-327.

1. DIAD (1.2 equiv.)
PPhs (1.2 equiv)
THF, 0 °C, 5min.

2. DPPA (1.2 equiv.) 
rl, 4 h, then 45 °C, 2 h

3. PPhs (1.2 equiv.)
'OH 45 °C, 2 h

4. H2O, 12 h

quinine 162

325 B = 4-CH3C6H4

NH2.3HCI

epi-QA 328 90%

62%
58%

327 B = 2,4,6-(CH3)3-C6H2 80%

BSO2CI (1.0 equiv.) 
NEt3 (4.5 equiv.)

CH2CI2, 0 °Cthen rt, 12 h

329 B = 4-CH3C6H4

330 B = CH3

331 B = 2,4,6-(CH3)3-C6H2

3.1.4.2 3"^^ Generation bifunctional organocatalysts: evaluation

While the electron deficient pentafluorophenyl-substituted catalyst 324 fared a little 

better than 313, less acidic analogues 325-327 respectively possessed enhanced 

selectivity profiles (Table 3.4, entries 1-5).
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Table 3.4 Kinetic resolution of thiol 305: 3'^'* generation organocatalysts evaluation.

SH

(rac)-305

cat (5 mol%) 
252 (0.5 equiv.)

MTBE, rt, 24h

SH

(/?)-305

Ph
S"

O
CO2H

316a

Ph

entry catalyst
conv.

(%r dr”
^^ester a ^^ester b

i%r
^^desym
(%)"’'*

^^thiol

i%r S*

1 313 50 67:33 95 91 92 33 2.7

2 324 49 70:30 97 87 94 41 3.9

3 325 47 73:27 97 93 96 41 4.0

4 326 48 75:25 95 84 92 44 4.3

5 327 44 79:21 97 90 96 45 5.6

CSP-HPLC, where conversion = 100 x ecthioiA^^thioi + ^fuiioester); the value of ecihioester was calculated 
using all four thioester stereoisomers. '’Diastereomeric ratio = (316-318 {R,S) + enr-316-318 
(S,/?)):(316-318 (R,R) + enr-316-318 (S,S)). ‘^Determined by CSP-HPLC. ‘^Desymmetrisation 
efficiency: the enantiomeric excess of the desymmetrised product if the combined thioester products 
were substituted by an achiral (non-hydroxide) nucleophile, calculated as 100 x [(316-318 {R,S) -(- 316- 
318 (R,R)) - (ertf-316-318 (S,S) + cnt-316-318 (S,R})] / [(316-318 (R,S) + 316-318 (/?,/?)) + (ent-316- 
318 {S,S) + ent-316-318 (S,/?))]. = selectivity factor (see section 1.6).

Given the superiority of the hindered promoter 327, it was decided to accentuate the 

steric bulk of the sulfonamide further via the synthesis of the novel catalyst 332 

(Scheme 3.9).

Scheme 3.9 Synthesis of the optimised catalysts 332.

epi-QA 328 CH2CI2, 0 °C then rt, 12 h
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Catalyst 332, which proved almost as active as 313, yet promoted the acylation with a 

synthetically useful KR selectivity of 8.5 (Table 3.5, entry 1). To further optimise the 

reaction conditions, we lowered the temperature: at 0 °C, the catalyst could still 

promote the KR of 305 with high enantioselectivity and excellent selectivity factor, 

even though with a lower conversion (58% ee at 43% conversion, S = 13.6; Table 3.5, 

entry 2). In a kinetic resolution protocol, the enantiomeric excess of the recovered 

starting material can be increased by pushing the conversion over 50%. In order to 

achieve a better selectivity for the thiol, we therefore decided to push the conversion 

by increasing the loadings of both the catalyst and the acylating anhydride. 

Gratifingly, these conditions were ideal to obtain the desired enantioenriched thiol 

with 93% ee at 62% conversion (Table 3.5, entry 3). Encouraged by these results, we 

further lowered the temperature to -30 °C: under these conditions, the KR of thiol 305 

could be realised with outstanding selectivity (S = 25.5) - allowing the isolation of 

resolved (/f)-305 in 90% ee at 54% conversion, along with ester 316a (formed as the 

major diastereomer, 89:11 dr) in 98% ee, with an excellent attendant eedesymm of 96% 

(Table 3.5, entry 4).

109



Table 3.5 Kinetic resolution of thiol 305 catalysed by sulfonamide 332.
Ph

SH §H
332 (5-10 mol%)

252 (0.5-0,75 equiv.)

(fac)-305 MTBE

S"

(R)-305

O
COjH

316a 316b

entry catalyst
T

rc)
conv.

(%y dr** ^^ester a

i%r
^^ester b

i%y
^^desym ^^thiol

(%r S"

1 5 mol% rt 48 89:11 95 68 90 60 8.5

2" 5 mol% 0 43 89:11 98 78 96 58 13.6

3" 10 mol% 0 62 79:21 95 90 94 93 11.6

4'’ 10 mol% -30 54 89:11 98 84 96 90
—:—rrr

25.5

spectroscopy or using C.SP-HPLC, where conversion = lOO x eethioi/(cethioi + ce^joesier); the value of 
^’^thioester was Calculated using all four thioester stereoisomers. ‘*Diastereomeric ratio = (316-318 (R,S) + 
e«r-316-318 (S,/?)):(316-318 (R,R) + ent-316-318 (S,S)). "Determined by CSP-HPLC.
^Desymmetrisation efficiency: the enantiomeric excess of the desymmetrised product if the combined 
thioester products were substituted by an achiral (non-hydroxide) nucleophile, calculated as 100 x 
[(316-318 (R,S) + 316-318 (R,R)) - (cnt-316-318 (S,S) -h e«f-316-318 (S,R))] / [(316-318 (R,S) + 316- 
318 (R,R)) + (ent-316-318 (S,S) -i- e«/-316-318 (S,/?))]. ®S = selectivity factor (see section 1.6).

Thus, under optimum conditions 332 is capable of mediating a completely 

unprecedented type of catalytic process: the highly efficient and selective KR of a 

substrate class previously outside the orbit of direct enantioselective catalytic 

acylation, with the simultaneous desymmetrisation of a synthetically useful class of 

inexpensive achiral anhydride acylating agent - also with excellent enantioselectivity.

3.1.5 Reaction scope

Attention now turned to the question of substrate scope. Racemic thiol substrates 333- 

341 (Figure 3.2) were synthesised for said purpose.
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Figure 3.2 Racemic thiols substrates 333-341 prepared for this study

(rac)-333 (,rac)-334 (rac)-335

,SH

(rac)-338 (rac)-339

SH

Cl

(rac)-336

(rac)-340

SH

(rac)-341

Secondary thiol 333 was obtained from the corresponding thioester 342 by reaction 

with LiAlH4 in anhydrous THF. Thioester 342 was made from the corresponding 

alcohol (343) via a modification of the Mitsunobu protocol described by Volante
252(Scheme 3.10).

Scheme 3.10 Synthesis of (rac)-l-phenyletanthiol (333).

OH

(fac>343

SCOCHo

PPh3 (2.0 equiv.) 
DEAD (2.0 equiv.)

CH3COSH (2.0 equiv. 
THF,rt,13h

SH

LiAIH4 (1.05 equiv.]

THF, 0 °C, then 70 °C, 1 h 
(rac)-342 75% (rac)-333 86%

Racemic thiol substrates 334-341 were synthesised by Mr Aldo Peschiulli for ths 

study. The KR of substrates 333-335 with 3-methyl glutaric anhydride 252 proceeded 

smoothly under the optimised conditions: it was found that variation of the steric bulk 

of the aliphatic substituent is well tolerated by the catalyst - for example, -Me, -Et, - 

‘Pr and -'Bu derivatives of benzyl mercaptan (i.e. 305 and 333-335; Table 3.6, entries 

1-4) could be resolved with excellent selectivity (up to S > 50), resulting in the 

isolation of the unreacted thiol with >90% ee at ca. 50% conversion. A strong 

correlation between increasing aliphatic substituent bulk and selectivity was observed; 

however it is noteworthy that even the challenging substrate 333 (where the steric
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discrepancy between the two carbon-based substituents is smallest) could be resolved 

with synthetically useful selectivity (Table 3.6, entry 2).

Table 3.6 Kinetic resolution of thiol catalysed by sulfonamide 333: reaction scope.
R

SH SH

332 (10mol%) 
252 (0,75 equiv.)

MTBE, -30 °C

(rac)-333 R = Me 
(rac)-334 R = Et 
(rac)-305 R = i-Px 
(rac)-335 R = f-Bu

R

(fl)-333 R = Me 
(fl)-334 R = Et 
(/?)-305 R = i-Px 
(/7)-335 R = f-Bu

O
COgH

entry substrate time (h)
conversion

(%)“

ee

{%f
S'

1

SH

c/" 68 63 97 14.5

333

lA 56 91 19.0

3

334
SH

CrV 68 54 90 25.5

4^

305
SH

Cr^ 96 52 94 51.5

335
It, 

CSP-HPLC, where conversion = 100 x cet),jo|/(eethioi + s^ihioesier); the value of ccuiioester was calculated 
using all four thioester stereoisomers. '^Determined by CSP-HPLC. = selectivity factor (see section 
1.6). ‘'Reaction carried out by Mr Peschiulli.

Next, we investigated the aromatic moiety. Variation of the characteristics of the 

aromatic substituent produced interesting results - substitution in the para-position
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either slightly reduces or has no impact on enantioselectivity (336-338, Table 3.7, 

entries 1-3), while steric bulk at the ort/zo-position dramatically improved the KR; in 

optimum cases this resulted in levels of enantiodiscrimination (S » 100) more 

usually associated with the enzymatic KR of alcohols (339-341, Table 3.7, entries 4- 

8).
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Table 3.7 Kinetic resolution of thiol catalysed by sulfonamide 332: variation of the 

aromatic ring substituent.

332 (10 mol%) 
252 (0,75 equiv.)

MTBE, -30 “C

(rac)-336 A=C= H; B = Cl 
(rac)-337 A=C= H; B = OMe 
(rac)-340 A= Me; B=C= H; 
(rac)-341 A=B=C= Me

(ff)-336 A=C= H; B = Cl 
(fi)-337 A=C= H; B = OMe 
(/?)-340 A= Me; B=C= H; 
(/?)-341 A=B=C= Me

(rac)-338

332(10mol%) 
252 (0,75 equiv.)

MTBE, -30 “C

332 (10 mol%) 
252 (0,75 equiv.)

MTBE, -30 °C

(rac)-339

SH

(fl)-338

(fl)-339

entry substrate
time

(b)
conversion (%)®

ee

(%)”
8*=

I'* 336 72 65 95 10.7

2" 337 120 56 87 15.0

3 338 74 58 82 9.7

4^ 338 72 45 59 11.8

5 339 96 51 90 36.6

340 48 50 95 (94)® 126.0
yd 341 48 50 98 (96)® 265.0

8d,h 341 48 43 75 (98)®
TTTTTTTTI- - - - - - - - - T"

275.0

CSP-HPLC, where conversion = 100 x ee^M/iee^M + ecthioesier); the value of eethioester was calculated 
using all four thioester stereoisomers. '’Determined by CSP-HPLC. ‘’S = selectivity factor (see section 
1.6). ‘'Reaction carried out by Mr Peschiulli. “0.90 equiv. of anhydride 252 were used. 'Reaction at -40 
‘’C. ®Value in parenthesis refers to the ee of the thiol obtained after deprotection via cleavage of the 
combined thioester products. ''Reaction at -45 °C.
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3.1.6 Conclusions for Chapter 3

In conclusion we have developed the novel sulfonamide catalyst 332, which promotes 

the highly enantioselective (S > 10) direct acylative KR of a ^ec-thiols for the first 

time, allowing their isolation in >90% ee at ca. 50% conversion. Under optimum 

conditions at low catalyst loadings the selectivity (kfast/ksiow) of these processes is in 

the range of 50 - 275, thus using the artificial catalyst 332 it is possible to achieve 

levels of enantiodiscrimination more usually associated with acylative KR by 

biological catalysts, using a substrate class not hitherto demonstrated to be generally 

amenable to enzyme-mediated direct acylative KR. In addition, the thiol-KR is 

accompanied by an unprecedented (and synergistic) simultaneous desymmetrisation 

of an achiral anhydride electrophile - which occurs with excellent levels of 

enantioselectivity on a par with those associated with the best anhydride 

desymmetrisation methodologies in the literature.

By analogy with both earlier work from Oda^^^*’ and more recent computational 

studies concerning the alcoholysis of anhydrides with catalyst 313 by Song and 

colleagues^^^*’ it has been proposed that catalyst 332 operates through a bifunctional 

mechanism in which stabilisation of developing positive charge on the thiol sulphur 

atom and developing negative charge on the anhydride carbonyl moiety undergoing 

nucleophilic attack is mediated by the basic quinuclidine ring and the hydrogen-bond- 

donating sulphonamide moiety, respectively. It is interesting to note that the less 

acidic .scc-phenylethanol (the alcohol analogue of 333) did not open anhydride 252 in 

the presence of 332, which would strongly support a considerable degree of proton 

transfer to the quinuclidine ring in the rate-determining transition state of these 

reactions.

In acylative KR processes the role of the acylating agent is generally to a) allow the 

catalyst to discriminate between substrate enantiomers based on their relative rates 

reaction with it and b) facilitate the physical separation of the substrate enantiomers 

resolved in the reaction. As such, the acyl group is usually cleaved (by 

hydrolysis/reduction) from the ester product after separation from the unreacted 

substrate enantiomer and discarded. In the process disclosed herein the inexpensive.
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achiral acylating agent not only performs the traditional role of allowing physical 

separation of resolved substrate enantiomers; it also undergoes a transformation in a 

stereocontrolled fashion during the KR and can be cleaved to afford products of high 

added value with excellent product yield and enantioselectivity. This catalytic 

desymmetrisation of an electrophile while it kinetically resolves a nucleophile is, to 

the best of our knowledge, a hitherto unreported phenomenon which possesses 

excellent potential as a tool to considerably improve upon both the synthetic utility 

and atom economy of acylative KR processes.
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Chapter 4.0

Aprotic pyridinium ions as active 
and recyclable Brpnsted acid 

catalysts in protic media

The aim of the following study was the investigation of the observed acetalisation of 

benzaldehyde in methanol, catalysed by simple pyridinium ions at room temperature. 

The main feature associated to this process is the fact that the pyridinium ion in 

question is aprotic and thus Brpnsted acid catalysis initially seemed unlikely to occur. 

Further investigations were carried out, in order to establish the influence of the steric 

and the electronic characteristics on the catalytic behaviour of related pyridinium ions, 

thus leading to the design of a highly active catalyst.
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4.1 Aprotic pyridinium ions as active and recyclable Brpnsted 

acid catalysts in protic media

As mentioned before (Section 1.2), the use of metal-(ion) based catalysts has 

dramatically improved the efficiency of organic synthesis in terms of reaction rate and 

selectivity, however, there are several potential drawbacks associated with their use 

(i.e. product inhibition and the strong oxophilicity of most of the catalytically useful 

metal ions, which requires the exclusion of air/moisture from the reaction and limits 

functional groups/solvent compatibility). The controlled, enzyme-catalysed 

interconversion of pyridinium ions to the corresponding dihydropyridine compounds 

{i.e. NAD"^ to NADH and vice versa) is a key transformation in all cellular life which 

underpins a multitude of biochemical processes.In biological systems the role of 

these species is primarily one of a stoichiometric cofactor - participants in a redox 

process to be oxidised or reduced by the substrate as required. We were therefore 

quite surprised to observe in the course of a research program focused on the design 

of artificial ketoreductase catalysts (Section 2.0) that the simple nicotinamide-derived 

pyridinium ion 130a appeared to catalyse the conversion of benzaldehyde (70) to its 

dimethyl acetal 342 in methanolic solution in the absence of any discernible 

uncatalysed process (Scheme 4.1).
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Scheme 4.1 Catalysis by a pyridinium ion: initial observation and possible modes of 

action.

342
catalysed: 23%, uncatalysed: 0% ^

While synthetic dihydropyridines have been used as catalysts in redox processes in 

conjunction with stoichiometric co-reductants (Section 1.4.41),^^° we are not aware of 

examples of the explicit use of soluble A^-alkyl pyridinium ions in a truly catalytic 

capacity^^^'^^'^’^^^’^^*’^^^ save in electrochemical and photoinudced polymerisation 

processes, - which in all likelyhood involve redox in situ - pyridinium ionic liquid 

solvents have also recently been shown to facilitate photoinduced electron-transfer 

processes.We were naturally intrigued at the highly unusual observed (albeit 

inefficient) catalysis and were accordingly encouraged to investigate the phenomenon 

further. A literature survey identified two possible candidates for catalyst mode of 

action - firstly based on X-ray diffraction data Park et al?^^ postulated that in the 

oxidation of glyceraldehyde catalysed by glyceraldehyde-3-phosphate dehydrogenase 

{E. Coli), an ionic attraction between the NAD"^ pyridinium nitrogen and the oxyanion 

derived from attack on the substrate by Cysl49 was responsible for the stabilisation of 

the tetrahedral intermediate (Scheme 4.2, A). It is noteworthy that this mode of action 

is not compatible with the more usual stabilisation of the oxyanion by hydrogen 

bonding in the ‘oxyanin hole’ postulated as being key in several serine/cysteine 

proteases. Thus it is possible, if not entirely plausible outside the rigidly controlled 

environment of an enzyme active site, that such an interaction^^^ could play a role in 

the acetalisation, while a catalysis mode involving hydrogen bonding mediated by the 

primary amide moiety was considered unlikely in methanolic solvent. The second 

candidate is an unprecedented variant of Brpnsted acid catalysis. Kano ’ reported 

that the A-methyl acridinium ion 255 underwent reversible conversion to the acidic 

acridane adduct 343 in dilute methanol (Scheme 4.2, B). While neither this material
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nor its corresponding ammonium form - after proton transfer from oxygen to nitrogen 

- was isolated, the formation of 343 has subsequently been supported in recent 

unrelated studies concerned with rotaxane/calixarene design^^"^’^^^ and aldehyde 

oxidation. It is also noteworthy that under alkaline conditions, it is known that N- 

alkylpyridinium ions derived from nicotinamide undergo addition of hydroxide at C- 

4. Similarly, under basic conditions, thiolates and enolates have been shown to 

reversibly add to pyridinium ions. ’ However, we could find no examples of this 

type of base-free alcoholysis of simple pyridinium ions in the literature, therefore such 

an equilibrium present in methanolic solutions of 70 could be catalytically relevant 

and worthy of investigation.

Scheme 4.2 Catalysis by a pyridinium ion: possible modes of action.

4.1.1 Acetalisation of benzaldehyde catalysed by pyridinium ions

A preliminary study was carried out to evaluate all the parameters governing the 

process and the possible optimisation of the reaction protocol. In preliminary 

experiments, the catalysed process appeared to be very sensitive to the presence of 

water or air, probably causing either oxidation of the substrate (benzaldehyde 70) to 

the corresponding acid (benzoic acid 344), thus lowering the final yield, or 

deactivating the catalyst itself via hydrolysis (Scheme 4.3).
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Scheme 4.3 Acetalisation of benzaldehyde catalysed by pyridinium ions: negative 

effects of water or air.

70. 130a (20 mol%) 

MeOH, rt

unreacted 70 + traces of

COOH

traces of acetal 342

344

Y
no precautions observed to exclude 

any water or air from the reaction medium

In order to better understand the origins of the observed catalysis, all parameters 

within the reaction, including aldehyde substrate, catalyst purity, presence of any 

base, solvent and temperature were investigated and modified within the optimisation 

process. After exhaustive investigations, we achieved reproducible results and optimal 

conditions through the use of a strict procedure that requires distillation of the 

substrate (benzaldehyde 70) and the solvent (methanol), exclusion of any air from the 

reaction, by operating under an inert atmosphere, and high purity of the catalyst, 

which proved to be highly hygroscopic. With these optimised conditions in hand, we 

decided to start the study.

4.1.2 Acetalisation of benzaldehyde: preliminary experiments

In order to exclude any simple cation-mediated catalytic process we began by 

evaluating the catalytic potential of simple inorganic and organic salts (Table 4.1).
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Table 4.1 Preliminary experiments investigating the acetalisation process.

O

additive (0-20 mol%) ' ®

MeOH, rt
342

entry additive loading (mol %) concentration
(M)“ yield (%)'’

1 none - 0.38 0
2 NaCl 20 0.38 4
3 PhsP^Bn Br 20 0.38 <2
4 Bu4N^Br 20 0.38 0
5 DMAP (77) 20 0.38 0

an internal standard.

As we expected, in the absence of an additive no reaction was observed (Table 4.1, 

entry 1), while sodium chloride (Table 4.1, entry 2) and simple alkyl 

ammonium/phosphonium salts failed to promote the condensation to a significant 

extent (Table 4.1, entries 3-4). In conjunction with this we evaluated the 

importance of the positively charged nitrogen within the aromatic ring, by 

comparing it to a neutral analogue, such as DMAP (77) (Table 4.1, entry 5).

4.1.3 Organocatalysed acetalisation of 70: 1®‘generation catalysts

We initially undertook the synthesis of a library of different pyridinium salts to 

evaluate the influence of the catalyst’s steric/electronic properties on the the 

acetalisation reaction (Figure 4.1).

Figure 4.1 Generation pyridinium salts synthesised for this study
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4.1.3.1 Synthesis of 1*‘ generation catalysts

Catalysts 130a and 345-350 were synthesised by reacting the corresponding neutral 

precursor with benzyl bromide under reflux (Scheme 4.4) and purified via 

recrystallisation from the appropriate solvent system.

Scheme 4.4 Synthesis of pyridinium ion catalysts 130a, 345-350.

351 X = H
352 X = Me 

77 X = NMe2
353 X = C0NH2 BnBr (1.2 equiv.) 

Acetone or MeCN

N' +

345 X = H
346 X = Me
347 X = NMe2

56%
89%
88%

Bn Br“ 3^8 X = CONH2 45%

N

354 X = Cl
355 X = CN
356 X = C0NH2 BnBr (1.2 equiv.) 

Acetone or MeCN

N +
I
Bn Br

349 X = Cl 33%
350 X = CN 68% 
130a X = C0NH2 58%

This strategy allowed us to prepare a significant suite of catalysts varying from the 

more simple pyridinium derivatives such as 345 to analogues bearing either electron 

donating (346, 347) or electron withdrawing (348-350, 130a) substituents on the 

aromatic ring, thus allowing preliminary investigation of how hydrogen 

bonding/steric hindrance of the catalyst would effect the whole process.

4.1.3.2 Evaluation of 1®‘ generation catalysts

Therefore, we screened these first generation pyridinium-based catalysts, following 

the optimised reaction protocol. The results are reported in Table 4.2.
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Table 4.2 P* Generation catalyst evaluation.

catalyst (20 mol%)

MeOH, rt, 24 h
342

entry catalyst yield (%)“

1 130a 23
2 345 0
3 346 0
4 347 0
5 348 >99
6 349 20
7 350*’ 47__, ... j__ "

nitrile 350 was observed.

As we expected, the electron-rich catalysts (Table 4.2, entries 2-4) were much less 

effective than the electron-poor versions (Table 4.2, entries 1, 5-7). While it was too 

early to establish a precise structure-activity relationship, it seemed clear that the 

superiority of the 4-amide substituted catalyst 348 warranted further investigation. 

With this in mind, we focused on the synthesis of a second generation of catalysts 

based on the amide-substituted pyridinium ion structural motif.

4.1.4 Synthesis and evaluation of 2"^ generation catalysts

Intrigued by the possibility that 348 could catalyse the acetalisation by hydrogen-bond 

donation, we undertook the synthesis of second generation catalysts library, focusing 

on the variation of catalyst hydrogen-bond donating ability (Figure 4.2).
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Figure 4.2 2"'* Generation pyridinium salts synthesised for this study

Catalysts 357-360 were prepared starting from either nicotinoyl hydrochloride (281) 

or isonicotinic acid (362) - which was treated with thionyl chloride to afford the 

corresponding acyl chloride (363). I'he acyl chlorides (281 and 363) were coupled 

with the relevant amine (364-366) to afford amides 367-370, which were reacted with 

benzyl bromide, to afford the resulting pyridinium salts (Scheme 4.5).

Scheme 4.5 Synthesis of second generation catalysts 357-360.

COOH

281

SOCI2

90 °C, 2 h

H

364 (1.0 equiv.)

NEts (4.0 equiv.) 
CH2CI2, rt, 15 h

COCI
H

364 (1.0 equiv.)

NEta (3.0 equiv.) 
CH2CI2, n, 15 h

O

BnBr (1.2 equiv.) 

MeCN

N
368 66%

BnBr (1.2 equiv.; 

acetone, A
N ,
Bn Br 360 65%

357 71%

281

92%
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Catalyst 361 was prepared starting from 3,5-lutidine (371), which was mono-oxidised 

with KMn04 to afford the 5-methylnicotinic acid (372). Conversion to the 

corresponding acyl chloride (373), followed by coupling with pyrrolidine (364) and 

reaction with benzyl bromide afforded the pyridinium ion 361 (Scheme 4.6).

Scheme 4.6 Synthesis of second generation catalyst 361.

N

371

H
.N.

KMn04 (1.5 equiv.) 

HjO, 20 h

COjH

o
364 (1.0 equiv.)

NEta (3.0 equiv.) 
CH2CI2, r1, 15h

N

372 21%

SOCIo

90 °C, 2 h

N

374 76%

BnBr (1.2 equiv.) 

Acetone, A

N

373

O

'V’ _ ^

Bn Br 361 75%

Reaction catalysed by catalysts 357-361 gave interesting results, which are 

summarised in Table 4.3.

Table 4,3 2"^ Generation catalysts evaluation.

O

catalyst (20 mol%)

70
MeOH, rt, 24 h

342

entry catalyst yield (%)“*

1 348 >99
2 357 30
3 130a 23
4 358 22
5 359 31
6 360 >99
7 361 >99

“Determined by H NMR spectroscopy using styrene as an internal standard.

Pyrrolidinamide derivative 357 was less efficacious than the isonicotinamide 

pyridinium ion 348 (Table 4.3, entries 1 and 2), thus suggesting a potential correlation
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between catalyst ability and hydrogen-bonding donating properties. However, 

hydrogen-bonding donors at the C-3 position do not seem to play a significant role in 

catalysis - as can be deduced from the similar performance of both amidinium ions 

358 and 359 to that of the parent nicotinamide compound 130a (Table 4.3, entries 3- 

5). The C-3 substituted pyrrolidinamide derivative 360 and its C-5 methylated 

analogue 361 were both catalytically competent (Table 4.3, entries 6 and 7). The clear 

superiority of catalysts 360 and 361 to the 4-substituted analogue 357 also seemed to 

indicate that substitution of the catalyst’s C-3 position with an electron withdrawing 

group is preferable to C-4 substitution.

4.1.5 Synthesis and evaluation of 3‘^‘* generation catalysts

Once we established that hydrogen-bond donating substituents were not essential for 

catalysis, the attention was then turned to the use of more powerful electron 

withdrawing groups. In particular, we focused on the ester functionality, which was 

easy to install on the (iso)nicotinic acid backbone. Catalysts 375 and 376 were 

prepared starting from either nicotinic or isonicotinic acid (377 and 362), via 

esterification with ethanol, affording the corresponding ethyl esters (378 and 379), 
which were then reacted with benzyl bromide, to afford the desired pyridinium salts 

(Scheme 4.7).

Scheme 4.7 Synthesis of third generation catalysts 375 and 376.

COOH

EtOH

362

C02Et

80 °C, 20 h
N

378 91%

BnBr (1.2 equiv.) 

MeCN, A

COjEt

N. _ 
Bn Br 

375 95%

HOgC

EtOH

Et02C

377 20 h 70%

BnBr (1.2 equiv.] 

Acetone, A

EtOjC

^ - 
Bn Br

376 77%
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Gratifingly, pyridinium ions 375 and 376 proved highly active - furnishing acetal 342 

in near-quantitative yields (Scheme 4.8).

Scheme 4.8 Evaluation of catalysts 375 and 376.

375 or 376 (20 mol%) 

MeOH, rt, 24 h
O 375 >99% yield 

I 376 >99% yield

342

4.1.5.1 Optimisation of the reaction protocol

Encouraged by these results, we decided to further challenge the catalyst by lowering 

the loading, in order to find the most active compound. The materials which 

previously promoted the acetalisation to completion were therefore re-evaluated at 1 

mol% loading (Table 4.4).

Table 4.4 Optimisation of the reaction protocol: re-evaluation of the catalysts at 1 

mol% loading.

O

catalyst (1 mol%) ' ^

MeOH, rt, 24 h
342

entry catalyst yield (%)“

1 348 10
2 375 42
3 361 3
4 376 91

Under these more challenging conditions, the C-3 substituted ester 376 could be 

clearly identified as the superior promoter of the reaction (Table 4.4, entry 4). It is 

also noteworthy that 376 is considerably more active than 375 and 348 (Table 4.4, 

entries 1 and 2) - indicating that the ability of the C-3/C-4 substituent to activate the
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pyridinium ring by electron-withdrawal is the dominant factor influencing catalyst 

efficacy.

4.1.5.2 Evaluation of the concentration effects and comparison with

strong acid catalysts

Next, we examined the effect of the concentration on product yield, by progressively 

reducing the amount of methanol employed (Table 4.5).

Table 4.5 Optimisation of the reaction protocol: evaluation of the effect of 

concentration.

O

376 (1 mol%) "

MeOH, rt, 24 h
70 342

entry concentration (M)“ yield (%)*’

1 0.38 91
2 1.00 91
3 2.00 85
4 6.0 equiv. of MeOH 77
5 2.0 equiv. of MeOH 48

an internal standard.

Interestingly, the effect of concentration proved marginal, since acetal 342 could 

be obtained in moderate to good yields with as little as 2.0-6.0 equivalents of 

methanol (Table 4.5, entries 4 and 5), which we would suggest places the 

remarkable activity of the aprotic catalyst 376 in context.

In an attempt to further put the performance of 376 in some context, it was found 

that it proved a better catalyst for this process than 3-nitrobenzoic acid (380, pK^ 

H2O, 25 °C = 3.46^^^) but was inferior to the 2-nitro analogue (381, pA^a H2O, 25

°C = 2.19^^^), as summarised in Table 4.6.
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Table 4.6 Comparation of catalyst 376 with nitrobenzoic acids 380 and 381.

O

catalyst (1 mol7o) ' ^

70

activity:

MeOH, rt, 24 h 

NO2

342

<376<

COOH
380 pKa = 3.46

NO2 
COOH

381 p/<a= 2.19

entry catalyst yield (%)**

1 376 91
2 380 37
3 381 >99

4.1.5.3 Speculation on the catalyst mode of action

These aprotic pyridinium ions were postulated to operate via proton donation, thus 

acting as Brpnsted acid catalysts. To confirm this hypothesis, the acetalisation was 

performed using the catalyst in the presence of an equimolar amount of a base such as 

DABCO: as expected, this resulted in the complete inactivity of the catalyst (even at 

20 mol% loading; Scheme 4.9).

Scheme 4.9 Deactivation of catalyst 376 in the presence of base.

O

70

376 (20 mol%) 
DABCO (20 mol%)

MeOH, rt, 24 h
no product detected
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4.1.6 Synthesis and evaluation of generation catalysts

Given the relationship between the electronic characteristics of the pyridinium ion and 

catalytic activity, which emerges from an examination of the previous results, it was 

postulated that an analogue of 376 possessing a second ester moiety would be of some 

promise. Synthesis of the 3,5-diester 382 was easily realised starting from the 

pyridine-3,5-dicarboxylic acid (383), via esterification to the corresponding dimethyl 

ester (384), followed by the benzylation with benzyl bromide in dry methanol 

(Scheme 4.10).

Scheme 4.10 Synthesis of fourth generation catalyst 382.

Me02Cx^^.<5^^^C02Me Me02C..^/<;;j^^C02Me
MeOH BnBr(1.2 equiv.) i!^

N
383

65 “C, 20 h N

384 95% dry MeOH, A
^ - 
Bn Br 382 39%

Gratifyingly, diester 382 proved to be a highly active catalyst, capable of promoting 

the formation of acetal 342 in excellent yield even at just 0.1 mol% levels (Table 4.7, 

entries 1 and 2). Moreover, it is remarkable that 382, which does not possess any 

obvious Brpnsted-acidic characteristics, is capable of outperforming the quite acidic 

catalysts 2-nitrobenzoic acid (381) and acetic acid in this reaction (Table 4.7, entries 3 

and 4).

Table 4.7 Evaluation of catalyst 382 and comparation with 2-nitrobenzoic acid 381.

O

catalyst (0.1-1 mol%) ' ' ^

MeOH, rt, 24 h
342

entry catalyst catalyst loading 
(mol%) yield (%)“*

1 382 1 >99
2 382 0.1 92
3 381 0.1 80
4 AcOH

111 VTlL*n _ _____  _______ • _
0.1 89

Determined by H NMR spectroscopy using styrene as an internal standard.
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4.1.7 Evaluation of the reaction scope

With an active and readily prepared catalyst in hand, the attention now turned to the 

question of substrate scope. As reported in Table 4.8, catalyst 382 readily promoted 

the acetalisation of a range of aromatic aldehydes efficientely under mild conditions 

using low catalyst loadings.

Table 4.8 Evaluation of the reaction scope: aromatic aldehydes.

Ar^O"
O
J 382

Ar

385 Ar = 4-CI-C6H4
386 Ar = 2-Me-C6H4
387 Ar = 4-OMe-C6H4

MeOH, rt, 24 h

388 Ar = 4-CI-C6H4
389 Ar = 2-Me-C6H4
390 Ar = 4-OMe-C6H4

entry substrate catalyst loading 
(inol%) yield (%)®

Cl

70

385

MeO'
387

92

99

92

82

“Isolated yield. "At 35 °C.

As expected, hindered substrates, such as 386 (Table 4.8, entry 3) and electron-rich 

aldehydes, such as 387 (Table 4.8, entry 4) provided more of a challenge than either
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70 or 385 (Table 4.8, entries 1 and 2); however, high yields of isolated products were 

obtained in all cases without requiring recourse to high reaction temperatures. 

Aliphatic aldehydes were also subjected to the reaction with satisfying resultes (Table 

4.9).

Table 4.9 Evaluation of the reaction scope: aliphatic aldehydes.

R

O
JJ 382

391 R = PhCH=CH-
392 R = PhCH2CH2-
393 R = PhCH2CH(CH3)-

MeOH, rt, 24 h

394 R = PhCH=CH-
395 R = PhCH2CH2-
396 R = PhCH2CH(CH3)-

entry substrate catalyst loading 
(niol%) t(h) yield (%)“

1

2

o
5 24 81

391

1 1 min 98‘’

3

392

fTV 1 25 min 97b

393br^_________ • 1.. XT.-T, _ _________

isolation.

Gratifyingly, the catalyst was also compatible with an a,p-unsaturated aldehyde 

substrate (391), furnishing the protected cinnamaldehyde derivative 394 in excellent 

yield (Table 4.9, entry 1). Saturated aldehydes underwent particularly rapid catalysed 

acetalisation: the reaction between methanol and 392 was complete inside 1 minute 

using 1 mol% catalyst (Table 4.9, entry 2), while the more hindered a-methyl 

analogue 393 required just 25 minutes for complete reaction (Table 4.9, entry 3) - in 

the corresponding control reactions, carried out in the absence of 382, conversion had 

not reached 5% after these reaction times. Finally, pyridinium ion 382 was also able
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to catalyse the conversion of a ketone, such as 397, to the corresponding ketal (398), 

although at a considerably slower rate (Scheme 4.11).

Scheme 4.11 Conversion of ketone 397 to the corresponding ketale 398, catalysed by

382.

OpN
382 (10 mol%)

397
MeOH, rt, 48 h

O

OpN

O

398 52%

4.1.8 Evaluation of the reaction scope: installation of protecting groups

The scope of catalyst 382 is not confined to methanolysis: the protection of 

benzaldehyde as a dithiolane - a reaction which usually requires elevated 

temperatures - proceeded in the presence of 382 (5 mol%) under optimised 

conditions, which resulted in no reaction in its absence (Table 4.10, entries 1 and 2). 

1,3- dithiane and 1,3-dioxane protection is also possible (Table 4.10, entries 3 and 5). 

However, acetalisation with ethylene glycol furnished unsatisfactory product yields 

(Table 4.10, entry 4).

134



Table 4.10 Evaluation of the reaction scope: protection reaction of aldehydes.

Ph

O

70

382 X. .X

^THF, rt
Ph

n = 1 or 2 
X = O or S

399 n = 1, X = S
400 n = 2, X = S
401 n = 1, X = O
402 n = 2, X = S

entry product

399

/s

399

400

■3o
401

402

catalyst loading 
(niol%)

10

‘ Isolated yield. Value in parentheses using 10 mol% of 382 for 24 h.

4.1.9 Recovery and reuse of catalyst 382

t(h) yield (%)*'

24

24

24

24

96

0

70

41

40 88 (9ir

Catalyst 382 can also be convenientely recovered and recycled. To demonstrate the 

principle, the protection of 70 as its 1,3-dithiolane 399 catalysed by 382 (5 mol%) was 

carried out. After ’H NMR spectroscopy indicated quantitative formation of 399,
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hexane was added and the solution containing the product was decanted and dried in 

vacuo to give spectroscopically pure product (89% after chromatography). The 

solution containing the catalyst was then concentrated in vacuo and reused in a second 

identical cycle without any loss of catalytic activity being observed (Scheme 4.12).

Scheme 4.12 Catalyst recycling experiment. 

O
SH

SH 
(1.1 equiv.)

1.382 (5 mol%) 
rt, 24 h, THF

2. catalyst precipitation 
(hexane)

Cycle 1: 89% (quant, conv.) 
Cycle 2: 95% (quant, conv.)

399

4.1.10 Proposed mode of action

These preliminary results indicate that the hitherto undocumented ability of 

pyridinium ions to promote these reactions may be due to the addition of the alcohol 

nucleophile to (for example) 382 to generate the equilibrating species 382a and 382b 

which then serve as the Brpnsted-acidic catalytically active species in solution 

(Scheme 4.13).

Scheme 4.13 Proposed mode of action of catalyst 382.

COgM©

“Br

382a

CO2M6 

• HBr

While no new species were observed in the H NMR spectrum of 382 when recorded 

in CD3OD (as opposed to CDCI3), its UV spectrum (9.8 x 10'^ M) is significantly 

different in MeOH than that recorded in H2O and in 9/1 H20/Me0H mixture. Strong 

absorption bands not observed in the aqueous spectra are present with maxima at 250, 

269 and 352 nm (Figure 4.3).
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Figure 4.3 UV Spectra of catalyst 382 in water and methanol

UV absorbance spectrum of catalyst 382 (9.8 x 10-5 M) in water and methanol

This is supported by the superiority of 382 over less electrophilic (and C-4 

substituted) pyridinium ions and the inactivity of ethylene glycol (the nucleophilicity 

of which is reduced due to mutual inductive withdrawal with the proximal oxygen 

atoms) to serve as a useful nucleophile in these reactions. It was readily 

acknowledged that addition of the alcohol could occur at C-2, however the clear 

superiority of C-3 substituted catalysts over their C-4 substituted analogues strongly

indicates that addition at C-4 makes a considerable contribution to catalysis. 270

Alternatively, a mechanism involving nucleophilic addition of the previously formed 

emi-acetal to the pyridinium ion can be postulated (Scheme 4.14). However, the final 

hydroxy adduct (382d) would most likely oxidise to the aromatic pyridine, thus 

leading to catalyst deactivation. Therefore this pathway is less likely to occur than the 

proposal outlined above.
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Scheme 4.14 Alternative mode of action proposed for catalyst 382.

C02Me 

"Br

OMe

O
J MeOH

OH
R"^OMe

Bn M©02C
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CO2M©
382

O

N
I
Bn

Br

382c

C02^^

4.1.11 Conclusions for Chapter 4

Simple pyridinium salt derivatives have been (rather unexpectedly) shown to promote 

highly efficient acetalisation reactions of both aldehydes and ketones at ambient 

temperature. The optimum catalyst is aprotic, yet it can promote the formation of 

benzaldehyde dimethyl acetal at 0.1 mol% loading more efficiently than a protic 

Brpnsted acid catalyst with a pA^a of 2.2. The process is of wide .scope with respect to 

both the nucleophilic and electrophilic components. Moreover, the ionic catalyst can 

be recovered by precipitation and reused without loss of activity. Hopefully, these 

catalyst systems could one day be used as ‘on-off acids - which under normal 

circumstances are non corrosive, but which can have their acidity modulated in an 

‘on-off manner by the use of protic additives, such as alcohols and thiols.
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Chapter 5.0

Experimental Section
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5.1 General Experimental Data

Proton Nuclear Magnetic Resonance spectra were recorded on a Bruker Avance 400 

or 600 MHz spectrometer in CDCI3 referenced relative to residual CHCI3 (5 = 7.26 

ppm) or de-DMSO referenced relative to residual DMSO (5 = 2.50 ppm). Chemical 

shifts are reported in ppm and coupling constants in Hertz. Carbon NMR spectra were 

recorded on the same instruments (100 or 150 MHz) with total proton decoupling. All 

melting points are uncorrected. Infrared spectra were obtained on a Perkin Elmer 

Spectrum One spectrophotometer. Flash chromatography was carried out using silica 

gel, particle size 0.04-0.063 mm. TLC analysis was performed on precoated 6OF254 

slides, and visualised by UV irradiation, KMn04, or anisaldehyde staining. Specific 

rotation measurements were made on a Rudolph research analytical Autopol IV 

instrument, and are quoted in units of lO 'degcmV'- Anhydrous THF was distilled 

over sodium-benzophenone ketyl radical before use. Methylene chloride, toluene and 

triethylamine were distilled from calcium hydride. Commercially available anhydrous 

r-butyl methyl ether was used. All reactions were carried out under a protective 

nitrogen, or argon atmosphere unless otherwise stated. Analytical CSP-HPLC was 

preformed on Daicel CHIRALCEL OD-H (4.6 mm x 25 cm), CHIRALPAK AD-H 

(4.6 mm x 25 cm) and AS (4.6 mm x 25 cm) columns. tran.v-Cyclohexane-1,2- 

diamine (276) was resolved as per the general procedure outlined by Schanz et 

The absolute configuration of each enantioenriched thiol was determined after 

derivatisation with (^)-2-methoxy-2-phenylacetic acid and analysis of the 

corresponding thioester by 'H NMR spectroscopy as recently reported in the 

literature.^’’ In the cases of thiols 333 and 339, the absolute configuration (and fidelity 

of the literature ’H NMR spectroscopic method) could be also confirmed by 

comparison of the optical rotation with the literature data.

5.2 Experimental data for Section 2

5.2.1 Procedure A: general procedure for the preparation of N,N-d\- 

phenyl-(thio)urea catalysts
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In a 25 cm^ round bottomed flask fitted with a stirring bar under an atmosphere of Ar 

the appropriate aniline (2.1 equiv.) was added via syringe to a solution of 

(thio)carbonyldiimidazole in CH2CI2 (0.2 lVl).The resulting solution was stirred for 15 

h at room temperature. The resulting mixture was then diluted with CH2CI2 (10 cm^), 

extracted with deionised water (3 x 10 cm ), HCl 4 M (3 x 10 cm ) and dried 

(MgS04). The product was purified by repeated washing with CH2Cl2/hexane and 

concentrated in vacuo.

5.2.1.2 A,A^-di-(3,5-Z>w-trifluoroinethyl) phenylthiourea (19a)

Procedure A was followed using 3,5-Z7w(trifluoromethyl)-aniline (920 pL, 5.89 

mmol), thiocarbonyldiimidazole (500 mg, 2.81 mmol), in CH2CI2 (15 cm^) to give 

19a as a white solid (684 mg, 49%), m.p. 173-174 °C (lit.,^* 172-173 °C).

5h (400 MHz, DMSO-dfi): 10.62 (bs, 2H, NH), 8.20 (s, 4H, H-1 and H-3), 7.85 (s,

2H, H-2).

A^,A-di-(3,5-6is-trifluoromethyl) phenylurea (69)

Procedure A was followed using 3,5-7>/5'(trifluoromethyl)-aniline (1.01 cm^, 6.48 

mmol), carbonyldiimidazole (500 mg, 3.08 mmol) in dry CH2CI2 (15 cm^) to give 69 

as a white solid (600 mg, 40%), m.p. 252-253 °C (lit.,^^ 253-256 °C).

6h(400 MHz, DMSO-da): 9.93 (bs, 2H, NH), 8.19 (s, 4H, H-1 and H-3), 7.71 (s,

2H, H-2).
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5.2.1.3 A^,A^-di-(3,5-Z>w-fluoro) phenylurea (269)

O

H H

Procedure A was followed using 3,5-difluoroaniline (836 mg, 6.48 mmol), 

carbonyldiimidazole (500 mg, 3.08 mmol) in dry CH2CI2 (15 cm^) to give 269 as an 

off-white solid (360 mg, 41%). M.p. 206-207 °C.

5h (400 MHz, DMSO-dfi): 9.34 (bs, 2H, NH), 7.20 (dd, 4H, J 2.0, 10.0, H-1 and H-

3), 6.84 (tt, 2H, J 2.0, 9.5, H-2).

5c (100 MHz, DMSO-dfe): 162.5 (dd, J 241.2, 15.5), 151.9 (C=0), 142.0 (t, J 14.2),

101.3 (d,J29.2), 97.2 (t, J 26.0).

5f (100 MHz, DMSO-d6): -110.0 (s, 4F).

Vmax (diff)/cm' 

HRMS (ESI);

2921, 1574 (C=0), 1382, 1229, 1116, 976, 837.

Found 307.0484 (M V Na) Ci3H8N20F4Na requires: 
307.0470.

5.2.1.4 N,N-di-i3,5-bis-f\uoro) phenylthiourea (270)

H H

Procedure A was followed using 3,5-difluoroaniline (792 mg, 6.13 mmol), 

thiocarbonyldiimidazole (520 mg, 2.92 mmol) in dry CH2Cl2(15 cm^) to give 270 as a 

yellow solid (400 mg, 46%). M.p. 150-151 °C.
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5h (400 MHz, DMSO-dfi): 10.30 (bs, 2H, NH), 7.30 (dd, 4H, J 2.0, 9.0, H-1 and H-

3), 7.00 (tt, 2H, J 2.0, 9.5, H-2).

5c (100 MHz, DMSO-da): 179.9 (C=S), 162.6 (dd, J 244.6, 15.2), 142.4 (t, J 13.4),

106.6 (d, J 27.9), 100.1 (t, J26.1).

5f(100 MHz, DMSO-d6): -110.3 (s, 4F).

Vmax (neat)/cm’

HRMS (ESI):

3043, 1604, 1549, 1470, 1301, 1119, 984, 836, 702.

Found 301.0419 (M+H)^ C13H9N2F4S requires: 
301.0423.

5.2.2 Procedure B: general procedure for the preparation of 1,2-trans- 
diaminocyclohexane-derived 6/s-(thio)urea catalysts

In a 25 cm^ round bottomed flask fitted with a stirring bar under an atmosphere of Ar 

the appropriate iso(thio)cyanate (2.0 equiv.) was added via syringe to a solution of 

(rac)-1,2-rrart5'-diaminocyclohexane 276 in CH2CI2 (0.1 M). The resulting solution 

was stirred for 15 h at room temperature. The resulting mixture was concentrated in 

vacuo and the residue was purified by repeated washing with CH2Cl2/hexane (1:1) 

and concentrated in vacuo.
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5.2.2.1 frans-1 -(3,5-W^-trifluoromethyI)-phenyl-3-{ 2- [3-(3,5-bis-

trifluoromethyI-phenyl)-thioureido]-cyclohexyl} thiourea rac-(75)

CF,

Procedure B was followed using 3,5-/7/5-trifiuoromethyl phenyl isothiocyanate (384 

pL, 2.10 mmol), (rac)-l ,2-trani’-diaminocyclohexane 276 (126 pL, 1.05 mmol) in 

CH2CI2 (10 cm‘^) to give 75 as a white solid (406 mg, 59%), m.p. 134-135 °C (lit.,^^ 

132-133 °C).

5h (400 MHz, DMSO-d6); 10.15 (bs, 2H, Ar-NH(C=S)), 8.17 (bs, 6H, H-1, H-3

and Cy-NH(C=S)), 7.72 (bs, 2H, H-2), 4.34 (m, 2H, H- 

4, H-5), 2.19 (m, 2H), 1.72 (m, 2H), 1.30 (m, 4H).

5.2.2.2 /rarts-l-(3,5-Z>w-trifluoromethyl)-phenyl-3-{2-[3-(3,5-6is-

trifluoromethyl-phenyl)-ureido]-cycIohexyl} urea rac-(271)

CF,

Procedure B was followed using 3,5-Z7A-trifluoromethyl phenyl isocyanate (3.00 mL, 

17.5 mmol), (rac)-l,2-tran5-diaminocyclohexane 276 (1.05 mL, 8.76 mmol) in
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CH2Cl2(10 cm^) to give 271 as a white solid (3.150 g, 58%), m.p. 279-280 °C (lit.,^^^ 

249-252 °C).

5h (400 MHz, DMSO-da): 9.25 (s, 2H, Ar-NH(C=0)), 7.91 (s, 4H, H-1 and H-3), 

7.36 (s, 2H, H-2), 6.27 (d, 2H, J 8.0, Cy-NH(C=0)), 

3.49 (m, 2H, H-4, H-5), 1.88 (m, 2H), 1.71 (m, 2H), 

1.30 (m, 4H).

5.2.3 Procedure C: general procedure for the preparation of \,2-trans- 

diaminocyclohexane mono-acylated (thio)urea derivatives

A 100 cm^ oven dried round bottomed flask fitted with a stirring bar charged with 

(rac)-rran5-1,2-diamino-cyclohexane 276 and CH2CI2 (0.4 M) was placed under an 

atmosphere of Ar and cooled to 0 °C. Subsequently, a solution of the appropriate 

iso(thio)cyanate in CH2CI2 (0.4 M) was added dropwise via syringe over 6 h. The 

resulting solution was allowed to warm to room temperature and stirred for 15 h. The 

reaction mixture was concentrated in vacuo and the residue purified by column 

chromatography (4:1 EtOAc-CH2Cl2, then 100% EtOAc).

5.2.3.1 frans-l-(2-amino-cyclohexyl)-3-(3,5-6w-trifluoroniethyl-phenyl)- 
urea rac-(279)

Procedure C was followed using (rac)-rrans-1,2-diamino-cyclohexane 276 (1.05 cm^, 

8.76 mmol), 3,5-/?A-trifluoromethyl phenyl isocyanate 277 (1.5 mL, 8.76 mmol) in 

CH2CI2 (40 cm^) to give 279 as a yellow solid (680 mg, 20% ). M.p. 163-164 °C 

(dec.).
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5h (400 MHz, DMSO-de): 8.07 (s, 2H, H-2 and H-3), 7.54 (s, IH, H-1), 6.46 (d, 

IH, J 7.53, Cy-NH(C=0)), 3.12-3.22 (m, IH, H-13), 

2.40 (ddd, IH, J 4.0, 9.5, 10.5, H-4), 1.86 (dd, 2H, J 

12.5, 30.1, H-11,12), 1.62 (bs, 2H, H-5,6), 1.05-1.32 

(m, 4H, H-7,8 and H-9,10); NH2 and the other NH not 

visible.

5c(100MHz, DMSO-d6): 154.9 (C=0), 142.7 (q), 130.6 (q, J 33.2), 123.4 (q, J

272.1), 117.1, 113.3, 56.0, 54.1, 34.8, 32.1, 24.7, 24.5.

D(KBr)/cm' : 3286, 3089, 2937, 2862, 1686, 1571, 1475, 1389, 1277, 

1127.

HRMS(ES): Found 370.1348.(M-t-H)^ CisHigNsO Fe requires: 

370.1354.

5.2.3.2 fra/is-l-(2-amino-cyclohexyl)-3-(3,5-/»is-trifluoroniethyl-phenyl)-

thiourea rac-(280)

Procedure C was followed using (rac)-rran5'-1,2-diamino-cyclohexane 276 (1.05 cm^, 

8.76 mmol), 3,5-/?«-trifluoromethyl phenyl isothiocyanate 278 (1.6 cm^, 8.76 mmol) 

in CH2CI2 (40 cm^) to give 280 as a yellow solid (1.662 g, 49% ). M.p. 70-72 °C.

6h(400 MHz, DMSO-de): 8.24 (s, 2H, H-2 and H-3), 7.69 (s, IH, H-1), 3.78-3.99

(m, IH, H-13), 2.52-2.64 (m, IH, H-4), 1.80-2.18 (m, 

2H, H-11,12), 1.54-1.73 (m, 2H, H-5,6), 1.03-1.40 (m, 

4H, H-7,8 and H-9,10); NH2and NH not visible.
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5c(100MHz, DMSO-de): 180.2 (C=S), 142.2 (q), 130.0 (q, J 34.2), 123.3 (q, J

273.4), 121.6, 115.6, 60.1,53.7, 34.7, 30.7,24.5,24.4.

\)(nujol)/cm‘ ; 

HRMS(ES):

2719, 2659, 1272, 1172, 1133,721.

Found 386.1133 (M+H)^ CisHigNsFeS requires:

386.1126.

5.2.4 Procedure D: general procedure for the preparation of \,l-trans- 

diaminocyclohexane (thio)urea/nicotinaniide derivatives

A 50 cm^ oven dried round bottomed flask charged with either 279 or 280, NFta (3.0 

equiv.) and CH2CI2 (1.0 M) was placed under an atmosphere of Ar and cooled to 0 “C. 

Subsequently, nicotinoyl chloride hydrochloride 281 (1.0 equiv.) was added. The 

reaction mixture was allowed to warm to room temperature and stirred for 15 h. 

CH2CI2 (10 cm^) was then added and the resulting solution washed with NaHCOa (2 x 

20 cm^), and brine (2 x 20 cm^). Upon separation of the organic phase precipitation of 

a solid is often observed. In this case the suspension was filtered and the precipitate 
was washed with CH2CI2 {ca. 20 cm^) to afford the product. The combined organic 

extracts were then concentrated in vacuo and the residue washed with CH2CI2 {ca. 20 
cm^) to afford a further crop of pure product.

5.2.4.1 <rans-A^-{2-[3-(3,5-Z>is-trifluoromethyl-phenyl)-ureido]-cyclohexyl}- 

nicotinamide rac-(282)
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Procedure D was followed using urea 279 (681 mg, 1.84 mmol), nicotinoyl chloride 

hydrochloride 281 (328 mg, 1.84 mmol) and NEta (800 gL, 5.53 mmol) in dry CH2CI2 

(8 cm^) to give 282 as a white solid (369 mg, 78%). M.p. 238-239 °C.

5h (400 MHz, DMSO-de); 9.23 (s, IH, Ar-NH(C=0)), 8.93 (d, IH, J 2.0, H-17), 

8.63 (dd, IH, J 5.0, 2.0, H-16), 8.55 (d, IH, J 9.0, Cy- 

NH(C=0)), 8.11 (dt, IH, J 8.0, 2.0, H-14), 7.96 (s, 2H, 

H-2 and H-3), 7.50 (s, IH, H-1), 7.40 (dd, IH, J 8.0, 

5.0, H-15), 6.36 (d, IH, J 8.0, Cy-NH(C=0)), 3.80-3.92 

(m, IH, H-13), 3.67-3.56 (m, IH, H-4), 1.93-2.33 (m, 

2H, H-11,12), 1.72 (d, 2H, J 9.0, H-5,6), 1.23-1.53 (m, 

4H, H-7,8 and H-9,10).

5c(100MHz, DMSO-da): 164.7 (C=0), 154.9 (C=0), 151.6, 148.5, 142.5 (q),

134.8, 130.6 (q, J 33.5), 130.1 (q), 123.3 (q, J 272.4), 

123.1, 117.0, 113.3, 53.0, 52.8, 32.3, 30.7, 24.6, 24.5.

5f(376 MHz, DMSO-d6): -62.3 (s, 6F).

\)(nujol)/cm‘ :

HRMS(ESI):

3283, 1669, 1630, 1552, 1285, 1180, 1137,708.

Found 497.1408 (M+Na)"^ C2iH2oN402NaF6 requires 

497.1388.

5.2.4.2 frans-A^-{2-[3-(3,5-Z>rs-trifluoroinethyl-phenyl)-thioureido]-

cyclohexylj-nicotinamide rac-(283)
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Procedure D was followed using thiourea 280 (1.662 g, 4.21 mmol), nicotinoyl 
chloride hydrocloride 281 (801 mg, 4.49 mmol) and NEt3 (1.90 cm^, 13.5 mmol) in 

CH2Cl2(10 cm^) to give 283 as a white solid (1.242 g, 60%). M.p. 204-205 °C.

6h (400 MHz, DMSO-dft): 10.11 (s, IH, Cy-NH-(C=0)), 8.99 (s, IH, H-17), 8.67 

(d, IH, J 5.0, H-16), 8.59 (d, IH, J 8.5, H-14), 8.17 (d, 

IH, J 7.5, Cy-NH-(C=S)), 8.10 (s, 2H, H-2 and H-3), 

7.69 (s, IH, H-l), 7.47 (dd, IH, J 8.5, 5.0, H-15), 4.28- 

4.44 (m, IH, H-13), 3.92-4.05 (m, IH, H-4), 1.92-2.22 

(m, 2H, H-l 1,12), 1.74 (m, 2H, H-5,6), 1.21-1.59 (m, 

4H, H-7,8 and H-9,10); the other NH not visible.

6c(100MHz, DMSO-dft): 180.1 (C=S), 164.8 (C=0), 151.8, 148.6, 141.7 (q),

135.0, 130.1 (q, J 33.5), 130.0 (q), 129.9, 121.9 (q, J 

273.1), 122.0, 116.2, 57.1,52.5, 31.7, 31.2, 24.5, 24.4.

\)(nujol)/cm" :

HRMS(ES):

3311, 3069, 1618, 1552, 1278, 1175, 1121, 883, 712.

Found 491.1361 (M^) C21H21N4OF6S requires 491.1340.

5.2.5 Procedure E: general procedure for the preparation of \,2-trans- 

diaminocyclohexane (thio)urea/benzyl pyridinium salts

A 25 cm^ oven dried round bottomed flask charged with the relevant nicotinamide and 

acetone (0.1 M) was placed under an atmosphere of Ar. Subsequently, benzyl bromide 

(1.1 equiv.) was added via syringe. The flask was then fitted with a reflux condenser 

and the solution was heated under reflux at 65 °C for 20 h. The reaction mixture was 

then cooled to room temperature and the resulting suspension was filtered. The solid
-3 -3

product was washed with acetone {ca. 15 cm ) and hexane (ca. 10 cm ) to afford the 

corresponding benzyl nicotinamide bromide.
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5.2.5.1 /rans-l-benzyl-3-{2-[3-(3,5-Z>w-trifluoromethyl-phenyl)-ureido]-
cyclohexylcarbamoyl}-pyridinium bromide r«c-(274)

Procedure E was followed using urea catalyst precursor 282 (50 mg, 0.11 mmol), 

benzyl bromide (14 pL, 0.12 mmol) in acetone (1.0 cm^) to give 274 as a off-white 

solid (50 mg, 74%). M.p. 199-200 °C.

5h (400 MHz, DMSO-de): 9.57 (bs, 2H, H-17 and Ar-NH(C=0)), 9.26 (d, IH, J 

6.4, H-16), 9.07 (d, IH, J 8.7, H-14), 8.94 (d, IH, J 8.2, 

Cy-NH(amide)), 8.23 (dd, IH, J 8.7, 6.4, H-15), 7.97 (s, 
2H, H-2 and H-3), 7.47-7.54 (m, 3H, CH (Ph) and H-1), 

7.34-7.42 (m, 3H, CH (Ph)), 6.62 (d, IH, J 7.6, Cy- 

NH(C=0)), 5.88 (s, 2H, H-18), 3.80-3.92 (m, IH, H- 

13), 3.58-3.70 (m, IH, H-4), 1.85-2.05 (m, 2H, H- 

11,12), 1.68-1.79 (m, 2H, H-5,6), 1.22-1.54 (m, 4H, H- 

7,8 and H-9,10).

5c (100 MHz, DMSO-dfi): 160.9 (C=0), 155.0 (C=0), 146.2, 144.7, 143.7, 142.6 

(q), 134.4 (q), 133.9 (q), 130.5 (q, J 32.0), 129.4, 129.1, 

129.0, 128.0, 123.3 (q, J 273.1), 116.7, 113.2, 63.4, 

53.3,48.6, 32.0,31.4, 24.3,24.2.

D(KBr)/cm‘. 3280, 3073, 2940, 2862, 1669, 1564, 1390, 1280, 1179, 

1131,882, 703,682.
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HRMS(ES); Found 565.1990 (M+H)^ C28H27N4F602^ 

565.20.

requires

5.2.5.2 /rans-l-benzyl-3-{2-[3-(3,5-Z>w-trifluoromethyl-phenyl)-

thioureido]-cyclohexylcarbaitioyl}-pyridiniuin bromide rac-(275)

Procedure E was followed using thiourea catalyst precursor 283 (350 mg, 0.71 mmol),
-1

benzyl bromide (90 pL, 0.78 mmol) in acetone (8.0 cm ) to give 275 as a white solid 

(370 mg, 78%). M.p. 201-202 °C.

5h (400 MHz, DMSO-de): 9.91 (bs, IH, Ar-NH(C=S)), 9.61 (s, IH, H-17), 9.38 (d, 

IH, J 6.3, H-16), 9.13 (d, IH, J 7.2, H-14), 8.28 (bs, IH, 

H-15), 7.45-7.57 (bs, 2H, Cy-NH(C=S) and Cy- 

NH(amide)), 7.39 (bs, 2H, H-2 and H-3), 7.06-7.22 (m, 

5H, CH( Ph) and H-1), 6.92-7.04 (s, IH, CH (Ph)), 5.99 

(s, 2H, H-18), 3.97-5.23 (m, 2H, H-4 and H-13), 1.92- 

2.16 (m, 2H, H-11,12), 1.67-1.82 (m, 2H, H-5,6), 1.19- 

1.64 (m, 4H, H-7,8 and H-9,10).

5c (100 MHz, DMSO-de): 184.2, 160.9 (C=0), 146.5, 144.8, 143.7, 135.5 (q), 

133.9 (q), 133.7 (q), 130.0 (q, J 35.8), 129.5, 129.2, 

129.0, 128.6, 128.2, 127.8, 122.9 (q, J 272.7), 63.4, 

61.6, 52.6,31.0, 30.7, 24.2, 24.0.
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D(KBr)/cm' : 3892, 3471, 3140, 2923, 1973, 1796, 1663, 1557, 1379, 

1277, 1183, 1140, 984, 701,681.

HRMS(ES): Found 581.1818 (M+H)^ C28H27N4F60S^ requires 

581.1810.

iR,R)-275 was prepared exactly as per (rac)-275 using (7?,R)-rran5-1,2-diamino-

cyclohexane (49% yield), [a]'^589= +75 (c = 0.428, CHCI3).

5.2.6 Procedure F: general procedure for the preparation of 1,2-trans- 

diaminocyclohexane (thio)urea/niethyl pyridinium salt

A 25 cm^ oven dried round bottomed flask charged with the relevant nicotinamide and 

acetone (0.5 M) was placed under an atmosphere of Ar. Subsequently, a solution of 

methyl bromide in acetone (300 mg/mL) was quickly added via syringe. The flask 

was then stirred at room temperature for 48 h. The reaction mixture was then 

concentrated in vacuo and the residue was washed with hexane {ca. 10 cm ) to afford 

the corresponding methyl nicotinamide bromide.

5.2.6.1 frans-l-methyl-3-{2-[3-(3,5-Z>is-trifluoroniethyl-phenyl)-
thioureido]-cyclohexylcarbanioyl}-pyridiniuni bromide rac-(284)

©Br

Procedure F was followed using thiourea catalyst precursor 283 (300 mg, 0.61 mmol),
-3

methyl bromide in acetone (1 mL, 300 mg/mL) and acetone (1.0 cm ) to afford 284 as 

a yellow solid (300 mg, 84%). M.p. 186-187 °C.
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5h (400 MHz, DMSO-ds): 9.51 (s, IH, H-17), 9.23 (bs, IH, Cy-NH(amide), 9.16 

(d, IH, J 5.5, H-16), 8.98 (d, IH, J 8.0, H-14), 8.19-8.30 

(m, IH, H-15), 7.45-8.03 (bs, 3H, H-1 and H-2 and H- 

3), 4.43 (s, 3H, CH3), 4.09 (bs, 2H, H-4 and H-13), 

2.28-2.48 (bs, IH, H-11 or 12), 1.96-1.99 (m, IH H-11 

or 12), 1.69-1.86 (m, 2H, H-5,6), 1.22-1.66 (m, 4H, H- 

7,8 and H-9,10); thiourea NH not visible.

5c (100 MHz, CD3CN): 24.1, 24.3, 30.7, 31.5, 48.2, 52.6, 57.0, 113.5, 123.2 (q, 

J 274.0), 125.3, 127.4, 130.9 (q, J 32.2), 133.1 (q), 

137.7 (q), 142.8, 145.5, 147.4, 161.3 (C=0); C=S not 

visible.

5h (376 MHz, DMSO-dc): -61.9.

'l)(KBr)/cm‘ : 3964, 3412, 3194, 3031, 2942, 2066, 1802, 1670, 1595, 

1542, 1374, 1281, 1176, 1136, 981, 896, 702, 683.

HRMS(ES); Found 505.1507 (M+H)^ C22H23N4F60S^ requires 

505.1497.

5.2.7 Procedure G: general procedure for the reduction of benzils

In a 10 cm^ round bottomed flask equipped with a stirring bar and a rubber septum, 

Na2C03 (1.4 equiv.) and (thio)urea catalyst (20 mol%) were dissolved in degassed 

water (1.0 cm ) under an atmosphere of Ar. Subsequently, a solution of the relevant 
benzil (0.33 mmol) in Ft20 (3.0 cm^) was added via syringe. Na2S204 (1.1 equiv.) was 

then added quickly and the rubber septum was substituted with a glass stopper. The 

resulting biphasic solution was vigorously stirred over 48 h in the dark. When 'H 

NMR analysis indicated complete consumption of the starting material, the reaction 

mixture was extracted with FtOAc (3x5 cm^). The organic extracts were combined, 

dried over MgS04 and concentrated in vacuo to afford crude product which was 

purified by column chromatography.
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5.2.7.1 2-hydroxy-l,2-diphenyl-ethanone (273)

Procedure G was followed using 284 (39.0 mg, 0.067 mmol) and benzil 272 (70 mg, 

0.33 mmol), to afford 273 as a white solid (68 mg, 96%), m.p. 134-135 °C (lit.,^^^ 

133-134 °C).

6h (400 MHz, CDCI3): 7.94 (d, 2H, J 7.7, H-1 and H-5), 7.52-7.58 (m, IH, H- 

3), 7.30-7.46 (m, 7H, CH Ar), 5.98 (d, IH, J 6.0, H-6), 

4.58 (d, 1H,J6.0, OH).

5.2.7.2 2-hydroxy-l,2-Z>/s-(3-inethoxy-phenyI)-ethanone (291)

OMe

Procedure G was followed using 284 (39.0 mg, 0.067 mmol) and /n-dimethoxy- benzil 

285 (90 mg, 0.33 mmol), to afford 291 as a white solid (88 mg, 96%), m.p. 56-57 °C 

(lit.,^’^55 °C).

5h (400 MHz, CDCI3): 7.46-7.54 (m, 2H, CH Ar), 7.23-7.36 (m, 2H, CH Ar), 

7.09 (d, IH, J 7.9, H-3), 6.95 (d, IH, J 6.4, H-7), 6.84 

(m, 2H, CH Ar), 5.91 (d, IH, J 5.6, H-5), 4.54 (d, IH, J 

5.6, OH), 3.82 (s, 3H, OCH3), 3.78 (s, 3H, OCH3).
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5.2.7.3 2-hydroxy-l,2-^/s-(4-fluoro-phenyl)-ethanone (292)

Procedure G was followed using 284 (39.0 mg, 0.067 mmol) and /7-fluoro- benzil 286 

(82 mg, 0.33 mmol), to afford 292 as white needles (64 mg, 77%), m.p. 84-85 °C 

(lit.,^’^81-82 °C).

5h (400 MHz, CDCI3): 7.90-8.00 (dd, 2H, J 8.7, and 4.8, H-1 and H-4), 7.30 

(dd, 2H, J 8.7 and 4.8, H-6 and H-9), 7.11 (dd, 2H, J 

8.5, and 8.5, H-2 and H-3), 7.05 (dd, 2H, J 8.5 and 8.5, 

H-7 and H-8), 5.92 (d, IH, J 6.0, H-5), 4.53 (d, IH, J 

6.0, OH).

5.2.7.4 2-(2-chloro-phenyl)-l-(3,4-dimethoxy-phenyl)-2-hydroxy-ethanone
(295)

Procedure G was followed using 284 (39.0 mg, 0.067 mmol) and l-(2-chloro-phenyl)- 

2-(3,4-dimethoxy-phenyl)-ethane-l,2-dione 289 (101 mg, 0.33 mmol), to afford 295 

as white solid (80 mg, 78%). M.p. 144-145 °C.

5h (400 MHz, CDCI3): 7.59 (dd, IH, J 8.5 and 2.0, H-8), 7.51 (d, IH, J 2.0, H- 

6), 7.45 (dd, IH, J 8.0 and 2.0, H-1), 7.18-7.26 (m, 2H, 

CH Ar), 7.14 (dd, IH, J 8.0 and 2.0, H-4), 6.85 (d, IH, J
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8.5, H-7), 6.37 (d, IH, J 5.6, H-5), 4.69 (d, IH, J 5.6, 

OH), 3.92 (s, 3H, OCH3), 3.91 (s, 3H, OCH3).

5c (100 MHz, CDCI3): 196.5 (C=0), 153.6 (q), 148.5 (q), 136.9 (q), 132.9 (q), 

131.7 (q), 129.8, 129.5, 128.7, 127.4, 123.4, 110.4, 

109.9, 71.8 (C-OH), 55.6 (O-CH3), 55.5 (O-CH3).

t)(nujol)/cm' :

HRMS(ESI):

3462, 3426, 1660, 1151,769, 727.

Found 329.0540 (M+Na)^ Ci6Hi504ClNa requires 

329.0557.

5.2.7.5 2-(2-chloro-phenyl)-1 -(3,4-dimethoxy-phenyl)-2-hydroxy-ethanone

(296)

Procedure G was followed using 284 (39.0 mg, 0.067 mmol) and 2-furyl 290 (63 mg, 

0.33 mmol), to afford 296 as brown solid (46 mg, 72%), m.p. 136-137 °C (lit.,^^^ 135- 

136°C).

5h (400 MHz, CDCI3): 7.61-7.66 (m, IH, CH Ar), 7.37-7.41 (m, IH, CH Ar), 

7.25-7.30 (m, IH, CH Ar), 6.56 (dd, IH, J 1.5 and 3.5, H- 

5), 6.43 (d, IH, J 3.5, H-6), 6.36-6.39 (m, IH, CH Ar), 

5.82 (bs, IH, H-4), 4.21 (d, IH, J 5.6, OH).
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5.2.8 Attempted enantioselective reduction of benzil (272) using (R,R)- 

275

O, pH

In a 10 cm^ round bottomed flask equipped with a stirring bar and a rubber septum, 

Na2C03 (88 mg, 0.83 mmol) and {R,R)-275 (39 mg, 0.067 mmol) were dissolved in 

degassed water (2.5 cm^) under an atmosphere of Ar. Subsequently, a solution of 272 

(70 mg, 0.33 mmol) in Et20 (1.0 cm^) was added via syringe. Na2S204 (116 mg, 0.67 

mmol) was then added quickly and the rubber septum was substituted with a glass 

stopper. The resulting biphasic solution was vigorously stirred over 24 h in the dark. 

Samples were taken periodically and analyzed by 'H NMR spectroscopy and CSP- 

HPLC (Chiralpak AD-H 250 x 4.6 mm column, solvent: 90:10 Hexane:IPA, flow- 

rate: 1.0 mL/min, X = 220 nm, retention times: 20.8 min (R), 27.7 min

5.3 Experimental data for Section 3

5.3.1 2-Methyl-l-phenylpropanol rac-(306)

A 250 mL flame-dried round bottomed flask was charged with dry Et20 (60 cm^) and 

phenyl magnesium bromide (3.0 M solution in Et20) (11.1 mL, 33.3 mmol) under an 

argon atmosphere. The mixture was cooled to 0° C and a solution of isobutyraldhyde 
(2.5 mL, 27.7 mmol) in dry Et20 (20 cm^) was added dropwise via syringe. The 

reaction was stirred at room temperature for 14 h and then cooled to 0° C and 

quenched with NH4CI (50 mL). The resulting biphasic mixture was transferred to a 

separating funnel and the organic and aqueous layers were separated. The aqueous 

layer was extracted with Et20 (2 x 50 mL) and the combined ether layers were dried 

over magnesium sulphate and evaporated. After purification by column
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chromatography, the desired alcohol (rac)-306 was obtained as a colourless oil (3.7 g, 

90%).

5h (400 MHz, CDCb): 7.24-7.41 (m, 5H, Ar), 4.39 (d, IH, J 7.0, H-1), 1.92-2.06

(m, IH, H-2), 1.80 (bs, IH, OH), 1.03 (d, 3H, J 6.5, CH3), 

0.83 (d, 3H, J 6.5, CH3).

5.3.2 Thioacetic acid S-(methyl-l-phenylpropyl) ester rac-(308)

A 250 mL flame-dried round bottomed flask was charged with (rac)-306 (3.70 g,
-3

24.63 mmol) and dry CH2CI2 (60 cm ) under an argon atmosphere. Triethylamine (4.3 

mL, 30.54 mmol) was then added via syringe and the solution was cooled to 0° C. A 

solution of methanesulfonyl chloride (2.1 mL, 27.58 mmol) in CH2CI2 (20 cm ) was 

then slowly added via syringe and the mixture was left to warm up to room 

temperature and stirred for 12 h. The reaction was then poured into an aqueous 

solution of 1 N HCl (60 mL), the resulting biphasic mixture was transferred to a 

separating funnel and the organic and aqueous layers were separated. The aqueous 

layer was extracted with CH2CI2 (2 x 80 mL) and the combined organic layers were 

washed with 1 N HCl (60 mL) followed by a saturated aqueous solution of NaHC03 

(40 mL). The organic phase was then dried over magnesium sulphate and evaporated 

to afford the desired intermediate 307 as a colourless oil without any further 
purification. This was immediately dissolved in dry acetone (40 cm^) under an argon 

atmosphere. Potassium thioacetate (4.5 g, 36.90 mmol) was then added in one portion 

and the mixture was stiri'ed under reflux condition for 12 h. The solvent was removed 

in vacuo and the mixture was partitioned between CH2CI2 (50 mL) and H2O (50 mL). 

The aqueous layer was extracted with CH2CI2 (2 x 50 mL) and the combined organic 

layers were dried over magnesium sulphate, filtered and evaporated to afford the 

desired thioester (rac)-308 as a colourless oil after purification by column 

chromatography (2.9 g, 57%).
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5h (400 MHz, CDCI3): 7.22-7.35 (m, 5H, Ar), 4.44 (d, IH, J 8, H-1), 2.32 (s, 3H,

CH3), 2.08-2.22 (m, IH, H-2), 1.06 (d, 3H, J 6.5, CH3), 

0.89 (d, 3H, J 6.5, CH3).

5c(100MHz,CDCl3): 194.2 (C=0), 141.2 (q), 127.8, 127.7, 126.5, 54.8, 33.1,

30.2, 20.3,20.1.

HRMS (m/z): Found 231.0819 (M-t-Na)"^ Ci2Hi60NaS requires

231.0820.

5.3.3 General procedure H: preparation of thoesters via the Mitsunobu 

protocol

Diisopropyl azodicarboxyl ate (2.0 equiv.) was added to a stirred solution of 
triphenylphosphine (2.0 equiv.) in THF (33 cm^) at 0 °C via syringe under an argon 

atmosphere. After 5 min, a pale yellow precipitate started to form. A solution of the
•5

relevant alcohol (16.0 mmol) and thioacetic acid (2.0 equiv.) in THF (13 cm ) was 

injected. The reaction mixture was stirred for 12 h at room temperature, after which 

the solvent was evaporated in vacuo. The yellow slurry was suspended and stirred in 

hexane (40 mL) until a yellow solid formed {ca. 2 h). The precipitate was filtered 

through silica and the filtrate was concentrated in vacuo to give the desired 

spectroscopically pure thioester after purification by column chromatography.

5.3.3.1 1-Phenylethyl thioacetate rac-(343)

Procedure H was followed using diisopropyl azodicarboxyl ate (4.08 mL, 20.7 mmol), 

triphenylphosphine (5.43 g, 20.7 mmol), 1-phenylethanol (2.00 mL, 16.6 mmol) and
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thioacetic acid (2.37 mL, 33.1 mmol), to afford spectroscopically pure thioester (rac)-

343 after purification by column chromatography (1.1 g, 37%). 274

6h (400 MHz, CDCI3): 7.25-7.37 (m, 5H, Ar), 4.75 (q, IH, J 7.04, H-1), 2.31 (s, 

3H, CH3C=0), 1.66 (d, 3H, J 7.04, CH3).

5.3.4 Procedure I: general procedure for the reduction of thioesters

A 250 mL flame-dried round bottomed flask was charged with dry Et20 (70 cm^) and 

LiAlH4 (1.0 equiv.) and the mixture was cooled to 0° C. A solution of the relevant
•2

thioester (13.9 mmol) in dry Et20 (10 cm ) was then added dropwise via syringe. The 

reaction was stirred under reflux condition for 1 h, then the mixture was cooled to 0° 

C and carefully treated with aqueous HCl (2M, lx 25 mL). The organic layer was 

separated, the aqueous layers was extracted with Et20 (3 x 50 mL) and the combined 

ether layers were dried over magnesium sulphate and evaporated to afford the desired 

thiol after purification by column chromatography.

5.3.4.1 2-Methyl-l -phenylpropanethiol rac-(305)

Procedure I was followed using LiAlH4 (530 mg, 13.9 mmol) and (rac)-308 (2.9 g, 

13.9 mmol) in dry Et20 (10 cm^), to afford (rac)-305 as a colourless oil (2.0 g, 86%).

5h (400 MHz, CDCI3); 7.20-7.36 (m, 5H, Ar), 3.78 (dd, IH, J 8.5 and 5.0, H-1),

2.05-2.22 (m, IH, H-2), 1.83 (d, IH, J 5.0, SH), 1.12 (d, 

3H, J 6.5, CH3), 0.85 (d, 3H, J 6.5, CH3).

5c (100 MHz, CDCI3): 143.8 (q), 127.9, 127.0, 126.5, 51.5, 35.4, 20.4, 20.3.

HRMS (m/z): Found 166.0810 (M+H)^CioH,4S requires 166.0816.
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5.3.4.2 1-PhenyIethanethiol rac-(333)

Procedure I was followed using LiAlH4 (232 mg, 6.10 mmol) and (rac)-343 (1.1 g,
-j

6.10 mmol) in dry Et20 (5 cm ), to afford (rac)-333 as a colourless oil (723 mg,

86%). 274

6h (400 MHz, CDCI3): 7.21-7.33 (m, 5H, Ar), 4.21-4.27 (m, IH, H-1), 1.99 (d,

IH, J 5.0, SH), 1.68 (d, 3H, J 7.0, CH,).

5c(100MHz,CDCl3): 145.4 (q), 128.2, 126.7, 125.9,38.3,25.6.

HRMS (m/z): Found 139.058 (M-i-Hl^CgHuS requires 139.058.

5.3.5 Synthesis of 9-epi-QA'3UC\ (328)

• 3HCI

Diisopropyl azodicarboxyl ate (3.60 mL, 18.5 mmol) was added to a stirred solution of 

quinine (5.00 g, 15.4 mmol) and triphenylphosphine (4.85 g, 18.5 mmol) in THF (85 

cm^) at 0 °C via syringe under an argon atmosphere. After 5 min, diphenylphosphoryl 

azide (DPPA) (3.30 mL, 18.5 mmol) was added dropwise by syringe. The solution 

was stirred for 4 h at room temperature, after which the mixture was heated at 45° C 

for 2 h. Triphenylphosphine (4.85 g, 18.5 mmol) was added in one portion and the

161



solution was heated until gas evolution ceased (approx. 2 h). Water (4.8 cnr^) was 

added and the solution was stirred for 4 h. The reaction was concentrated in vacuo and 

the residue was partitioned between CH2CI2 and 2 N HCl (1:1, 80 mL). After the 

mixture was vigorously shaken, the aqueous phase was separated and washed with 

CH2CI2 (2 X 20 mL). The aqueous layer was concentrated under reduced pressure. The 

resulting solid was recrystallised from EtOAc and MeOH to give 9-epi-QA'3HCl (6.0 

g, 90%) as a yellow solid. M.p. 210-215 °C (dec.).*’^’^’^

5h (400 MHz, D2O): 8.92 (d, IH, J 5.5, H-2’), 8.16 (d, IH, J 9.6, H-8’), 8.06 

(d, IH, J 5.5, H-3’), 7.81 (dd, IH, J 9.5 and 2.5, H-7’), 

7.71 (s, IH, H-5’), 5.76 (ddd, IH, J 17.1, 10.5 and 6.5, H- 

10), 5.50 (d, IH, J 10.5, H-9), 5.12 (ad, IH, J 17.6, H-11), 

5.09 (ad, IH, J 10.5, H-11), 4.14 (dd, IH, J 17.8 and 10.0, 

H-8), 3.98 (s, 3H, OCH3), 3.80-3.91 (m, IH, H-6), 3.71 

(dd, IH, J 13.1 and 10.5, H-2), 3.34-3.42 (m, 2H, H-6 and 

H-2), 2.81 (bs, IH, H-3), 1.93-1.97 (m, 3H, H-4 and H-5), 

1.77 (at, IH, J 11.0, H-7), 1.02-1.05 (dd, IH, J 12.5 and 

7.5, H-7).

5.3.6 Procedure L: general procedure for the synthesis of sulfonamide- 

derived cinchona alkaloid organocatalysts

A suspension of 9-epi-QA'3HCI (328) (1.15 mmol) in dry CH2CI2 (12 cm^) was 

stirred at room temperature. Triethylamine (4.5 eq.) was then added via syringe and 

the resulting clear solution was cooled to 0° C. The relevant sulfonyl chloride (1.0 

eq.) was then slowly injected and the solution was allowed to warm up to room 

temperature and stirred for 15 h. After evaporation of the solvent, the crude residue 

was purified by flash chromatography affording the desired sulfonamide catalyst.

5.3.6.1 A-[(6-methoxy-quinolinyl)-(5-vinyl-l-azabicyclo[2.2.2]octyl)-

methylj-metanesulfonamide (325)
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General procedure L was followed using methanesulfonyl chloride (89 pL, 1.15 

mmol) to afford 325 as a white solid (269 mg, 58%) after flash chromatography. M.p.

69-73 °C. [a]'^89 = +60 (c = 0.50, CHCI3).

5h (400 MHz,, DMSO-d6 100° C): 8.75 (d, IH, J 4.0, H-2’), 7.99 (d, IH, J 9.3, H-

8’), 7.71 (s, IH, H-5’), 7.56 (d, IH, J 4.0, H-3’), 

7.46 (d, IH, J 9.3, H-7'), 5.78-5.87 (m, IH, H- 

10), 4.96-5.05 (m, 3H, H-9 and H-11), 3.98 (s, 

3H, OCH3), 3.21-3.26 (m, 3H, H-8, H-6 and H- 

2), 2.79-2.86 (m, 2H, H-6 and H-2), 2.74 (s, 3H, 

CH3), 2.27-2.38 (bs, IH, H-3), 1.25-1.40 (m, 

3H, H-5 and H-4), 1.20-1.25 (m, IH, H-7), 0.69- 

0.83 (m, IH, H-7).

6c (100 MHz, DMSO-de): 157.7 (q), 148.2, 144.3 (q), 142.6, 131.9, 127.7 

(q), 126.3 (q), 121.7, 120.5, 114.8, 102.5, 60.2,

56.1, 55.5, 52.7, 41.9, 40.8, 39.6, 27.8, 27.6,

26.1.

-Umax (neat )/cm: 3657, 2981, 2889, 1621, 1508, 1473, 1462, 

1382, 1254, 1148, 1072, 954.

HRMS (ES): Found 402.1859 (M-l-H)^ C21H28N3O3S requires 

402.1851.
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5.3.6.2 A^-[(6-methoxy-quinolinyl)-(5-vinyl-l-azabicyclo[2.2.2]octyl)-

methyl]-4-methyl-benzenesulfonainide (326)

General procedure L was followed using 4-methyl-benzenesulfonyl chloride (220 mg, 

1.15 mmol) to afford 326 as a white solid (341 mg, 62%) after flash chromatography.

M.p. 153-157 °C. [a]'^89= -r47 (c = 0.47, CHCI3).

5h (400 MHz, DMSO-d6, 100 °C); 8.60 (d, IH, J 4.4, H-2’), 7.89 (d, IH, J 8.8, H-8’),

7.35-7.47 (m, 5H, H-7’, H-5’, H-3’, H-13 and H- 

13’), 7.03 (d, 2H, J 7.7, H-12 and H-12’), 5.72- 

5.80 (m, 2H, H-9 and H-10), 4.98 (d, IH, J 17.2, 

H-11), 4.92 (d, IH, J 10.3, H-11), 3.95 (s, 3H, 

OCH3), 3.12-3.18 (m, IH, H-3), 2.80-3.07 (m, 2H, 

H-6 and H-8), 2.74-2.78 (m, IH, H-2), 2.46-2.59 

(m, 2H, H-2 and H-6), 2.25 (s, 3H, CH3), 1.55- 

1.57 (m, IH, H-5), 1.47-1.49 (m, 2H, H-5 and H- 

4), 1.11-1.17 (m, IH, H-7), 0.69-0.73 (m, IH, H- 

7).

5c (100 MHz, DMSO-de): 157.6 (q), 147.9, 144.4 (q), 144.0 (q), 142.4, 137.8 

(q), 131.7, 129.1, 127.7 (q), 126.8, 126.3 (q), 

121.6, 120.6, 114.8, 101.5, 60.0 55.9, 55.4, 52.4, 

40.3, 39.4, 27.8, 27.5,25.3,21.3.
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■Umax (neat)/cm' 3657, 2981, 2889, 1473, 1462, 1382, 1252, 1155, 

1072, 954.

HRMS (ES): Found 478.2086 (M+H)”^ C27H32N3O3S requires 

478.2164.

5.3.6.3 A^-[(6-methoxy-quinolinyl)-(5-vinyl-l-azabicyclo[2.2.2]octyl)- 

methyl]-2,4,6-trimethyl-benzenesulfonamide (327)

General procedure L was followed using 2,4,6-trimethyl-benzenesulfonyl chloride 

(303 mg, 1.39 mmol) to afford 327 as a white solid (463 mg, 80%) after flash

chromatography. M.p. 78-81 °C. [a]’^589= -(-18 (c = 0.54, CHCI3).

5h (400 MHz, DMSO-d6, 100 °C): 8.60 (d, IH, J 4.4, H-2’), 7.88 (d, IH, J 8.8, H-8’),

7.53 (m, IH, H-3’), 7.42 (m, IH, H-7’), 7.20 (s, 

IH, H-5’), 6.72 (s, 2H, H-12 and H-12’), 5.72- 

5.76 (m, 2H, H-9 and H-10), 4.91 (d, IH, J 17.2, 

H-11), 4.77 (d, IH, J 10.3, H-11), 3.92 (s, 3H, 

OCH3), 3.11 (m, IH, H-3), 3.02-3.05 (m, 2H, H-6 

and H-8), 2.67-2.72 (m, IH, H-2), 2.44-2.52 (m, 

2H, H-2 and H-6), 2.37 (s, 6H, CH3), 2.16-2.22 

(m, IH, H-5), 2.11 (s, 3H, CH3), 1.44-1.46 (m, 

2H, H-5 and H-4), 1.03-1.07 (m, IH, H-7), 0.55- 

0.61 (m, IH, H-7).
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5c (100 MHz, DMSO-de): 157.5 (q), 147.9, 144.7 (q), 144.0 (q), 142.7, 141.6 

(q), 138.1 (q), 134.1 (q), 131.6, 131.4, 127.2 (q), 

121.9, 120.1, 114.9, 101.1, 60.4, 55.7, 55.0, 54.8, 

52.1,40.3, 39.1, 27.8, 27.5, 24.8, 22.7, 20.8.

Umax (neat)/cm :

HRMS (ES):

2938, 1621, 1508, 1314, 1227, 1150, 1030, 852.

Found 506.2469 (M+H)^ C29H36N3O3S requires 

506.2477.

5.3.6.4 A^-[(6-methoxy-quinoiinyl)-(5-vinyl-l-azabicycIo[2.2.2]octyl)-

methyl]-2,4,6-triisopropyl-benzenesulfonamide (332)

General procedure L was followed using 2,4,6-triisopropyl-benzenesulfonyl chloride 

(700 mg, 2.31 mmol) to afford 332 as a white solid (1.10 g, 81%) after flash

chromatography. M.p. 115-118 °C. [a]'^589 = 43.0 (c = 0.50, CHCI3).

5h (400 MHz, DMSO-de): 8.52 (d, IH, J 4.4, H-2’), 7.92 (d, IH, J 9.7, H-8’), 7.41-

7.47 (m, 2H, H-5’ and H-7’), 7.40 (d, IH, J 4.4, H-3’), 

6.99 (s, 2H, H-15 and H-15’), 5.70-5.73 (m, IH, H-10), 

5.16 (d, IH, J 10.4, H-9), 4.96 (d, IH, J 17.3, H-11), 4.89 

(d, IH, J 10.6, H-11), 3.96 (s, 3H, OCH3), 3.83-3.94 (m, 

3H, H-3, H-12 and H-13), 3.07-3.09 (m, IH, H-6), 2.81- 

2.93 (m, 3H, H-2, H-8 and H-14), 2.63-2.68 (m, IH, H-6), 

2.46-2.48 (m, IH, H-2), 2.21 (bs, IH, H-4), 1.42-1.58 (m.
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3H, H-5 and H-7), 1.13-1.16 (m, 12H, CH3), 0.87 (d, 6H, 

J 6.5, CH3), 0.71-0.78 (m, IH, H-7).

6c (100 MHz, DMSO-d6): 157.7 (q), 152.1 (q), 149.2 (q), 147.8, 144.8 (q), 144.1 (q),

142.2, 134.6 (q), 131.9, 127.9 (q), 123.3, 121.2, 120.8, 

114.7, 102.2, 60.7, 56.0, 55.3, 52.3, 40.3, 39.3, 33.7, 29.6, 

27.8, 27.4, 25.4, 25.2, 24.6, 23.8.

-Umax (neat )/cm: 3658, 2981, 2889, 1473, 1462, 1382, 1252, 1150, 1072, 

954.

HRMS (ES): Found 590.3410 (M-i-H)^ C35H48N3O3S requires

590.3416.

5.3.7 Procedure M: general procedure for the anhydride thiolysis

A 20 mL reaction vial containing a stirring bar was charged with the catalyst (0.015 

mmol), fitted with a septum and flushed with argon. The appropriate anhydride (0.15 
mmol) was added followed by the relevant thiol (2.0 eq.) and MTBE (1.50 cm^, 0.2 

M) via syringe. The solution was then stirred at room temperature for 24 h. The 
conversion was checked by 'H-NMR spectroscopic analysis and the crude product 

was then purified by flash-chromatography.

5.3.7.1 4-(2-Methyl-l-phenyi-propylsulfanyicarbonyl)-butyric acid (312)

Procedure M was followed using 313 (8.75 mg, 0.0146 mmol), MTBE (1.50 cm^), 

glutaric anhydride 309 (16.7 mg, 0.146 mmol) and l-phenyl-2-methyl-propanethiol
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305 (50 [iL, 0.293 mmol) to afford 312 as a colourless oil (40 mg, 48%) after 

purification by flash chromatography.

5h (400 MHz, CDCI3): 7.23-7.34 (m, 5H, Ar), 4.47 (d, IH, J 8.0, H-1), 2.59-2.69 

(m, 2H, H-3 and H-4), 2.41 (at, 2H, H-5 and H-6), 2.10- 

2.19 (m, IH, H-2), 1.94-2.01 (m, 2H, H-7 and H-8), 1.05 

(d, 3H, J 6.5, CH3), 0.89 (d, 3H, J 6.5, CH3).

5c(100MHz, CDCI3): 197.4 (SC=0), 178.2 (C=0), 141.5 (q), 128.3, 128.2,

127.0, 55.1,42.7, 33.6, 32.6, 20.7, 20.5, 20.4.

Dmax (neat)/cm : 2966, 1761, 1710, 1408, 1278, 1190, 1066, 971,699.

HRMS (ES): Found 303.1020 (M-l-Na)'^ Ci5H2o03NaS requires

303.1031.

5.3.7.2 3,3-Dimethyl-4-(2-methyl-l-phenyi-propylsulfanylcarbonyI)-
butyric acid (322)

Procedure M was followed using 313 (8.99 mg, 0.015 mmol), MTBE (1.50 cm^), 3,3- 

dimethylglutaric anhydride 320 (21.32 mg, 0.150 mmol) and l-phenyl-2-methyl- 

propanethiol 305 (51 pL, 0.300 mmol) to afford 322 as a colourless oil (10 mg, 11%) 

after purification by flash chromatography.

5h (400 MHz, CDCI3): 7.23-7.34 (m, 5H, Ar), 4.45 (d, IH, J 8.0, H-1), 2.69 (d, 

IH, J 14.0, H-3 or H-4), 2.64 (s, IH, H-3 or H-4), 2.40 (s, 

2H, H-5 and H-6), 2.11-2.20 (m, IH, H-2), 1.13 (s, 3H, 

CH3), 1.09 (s, 3H, CH3), 1.05 (d, 3H, J 6.5, CH3), 0.90 (d, 

3H, J 7.0, CH3).
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5c(100MHz,CDCl3): 206.7 (SC=0), 172.3 (C=0), 141.1 (q), 128.1, 128.0,

126.9, 44.8, 33.6 (q), 33.3, 30.7, 27.9, 20.5, 20.3, 20.5.

-Umax (neatVenn ; 2962, 1768, 1714, 1410, 1281, 1194, 1068,965,700.

HRMS (ES): Found 331.1333 (M+Naf C,7H2403NaS requires 

331.1344.

5.3.7.3 4-(2-Methyl-l-phenyl-propylsulfanylcarbonyl)-propionic acid 

(323).

Procedure M was followed using 313 (8.75 mg, 0.0146 mmol), MTBE (1.50 cm^), 

succinic anhydride 321 (14.6 mg, 0.146 mmol) and l-phenyl-2-methyl-propanethiol 

305 (50 pL, 0.293 mmol) to afford 323 as a colourless oil (34 mg, 45%) after 

purification by flash chromatography.

6h (400 MHz, CDCI3): 7.23-7.34 (m, 5H, Ar), 4.48 (d, IH, J 7.8, H-1), 2.80-2.93 

(m, 2H, H-3 and H-4), 2.61-2.78 (m, 2H, H-5 and H-6), 

2.11-2.19 (m, IH, H-2), 1.04 (d, 3H, J 6.4, CH3), 0.88 (d, 

3H, J 6.8, CH3).

5c(100MHz, CDCI3): 196.4 (SC=0), 175.1 (C=0), 141.2 (q), 128.1, 128.0,

126.9, 55.1, 38.0, 33.6, 28.4, 20.5, 20.3.

-Umax (neat)/cm : 2955, 1770, 1712, 1409, 1277, 1191, 1066, 980, 702.

HRMS (ES); Found 289.0867 (M-f-Na)"^ Ci4Hi803NaS requires

289.0874.
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5.3.8 Procedure N: general procedure for the catalyst evaluation at low 

temperature

A 20 rtiL reaction vial containing a stirring bar was charged with 3-methylglutaric 

anhydride (252) (28.8 mg, 0.225 mmol) and 332 (17.7 mg, 0.030 mmol). The reaction 

vial was flushed with argon and fitted with a septum. MTBE (degassed) was then 

injected (1.5 mL, 0.2M) and the solution cooled to -30° C. The relevant thiol (0.30 

mmol) was added via syringe and the resulting solution was stirred for the required 

time. Conversion to the product was then monitored by 'H-NMR spectroscopic 

analysis and the mixture was purified by flash-chromatography in order to separate 

the unreacted thiol from the thioester product.

5.3.8.1 3-Methyl-4-(2-methyl-l-phenyl-propylsulfanylcarbonyl)-butlric
acid (316).

Procedure N was followed using 332 (19.29 mg, 0.033 mmol), MTBE (1.50 cm°), 3- 

methylglutaric anhydride 252 (31.4 mg, 0.245 mmol) and 1-phenylethanethiol 305 (45 

pL, 0 .327 mmol) to afford 316 as a colourless oil (53 mg, 61%) after purification by 

flash chromatography. Major diastereomer is 316a (see section 5.3.9)

5h (400 MHz, CDCI3); 7.20-7.31 (m, 5H, Ar), 4.43 (d, IH, J 8.0, H-1), 2.36-2.66 

(m, 4H, H-3, H-4, H-5, H-6 or H-7), 2.20-2.26 (m, IH, H- 

6 or H-7), 2.06-2.18 (m, IH, H-2), 1.02 (d, 3H, J 7.0, 

CH3), 0.98 (d, 3H, J 6.5, CH3), 0.86 (d, 3H, J 6.5, CH3).

5c(100MHz,CDCl3): 197.0 (SC=0), 176.6 (C=0), 141.5 (q), 128.3, 128.2,

127.0, 55.2, 50.0, 40.0, 33.6, 27.9, 20.7, 20.5, 19.5.

t)niax(neat)/cm : 2967, 2929, 1706, 1683, 1452, 1007, 907, 729, 697.
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HRMS (ES): Found 289.3513 (M+Na)'^ Ci4Hi803NaS requires

289.3502.

5.3.8.2 2-Methy 1-1 -pheny 1-propane-1 -thiol (/?)-305

After 68 h, the enantioenriched unreacted thiol was recovered in 90.4% ee as 

determined by CSP-HPLC after conversion to the corresponding Michael addition 

adduct following the general procedure O (see section 5.3.9).

CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL 

min ', RT, UV detection at 220 nm, retention times; 12.3 min (minor enantiomer) and 

14.0 min (major enantiomer). Conversion = 53.5%; S Factor = 25.5. [a]^°D= -t-99.0 (c 

= 0.54, CHCI3).

The absolute configuration of 305 was established following the procedure reported in

the literature. 271

5.3.8.2 1-Phenylethanethiol (/?)-333

After 68 h, the enantioenriched unreacted (/?)-thiol was recovered in 97.1% ee as 

determined by CSP-HPLC after conversion to the corresponding Michael addition 

adduct following general procedure O (see section 5.3.9).

CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL 

min ', RT, UV detection at 220 nm, retention times: 14.6 min (minor enantiomer) and
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16.1 min (major enantiomer). [a]^%= +62.0 (c = 0.38, EtOH); Lit [a]^^D= -88.7 (c =

0.63, EtOH; 99% ee, (S)-enantiomer).274

After aminolysis of the thioester product and derivatisation as per general procedure 

P, the reacted enantioenriched thiol was recovered in 57.4 % ee. Conversion = 62.8%; 

S Factor = 14.5.

The absolute configuration of 333 was established following the procedure reported in

the literature^^’ and (with agreement) by comparing the optical rotation with the

literature data. 274

5.3.8.3 l-(4-Methoxy-phenyl)-ethanethiol (/?)-337

3 SH

O r
2'

After 120 h, the enantioenriched unreacted (/?)-thiol was recovered in 87.1% ee as 

determined by CSP-HPLC after conversion to the corresponding Michael addition 

adduct following the general procedure O.

CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 98/2, 1.0 mL 

min ', RT, UV detection at 220 nm, retention times: 22.3 min (minor enantiomer) and 

24.1 min (major enantiomer). [a]^°D= +47.3 (c = 0.30, CHCh).^’^

5h (400 MHz, CDCI3): 7.32 (d, 2H, J = 8.5 Hz, H-2 and H-2’), 6.88 (d, 2H, J = 

8.5 Hz, H-1 and H-L), 4.25 (dq, IH, J = 7.0 and 5.0 Hz, 

H-3), 3.82 (s, 3H, OCH3), 2.00 (d, IH, J = 5.0 Hz, SH), 

1.67 (d, 3H,J = 7.0 Hz, CH3).

5c (100 MHz, CDCI3): 158.6 (q), 137.9 (q), 127.4, 113.9, 55.3, 38.2, 26.3.

HRMS (m/z): Found 169.0683 (M+H)^C9H,30S requires 169.0687.
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After aminolysis of the thioester product and derivatisation as per general procedure 

P, the reacted enantioenriched thiol was recovered in 68.8% ee. Conversion = 55.8%; 

S Factor = 15.0.

The absolute configuration of 337 was established following the procedure reported in

the literature. 271

5.3.8.4 1 -Naphthalen-2-yl-ethanethiol (/?)-338

After 74 h, the enantioenriched unreacted thiol was recovered in 82.0% ee as 

determined by CSP-HPLC after conversion to the corresponding Michael addition 

adduct following the general procedure O.

CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL 

min ', RT, UV detection at 220 nm, retention times: 18.2 min (minor enantiomer) and

23.7 min (major enantiomer). [0]^%= -1-53.7 (c = 0.38, CH2CI2); Lit [a]"^^D= + 65.9 (c20

= 0.58, CH2CI2; 99% ee, (R)-enantiomer).277

5h (400 MHz, CDCI3): 7.89-7.82 (m, 3H), 7.91-7.78 (m, IH), 7.58 (dd, IH, J = 

8.5 and 1.8 Hz), 7.54-7.47 (m, 2H), 4.44 (dq, IH, J = 7.0 

and 5.0 Hz), 2.08 (d, IH, J = 5.0 Hz), 1.80 (d, 3H, J = 7.0 

Hz).

5c (100 MHz, CDCI3): 143.2 (q), 133.3 (q), 132.6 (q), 128.5, 127.8, 127.7, 126.2,

125.9, 125.0, 124.4, 39.0, 25.9.

HRMS (m/z): Found 189.0736 (M-i-H)^Ci2H,3S requires 189.0738.
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After aminolysis of the thioester product and derivatisation as per general procedure 

C, the reacted enantioenriched thiol was recovered in 59.5% ee. Conversion = 57.9%; 

S Factor = 9.7.

The absolute configuration of 25 was established following the procedure reported in

the literature^’’ and (with agreement) by comparing the optical rotation with the

literature data.277

5.3.8.5 1-Naphthalen-l-yl-ethanethiol (R)-339

After 96 h, the enantioenriched unreacted (/?)-thiol was recovered in 89.8% ee as 

determined by CSP-HPLC after conversion to the corresponding Michael addition 

adduct following the general procedure O.

CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL 

min ', RT, UV detection at 220 nm, retention times: 22.4 min (minor enantiomer) and 

28.1 min (major enantiomer).[a]’°D= -188.0 (c = 0.40, CHCI3).

5h (400 MHz, CDCI3): 8.19 (d, IH, J = 8.5 Hz), 7.90 (d, IH, J = 8.0 Hz), 7.79 

(d, IH, J = 8.0 Hz), 7.69 (d, IH, J = 7.0 Hz), 7.60 (t, IH, 

J = 7.0 Hz), 7.56-7.46 (m, 2H), 5.12-5.02 (m, IH), 2.16 

(d, 1H, J = 5.0 Hz), 1.90 (d, 3H, J = 7.0 Hz).

5c (100 MHz, CDCI3): 140.6 (q), 133.5 (q), 129.9 (q), 128.6, 127.3, 125.8, 

125.2, 125.1, 122.5, 122.2, 33.2,24.7.

HRMS (tn/z): Found 189.0736 (M+H)^Ci2Hi3S requires 189.0738.
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After aminolysis of the thioester product and derivatisation as per general procedure 

C, the reacted enantioenriched thiol was recovered in 84.7% ee. Conversion = 51.5; S 

Factor = 36.6.

The absolute configuration of 26 was established following the procedure reported in

the literature. 271

5.3.9 General procedures for enantiomeric excess, conversion and S 

factor determination

The enantiomeric excess of each unreacted thiol was determined by CSP-HPLC after

conversion to the corresponding Michael adduct with acrylonitrile. The enantiomeric

excess of each ‘fast reacting’ thiol was determined by CSP-HPLC after aminolysis of

the thioester product and derivatisation of the thiol to the corresponding Michael

adduct with acrylonitrile. Conversion was determined using CSP-HPLC, where

conversion = 100 x e^thioi/C^^thioi + ^^thioester) and the Selectivity Factor (S) was
1 80calculated according to the method developed by Kagan (see also below).

5.3.9.1 Procedure O: general procedure for thiol derivatisation

Ar R

SH (10.0 eq.)

NEt3(5.0 eq.) 
CH2CI2, rt, 3 h

The appropriate thiol (as obtained after flash-chromatography of the crude reaction 

mixture) was dissolved in CH2Cl2(1.0 mL) under an argon atmosphere. Triethylamine 

(5.0 eq.) and acrylonitrile (10.0 eq.) were added and the mixture was stirred at room 

temperature for 3 h. After removal of the volatiles under reduced pressure, the crude 

product was then purified by flash-chromatography to afford the desired Michael 

adduct in quantitative yield.
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5.3.9.2 Procedure P: general procedure for one-pot thioester aminolysis
and thiol derivatisation

Ar
S-K ^CN (10.0 eq.)

O
CO2H

NH3 (35%, aq.) 
CH2CI2 rt, 3 h

The appropriate thioester (as obtained after flash-chromatography of the reaction 

crude) was dissolved in CH2CI2 (3.0 mL). Acrylonitrile (10.0 eq.) and ammonia (35% 

aqueous solution, 3.0 mL) were added and the diphasic mixture was vigorously stirred 

at room temperature for 3 h. The reaction was then diluted with CH2Cl2(10.0 mL) and 

H2O (10.0 mL) and transferred to a separating funnel. The organic and aqueous layers 

were separated and the organic layer was dried over MgS04, filtered and evaporated 

under reduced pressure. The desired Michael addition product was obtained in 

quantitative yield after purification by flash-chromatography.

5.3.9.3 Procedure Q: general procedure for thioester derivatisation as the
corresponding o-nitrophenyl ester

Enantioselectivity data in Table 3.4 were available from analysis of the thioester 

diastereomers, which were readily separable by CSP-HPLC after conversion to the 

corresponding o-nitrophenylester derivatives via the procedure outlined below.

A 5 mL reaction vial containing a stirring bar was charged with the thioester (as 

obtained after flash-chromatography of the reaction crude), o-nitrophenol (2.0 eq.), 

DMAP (0.1 eq.), DCC (1.2 eq.) and CH2CI2 (0.05 M). The reaction vial was flushed 

with argon, fitted with a septum and stirred at room temperature for 12 h. The mixture 

was then filtered and the resulting clear solution was then purified by flash- 

chromatography.
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5.4 Experimental data for Section 4

5.4.1 1-Benzyl-pyridinium bromide 345

Procedure E was followed using pyridine (400 pL, 4.9 mmol), benzyl bromide (588 

pL, 4.9 mmol) and toluene (6.0 cm^) to afford 345 as a white solid (692 mg, 56%) 

after washing with EtaO, m.p. 92-96 °C (lit.,^’* 98-100 "C).

5h (400 MHz, D2O): 8.85 (d, 2H, J 5.9, H-1 and H-5), 8.49 (t, IH, J 7.8, H-3), 

7.98-8.02 (m, 2H, H-2 and H-4), 7.38-7.49 (m, 5H, Ar), 

5.76 (s, 2H, PhCH2).

5.4.2 4-Methyl-l-benzyl-pyridinium bromide 346

Procedure E was followed using 4-methyl pyridine (300 pL, 3.06 mmol), benzyl 

bromide (365 pL, 3.06 mmol) and toluene (3.0 cm ) to afford 346 as a white solid 

(722 mg, 89%) after recrystallisation from MeOH-Et20, m.p. 156-158 °C (lit.,^^^ 161- 

162 °C).
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5h (400 MHz, D2O): 8.64 (d, 2H, J 6.4, H-1 and H-4), 7.80 (d, 2H, J 6.4, H-2 

and H-3), 7.40-7.43 (m, 5H, Ar), 5.67 (s, 2H, PhCH2), 

2.58 (s, 3H, CH3).

5.4.3 4-diaininoiiiethyl-l-benzyl-pyridinium bromide 347

Procedure E was followed using 4-diaminomethyl pyridine (200 mg, 1.64 mmol), 

benzyl bromide (214 pL, 1.80 mmol) and acetone (3.0 cm ) to afford 347 as a white 

solid (422 mg, 88%) after recrystallisation from MeOH-Et20, m.p. 200-205 °C (lit.,^**^ 

210-211 °C).

5h (400 MHz, D2O): 7.90 (d, 2H, J 6.3, H-1 and H-4), 7.21-7.34 (m, 5H, Ar), 

6.70 (d, 2H, J 6.3, H-2 and H-3), 5.15 (s, 2H, PhCH2), 

3.04 (s, 6H, CH3).

5.4.4 l-Benzyl-4-carbamoyl-pyridinium bromide 348

Procedure E was followed using isonicotinamide (500 mg, 4.09 mmol), benzyl
-3

bromide (585 pL, 4.91 mmol) and ethanol (15.0 cm ) to afford 348 as a white solid
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(544 mg, 45%) after recrystallisation from MeOH, m.p. 250-252 °C (lit.,^^' 243.5- 

246.0 °C).

5h (400 MHz, D2O): 8.95 (d, 2H, J 6.0, H-1 and H-4), 8.23 (d, 2H, J 6.0, H-2

and H-3), 7.57-7.39 (bs, 5H, Ar), 5.77 (s, 2H, PhCHs).

5.4.5 l-Benzyl-3-chloro-pyridinium bromide 349

Procedure E was followed using 3-chloro pyridine (500 pL, 5.32 mmol), benzyl 

bromide (760 pL, 6.38 mmol) and acetone (5.0 cm^) to afford 349 as an off-white 

solid (504 mg, 33%) after recrystallisation from CH3CN, m.p. 128-130 °C (lit.,^*“ 

133-134 °C).

5h (400 MHz, DMSO-d6); 9.70 (s, IH, H-4), 9.22 (d, IH, J 6.0, H-1), 8.82 (d, IH, J

8.5, H-3), 8.20-8.24 (m, IH, H-2), 7.60-7.62 (m, 2H, Ar), 

7.45-7.49 (m, 3H, Ar), 5.88 (s, 2H, PhCH2).

HRMS (ES): Found 204.0578 (M^) C,2Hi,ClN^ requires 204.0580.

5.4.6 l-Benzyl-3-cyano-pyridinium bromide 350

Procedure E was followed using 3-cyano pyridine (500 mg, 4.80 mmol), benzyl 

bromide (600 pL, 5.04 mmol) and acetonitrile (6.0 cm^) to afford 350 as a white solid
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(898 mg, 68%) after recrystallisation from Me0H-Et20, m.p. 149-151 °C (lit., 

147.0-149.5 °C).

283

6h (400 MHz, D2O); 9.43 (s, IH, H-4), 9.18 (d, IH, J 6.2, H-1), 8.91 (d, IH, J 

8.2, H-3), 8.21-8.25 (m, IH, H-2), 7.34-7.48 (m, 5H, Ar), 

5.88 (s, 2H, PhCH2).

5.4.7 l-Benzyl-3-carbamoyl-pyridinium bromide 130a

NHo

Procedure E was followed using nicotinamide (1.00 g, 8.19 mmol), benzyl bromide 

(1.25 mL, 10.50 mmol) and acetone (8.0 cm^) to afford 130a as a white solid (745 mg, 

58%) after recrystallisation from MeOH, m.p. 208-210 °C (lit., 210-211 °C).

5h (400 MHz, D2O): 9.33 (s, IH, H-4), 9.03 (d, IH, J 6.1, H-1), 8.87 (d, IH, J 

8.1, H-3), 8.13-8.17 (m, IH, H-2), 7.43-7.53 (m, 5H, Ar), 

5.87 (s, 2H, PhCH2).

5.4.8 l-(4-Pyridinylcarbonyl) pyrrolidine 367

Following the procedure reported in literature^*"* a 10 cm^ oven dried round bottomed 

flask charged with isonicotinic acid (500 mg, 4.06 mmol) and thionyl chloride (4.0 

cm^) was placed under an atmosphere of Ar. Subsequently, it was fitted with a reflux
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condenser and the white suspension was heated under reflux at 90 °C until it turned 

into a clear solution (ca. 2 h). The excess thionyl chloride was then distilled off and 

the yellow oily residue was cooled to room temperature (spontaneous crystallisation 

of the product occurred upon cooling) and then suspended in dry dichloromethane 
(3.0 cm^). The reaction mixture was then cooled to 0 °C and a solution of pyrrolidine 

(339 pL, 4.06 mmol) and triethylamine (1.70 pL, 12.18 mmol) in dry 
dichloromethane (3.0 cm^) was slowly injected via syringe. The reaction mixture was 

allowed to warm to room temperature and stirred for 15 h. CH2CI2 (5 cm^) was then 

added and the resulting solution washed with NaHCOs (2x10 cm^), and brine (2x10 

cm^). The organic extracts were combined, dried (MgS04) and concentrated in vacuo 

to afford the desired product 367 as an orange oil (459 mg, 64%) after purification by 
column chromatography.

8h (400 MHz, CDCI3):

5.4.9

8.72 (d, 2H, J 4.3, H-1 and H-4), 7.41 (d, 2H, J 4.3, H-2 

and H-3), 3.68 (t, 2H, J 6.8, H-5 and H-6 or H-11 and H- 

12), 3.41 (t, 2H, J 6.8, H-5 and H-6 or H-11 and H-12), 
1.93-2.03 (m, 4H, H-7, H-8, H-9 and H-10).

l-Benzyi-4-(pyrroIidine-l-carbonyI)-pyridiniuiii bromide 357

Procedure E was followed using l-(4-pyridinylcarbonyl) pyrrolidine 367 (459 mg, 

2.61 mmol), benzyl bromide (372 pL, 3.13 mmol) and acetonitrile (3.0 cm^) to afford 

357 as an off-white solid (661 mg, 71%) after recrystallisation frcm EtOH-Et20. M.p. 

175-178 °C.
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5h (400 MHz, DMSO-de): 9.30 (d, 2H, J 6.5, H-1 and H-4), 8.27 (d, 2H, J 6.5, H-2

and H-3), 7.57-7.59 (m, 2H, Ar), 7.44-7.50 (m, 3H, Ar), 

5.89 (s, 2H, PhCH2), 3.50 (at, 2H, H-5 and H-6 or H-11 

and H-12), 3.34 (at, 2H, H-5 and H-6 or H-11 and H-12), 

1.82-1.91 (m, 4H, H-7, H-8, H-9 and H-10).

6c(100MHz, DMSO-dft): 163.0 (C=0), 151.8 (q), 145.7, 134.0 (q), 129.5, 129.3,

129.0, 126.1, 63.2, 48.3, 46.1,25.7, 23.8.

't)max(neat)/cm : 2979, 2926, 1630, 1433, 1335, 1206, 1144, 753, 706.

HRMS (ES): Found 267.1487 (M^) C,7Hi9N20^ requires 286.1497.

5.4.10 A-Phenyl-nicotinamide 369

O

Procedure D was followed using nicotinoyl chloride hydrochloride (200 mg, 1.12 

mmol), aniline hydrochloride (146 mg, 1.12 mmol) and NEta (624 qL, 4.48 mmol) in 

dry CH2CI2 (20 cm^) to give 369 as a yellow solid (135 mg, 61%), m.p. 117-119 °C 

(lit.,^^^ 119-120 °C).

5h (400 MHz, DMSO-de); 10.45 (bs, IH, NH), 9.11 (s, IH, H-4), 8.77 (d, IH, J 5.0,

H-1), 8.30 (d, IH, J 7.5, H-3) 7.78 (d, 2H, J 7.5, H-5 and 

H-9), 7.56-7.60 (m, IH, H-3), 7.35-7.40 (m, 2H, H-6 and 

H-8), 7.13 (t, IH, J7.5, H-7).

182



5.4.11 l-Benzyl-3-phenyi-carbamoyl-pyridinium bromide 358

Procedure E was followed using A^-phenyl nicotinamide 369 (135 mg, 0.68 mmol), 

benzyl bromide (122 pL, 1.02 mmol) and acetonitrile (10.0 cm^) to afford 358 as an 

off-white solid (231 mg, 92%) after recrystallisation from Me0H-Et20. M.p. 196-198 

°C.

5h (400 MHz, DMSO-d6): 10.89 (bs, IH, NH), 9.76 (s, IH, H-4), 9.32 (d, IH, J 6.0,

H-1), 9.10 (d, IH, J 8.0, H-3), 8.32-8.36 (m, IH, H-2), 

7.76 (d, 2H, J 7.5, H-5 and H-9), 7.61 (d, 2H, J 7.5, H-10 

and H-14) 7.41-7.48 (m, 5H, Ar), 7.20 (t, IH, J 7.5, H-7), 

5.96 (s, 2H, PhCHa).

5c(100MHz, DMSO-d6): 160.6 (C=0), 146.6, 145.3, 144.5, 138.3 (q), 135.0 (q),

134.2 (q), 129.7, 129.5, 129.3, 129.2, 128.4, 125.0, 120.7, 

63.8.

'Umax(neat)/cm : 2979, 2926, 2872, 1630, 1564, 1433, 1335, 1144, 753, 

706.

HRMS (ES): Found 289.1341 (M"^) Ci9Hi7N20'^ requires 289.1341.
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5.4.12 A^-(4-TrifluoromethyI-phenyl)-nicotinamide 370

O
CF,

N
H 8

N

Procedure D was followed using nicotinoyl chloride hydrochloride (200 mg, 1.12 

mmol), 4-trifluoromethylaniline (141 pL, 1.12 mmol) and NEts (624 pL, 4.48 mmol) 

in dry CH2CI2 (20 cm^) to give 370 as a white solid (105 mg, 35%), m.p. 150-153 °C 

(lit.,^®^ 152-154 °C).

5h (400 MHz, DMSO-dfi): 10.82 (bs, IH, NH), 9.16 (s, IH, H-4), 8.82 (dd, IH, J 4.7

and 1.5, H-1), 8.34 (dt, IH, J 8.0 and 1.9, H-3), 8.04 (d, 

2H, J 8.5, H-5 and H-8), 7.78 (d, 2H, J 8.5, H-6 and H-7), 
7.61-7.64 (m, IH, H-2).

5.4.13 l-Benzyl-3-(4-trifluoroniethyl)-phenyl-carbamoyl-pyridiniuin 

bromide 359

CF,

Procedure E was followed using A^-(4-trifluoromethyl-phenyl) nicotinamide 370 (105 
mg, 0.39 mmol), benzyl bromide (70 pL, 0.59 mmol) and acetonitrile (12.0 cm^) to 

afford 359 as an off-white crystalline solid (70 mg, 41%) after recrystallisation from 

MeOH-Et20. M.p. 207-209 °C.

5h (400 MHz, DMSO-dfi): 11.19 (bs, 1H, NH), 9.76 (s, 1H, H-4), 9.33 (d, 1H, J 6.1,

H-1), 9.11 (d, IH, J 8.2, H-3), 8.34-8.37 (m, IH, H-2),
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7.98 (d, 2H, J 8.5, H-5 and H-9), 7.82 (d, 2H, J 8.5, H-6 

and H-8) 7.59-7.61 (m, 2H, Ar), 7.44-7.48 (m, 3H, Ar), 

5.96 (s, 2H, PhCH2).

5c(]00MHz, DMSO-d6): 161.2 (C=0), 146.9, 145.6, 144.6, 136.9 (q), 135.1 (q),

134.2 (q), 129.8, 129.6, 129.3, 128.5, 126.6, 124.9 (q, J 

32.0), 124.5 (q, J 273.0), 120.8, 64.1.

5f (376 MHz, DMSO-dft): -61.0.

Umax (neat)/cm : 2979, 2926, 2872, 1630, 1564, 1433, 1335, 1206, 1144, 

872, 854, 753, 706.

HRMS (ES): Found 357.1201 (M^) C2oHi6F3N20^ requires 357.1215.

5.4.14 1 -(3-pyridinylcarbonyl) pyrrolidine 368

Procedure D was followed using nicotinoyl chloride hydrochloride (300 mg, 1.69 

mmol), pyrrolidine (141 pL, 1.69 mmol) and NEt3 (706 pL, 5.07 mmol) in dry 

CH2CI2 (10 cm^) to give 368 as a yellow oil (196 mg, 66%) after purification by

column chromatography.

5h (400 MHz, CDCI3):

286

8.76 (s, IH, H-4), 8.68 (dd, IH, J 4.5 and 1.5, H-1), 7.89 

(d, IH, J 8.0, H-3), 7.36-7.39 (m, IH, H-2), 3.69 (t, 2H, J 

6.8, H-5 and H-6 or H-11 and H-12), 3.48 (t, 2H, J 7 6.5, 

H-5 and H-6 or H-11 and H-12), 1.91-2.05 (m, 4H, H-7, 

H-8, H-9 and H-10).
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5.4.15 l-Benzyi-3-(pyrrolidine-l-carbonyl) pyridinium bromide 360

Procedure E was followed using l-(3-pyridinylcarbonyl) pyrrolidine 368 (196 mg, 

1.11 mmol), benzyl bromide (145 pL, 1.22 mmol) and acetone (2.0 cm^) to afford 360 

as an off- white solid (250 mg, 65%) after recrystallisation from Me0H-Et20, m.p. 

170-174 °C (lit.,^^^ 172-175 °C).

5h (400 MHz, CDCI3): 9.65 (d, IH, J 5.5, H-1), 9.48 (s, IH, H-4), 8.60 (d, IH, J 

8.0, H-3) 8.15-8.19 (m, IH, H-2), 7.68-7.70 (m, 2H, Ar), 

7.38-7.40 (m, 3H, Ar), 6.39 (s, 2H, PhCH2), 3.67 (t, 2H, J 

6.0, H-5 and H-6 or H-11 and H-12), 3.61 (t, 2H, J 6.5, H- 

5 and H-6 or H-11 and H-12), 1.94-1.99 (m, 4H, H-7, H- 

8, H-9 and H-10).

5.4.16 5-Methylnicotinic acid 372

O

OH

N

900

Following the procedure reported m literature 3,5-lutidine (2.50 mL, 23.36 mmol) 

was slowly added via syringe to a 100 cm oven dried round bottomed flask charged 

with a solution of potassium permanganate (5.91 g, 37.38 mmol) in deionised water 

(48 cm^), maintaining the temperature below 60 °C. The mixture was then stirred at 

45 °C for 20h. The precipitated manganese dioxide was then filtered through celite

and washed with hot water and the washings and the filtrate were concentrated in
'1

vacuo. The residue was dissolved in the minimum amount of water (ca. 7.5 cm ) and 

the solution was acidified with 2M hydrochloric acid (pH ca. 4) and the precipitated
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dicarboxylic acid was filtered and washed with water. The filtrate and the washings 

were then combined and concentrated in vacuo to afford the desired product 372 as an 

off-white solid (676 mg, 21%) without any further purification, m.p. 192-196 °C 

(lit.,^^^ 214-216 °C).

5h (400 MHz, D2O): 9.04 (s, IH, H-3), 8.86 (s, IH, H-1), 8.74 (s, IH, H-2), 

2.57 (s, 3H, CH3).

5.4.17 l-[(5-MethyI)pyridinyI]-pyrrolidine 374

O
4>5

' N ^ 10.11 8,9

A 25 cm^ oven dried round bottomed flask charged with 5-methylnicotinic acid 372 

(69 mg, 0.50 mmol) was suspended in CH2CI2 (3.0 cm^), then thionyl chloride (365 

pL, 5 mmol) was slowly added and the resulting mixture was placed under an 

atmosphere of Ar. Subsequently, it was fitted with a reflux condenser and the white 

suspension was heated under reflux at 45 °C until it turned into a clear solution {ca. 3 
h). Then toluene was added (1.5 cm^) and the excess thionyl chloride was distilled off

■5

as an azeotrope. The resulting yellow oily residue was suspended in CH2CI2 (7.0 cm ) 

and cooled to 0 °C. A solution of NEta (201 pL, 1.5 mmol) in CH2CI2 (1.0 cm^) was 

then slowly injected followed by pyrrolidine (84 pL, 1.0 mmol). The reaction mixture 

was allowed to warm to room temperature and stirred for 15 h. CH2CI2 (5 cm^) was 

then added and the resulting solution washed with NaHC03 (2x10 cm^), and brine (2 

X 10 cm^). The organic extracts were combined, dried (MgS04) and concentrated in 

vacuo to afford the desired product 374 as an orange oil (73 mg, 76%) after 

purification by column chromatography.

5h (400 MHz, CDCI3): 8.50 (s, IH, H-3), 8.42 (s, IH, H-1), 7.60 (s, IH, H-2), 

3.58 (t, 2H, J 7.0, H-4 and H-5 or H-10 and H-11), 3.38 (t, 

2H, J 6.5, H-4 and H-5 or H-10 and H-11), 2.30 (s, 3H, 

CH3), 1.80-1.95 (m, 4H, H-6, H-7, H-8 and H-9).
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5c(100MHz, CDCb): 166.8 (C=0), 150.7, 144.5, 135.1, 132.7 (q), 132.1 (q),

49.1,45.9, 25.9, 23.9, 17.9.

DmaxCneatycm';

HRMS (ES):

2972, 2877, 1616, 1438, 1406, 1029, 752.

Found 191.1175 (M^) CiiHi5N20^ requires 191.1184.

5.4.18 l-Benzyl-5-niethyl-3-(pyrrolidine-l-carbonyi) pyridinium bromide
361

6,7

Procedure E was followed using l-[(5-methyl)pyridinyl]-pyrrolidine 374 (143 mg, 
0.75 mmol), benzyl bromide (98 pL, 0.82 mmol) and acetone (1.5 cm^) to afford 361 

as a white solid (204 mg, 75%) after recrystallisation from MeOH-EtaO. M.p. 150- 

153 °C.

5h (400 MHz, DMSO-dft): 9.31 (s, IH, H-3), 9.20 (s, IH, H-1), 8.63 (s, IH, H-2),

7.57-7.58 (m, 2H, Ar), 7.43-7.48 (m, 3H, Ar), 5.83 (s, 2H, 

PhCHa), 3.51 (t, 2H, J 4.6, H-4 and H-5 or H-10 and H- 

11), 3.44 (t, 2H, J 4.4, H-4 and H-5 or H-10 and H-11), 

2.54 (s, 3H, CH3), 1.84-1.93 (m, 4H, H-6, H-7, H-8 and 

H-9).

5c(100MHz, DMSO-de); 162.0 (C=0), 144.8, 144.2, 141.0, 139.5 (q), 136.2 (q),

134.0 (q), 129.4, 129.2, 128.8, 63.5, 48.5, 46.4, 25.8, 

23.9, 17.9,
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-Umax (neat)/cm :

HRMS (ES):

3658, 3467, 1637, 1443, 1383, 1156, 952,

Found 281.1651 (M^) Ci8H2iN20^ requires 281.1654.

5.4.19 Isonicotinic acid ethyl ester 378

^OEt

A 50 cnr oven dried round bottomed flask charged with isonicotinic acid 362 (1.03 g, 

8.34 mmol) and ethanol (20 cm^) was placed under an atmosphere of Ar. 

Subsequently, sulphuric acid (1.5 equiv.) was added via syringe. The flask was then 

fitted with a reflux condenser and the clear solution was heated under reflux at 80 °C 

for 20 h. The reaction mixture was then cooled to room temperature and the solvent
'i

was removed in vacuo. The residue was diluted with CH2CI2 (ca. 5 cm ) and washed 

with NaHCOa (2 x 10 cm^), and brine (2 x 10 cm^). The organic extracts were 

combined, dried (MgS04) and concentrated in vacuo to afford the desired product 378

as a yellow oil (1.15 g, 91%) without any further purification 289

5h (400 MHz, CDCI3): 8.80 (d, 2H, J 5.7, H-1 and H-4), 7.88 (d, 2H, J 5.7, H-2

and H-3), 4.44 (q, 2H, J 7.2, CH2), 1.44 (t, 3H, J 7.2, 

CH3).

5.4.20 l-Benzyl-4-ethoxycarbonyl-pyridiniuni bromide 375
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Procedure E was followed using isonicotinic acid ethyl ester 378 (1.15 g, 7.63 mmol), 
benzyl bromide (1.10 mL, 9.16 mmol) and acetonitrile (10.0 cm^) to afford 375 as a 

white solid (2.33 g, 95%) after recrystallisation from MeOH, m.p. 165-168 °C (lit.,^^° 

163-165 °C).

5h (400 MHz, CDCI3): 9.85 (d, 2H, J 6.5, H-1 and H-4), 8.43 (d, 2H, J 6.5, H-2 

and H-3), 7.71-7.73 (m, 2H, Ar), 7.39-7.41 (m, 3H, Ar), 

6.49 (s, 2H, PhCHs), 4.48 (q, 2H, J 7.1, CH2), 1.43 (t, 3H, 

J7.1,CH3).

5.4.21 Nicotinic acid ethyl ester 379

O

OEt

A 100 cm^ oven dried round bottomed flask charged with nicotinic acid 377 (3.20 g, 

25.99 mmol) and ethanol (50 cm'^) was placed under an atmosphere of Ar. 

Subsequently, sulphuric acid (1.5 equiv.) was added via syringe. The flask was then 

fitted with a reflux condenser and the clear solution was heated under reflux at 80 °C 

for 20 h. The reaction mixture was then cooled to room temperature and the solvent 

was removed in vacuo. The residue was diluted with CH2CI2 (ca. 10 cm^) and washed 

with NaHC03 (2 x 10 cm ), and brine (2 x 10 cm ). The organic extracts were 

combined, dried (MgS04) and concentrated in vacuo to afford the desired product 379
as a yellow oil (2.74 g, 70%) without any further purification.291

5h (400 MHz, CDCI3): 9.15 (s, IH, H-4), 8.69 (d, IH, J 5.0, H-1), 8.22 (d, IH, J 

7.5, H-3), 7.30-7.33 (m, IH, H-2), 4.34 (q, 2H, J 7.0, 

CH2), 1.34 (t, 3H, J7.0, CH3).
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5.4.22 l-Benzyl-3-ethoxycarbonyl-pyridiniuin bromide 376

O

OEt

Procedure E was followed using nicotinic acid ethyl ester 379 (3.20 g, 21.18 mmol), 

benzyl bromide (2.77 mL, 23.29 mmol) and acetone (11.0 cm^) to afford 376 as a 

white solid (5.23 g,77%) after recrystallisation from MeOH-Et20, m.p. 132-134 °C 

(lit.,-^° 132 °C).

5h (400 MHz, CDCI3): 10.17 (d, IH, J 5.7, H-1), 9.65 (s, IH, H-4), 8.88 (d, IH, J 

8.5, H-3), 8.28-8.31 (m, IH, H-2), 7.71-7.73 (m, 2H, Ar), 

7.39-7.41 (m, 3H, Ar), 6.51 (s, 2H, PhCH2), 4.46 (q, 2H, J 

7.0, CH2), 1.43 (t, 3H, J 7.0, CH3).

5.4.23 l-BenzyI-3,5-dimethoxycarbonyl-pyridinium bromide 382

OMe

A 25 mL round bottomed flask containing a stirring bar was charged with the 3,5- 

dicarboxylic acid dimethyl ester 384 (820 mg, 4.20 mmol), fitted with a septum and 
flushed with argon. Dry methanol (10 cm^, 0.4 M) was added followed by benzyl 

bromide (750 |lL, 6.30 mmol) via syringe. The solution was then stirred under reflux 

(65 °C) for 24 h. After cooling to room temperature, the solvent was removed in 

vacuo and the crude product was purified by dissolution in EtOAc-MeOH (9/1, ca. 1- 

20 cm ) in a conical flask fitted with a septum and a needle open to the air and left for
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12 h. At this point unreacted starting material precipitated and was removed by 

filtration. The mother liquor was then cooled to 0 °C and the catalyst precipitated by 

the slow addition of ether over 2-4 hours. The catalyst was filtered, dried in vacuo and 

stored under a protective atmosphere of argon as an off-white solid (592 mg, 39%),. 

M.p. 130-131 °C.

5h (400 MHz, CDCI3): 10.02 (s, 2H, H-1 and H-3), 9.37 (s, IH, H-2), 7.70-7.73

(m, 2H, Ar), 7.47-7.48 (m, 3H, Ar), 6.60 (s, 2H, PhCH2), 

4.07 (s, 6H, OCH3).

6c(100MHz, CDCI3): 160.4 (C=0), 148.2, 145.0, 131.1 (q), 130.3 (q), 130.1,

129.8, 129.5,65.6, 53.8.

Dmax (neat)/cm : 3007, 2955, 1732, 1635, 1605, 1493, 1434, 1258, 1161, 

996, 878,731,674, 699.

HRMS (ES): Found 286.1084 (M^) C|6H,6N04^ requires 286.1079.

5.4.24 General procedure R: aldehyde acetalisation catalyzed by 382

A 20 mL reaction vial containing a stirring bar was charged with 382 (0.05 mmol), 

fitted with a septum and flushed with argon. The appropriate aldehyde (0.50 mmol) 

was added followed by dry methanol (1.25 cm^, 0.38 M) via syringe. The solution 

was then stirred at room temperature for 24 h. When conversion was judged to be 

either complete or >95% (by 'H-NMR spectroscopic analysis) the reaction was 

quenched with PhNHNH2 and the solvent was removed in vacuo. The crude product 

was then purified by flash-chromatography.

5.4.24.1 Benzaldehyde dimethyl acetal (342)
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Procedure R was followed using 382 (12.5 mg, 0.03 mmol), methanol (6.7 cm^) and 

benzaldehyde 70 (340 |iL, 3.34 mmol), to afford 342 as a pale yellow liquid (466 mg.

92%) after purification by flash chromatography. 292

5h (400 MHz, CDCI3); 7.47-7.49 (m, 2H, Ar), 7.34-7.42 (m, 3H, Ar), 5.42 (s,

IH, H-1), 3.37 (s, 6H, OCH3).

5c(100MHz, CDCI3): 137.6 (q), 128.0, 127.8, 126.2, 102.7,52.3.

5.4,24.2 4-Chlorobenzaldehyde dimethyl acetal (388)

OMe

OMe

Procedure R was followed using 382 (13.0 mg, 0.04 mmol), methanol (7.1 cm^) and 

4-chlorobenzaldehyde 385 (500 mg, 3.56 mmol), to afford 388 as a pale yellow liquid

(657 mg, 99%) after purification by flash chromatography. 292

5h (400 MHz, CDCI3): 7.41 (d, 2H, J 8.5, H-3 and H-4), 7.36 (d, 2H, J 8.5, H-2

and H-5), 5.40 (s, IH, H-1), 3.33 (s, 6H, OCH3).

5c(100MHz, CDCI3): 136.1 (q), 133.8 (q), 127.9, 127.7, 101.8,52.1.

5.4.24.3 2-Methylbenzaldehyde dimethyl acetal (389)

OMe 

OMe

Procedure R was followed using 382 (15.8 mg, 0.04 mmol), methanol (2.3 cm^) and 

2-methylbenzaldehyde 386 (100 )iL, 0.86 mmol), to afford 389 as a pale yellow liquid

(133 mg, 92%) after purification by flash chromatography. 293
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5h (400 MHz, CDCI3): 7.56 (dd, 1H, J 6.5 and 2.0, H-2), 7.26 (m, 2H, Ar), 7.15-

7.17 (m, IH, Ar), 5.46 (s, IH, H-1), 3.32 (s, 6H, OCH3), 

2.37 (s, 3H, CH3).

5c (100 MHz, CDCI3): 135.8 (q), 135.2 (q), 130.1, 127.9, 126.0, 125.0, 101.3, 

52.6, 18.4.

5.4.24.4 4-Methoxybenzaldehyde dimethyl acetal (390)

OMe

1 OMe

Procedure R was followed using 382 (15.05 mg, 0.04 mmol), methanol (2.2 cm^) and 

4-methoxybenzaldehyde 387 (100 |iL, 0.82 mmol), to afford 390 as a pale yellow 

liquid (123 mg, 82%) after purification by flash chromatography. Note: the use of

PhNHNH2 was not required. 292

5h (400 MHz, CD3OD); 7.32 (d, 2H, J 8.3, H-3 and H-4), 6.90 (d, 2H, J 8.8, H-2

and H-5), 5.31 (s, IH, H-1), 3.79 (s, 3H, PhOCHs), 3.28 

(s, 6H, OCH3).

5c(100MHz,CD30D): 160.0 (q), 130.2 (q), 127.6, 113.1, 103.3,54.3,51.7.

5.4.24.5 3,3-Dimethoxypropenyl benzene (394)

OMe

1 OMe

Procedure R was followed using 382 (14.54 mg, 0.04 mmol), methanol (2.1 cm"^) and 

cinnamaldehyde 391 (100 |J.L, 0.79 mmol), to afford 394 as a pale yellow liquid (114
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mg, 81%) after purification by flash chromatography. Note: the use of PhNHNH2 was

not required. 294

5h (400 MHz, CDCI3): 7.43-7.46 (m, 2H, Ar), 7.28-7.38 (m, 3H, Ar), 6.76 (d,

IH, J 16.3, H-3), 6.19 (d, IH, J 16.3 and 5.0, H-2), 5.00 

(dd, 1H, J 5.0 and 1.3, H-1), 3.41 (s, 6H, OCH3).

5c (100 MHz, CDCI3): 136.1 (q), 133.6, 128.6, 128.1, 126.8, 125.7, 102.9, 52.8.

5.4.24.6 3,3-Dimethoxypropyl benzene (395)

OCD,

OCDo

Procedure R was followed using 382 (1.39 mg, 0.004 mmol), deuterated methanol 

(1.0 cm^) and 3-phenylpropanal 392 (50 pL, 0.38 mmol). After 1 minute styrene (43 

pL, 0 .38 mmol) was added via syringe and the yield was determined by ’H NMR

(99%).295

5h (400 MHz, CD3OD): 7.14-7.33 (m, 5H, Ar), 4.48 (t, IH, J 5.6, H-1), 2.70 (t,

2H, J 8.1, H-4 and H-5), 1.80-1.95 (m, 2H, H-2 and H-

3).

5.4,24.7 2,2-Diniethoxy-l-methyl-ethyl benzene (396)

Procedure R was followed using 382 (1.37 mg, 0.004 mmol), deuterated methanol 

(1.0 cm^) and 2-phenylpropanal 393 (50 pL, 0.38 mmol). After 25 minutes styrene
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(43 |J,L, 0.38 mmol) was added via syringe and the yield was determined by H NMR 

(98%).^^^

5h (400 MHz, CD3OD): 7.17-7.41 (m, 5H, Ar), 4.54-4.61 (m, IH, H-1), 2.85-

2.86 (m, IH, H-2), 1.28 (as, 3H, CH3).

5.4.24.8 4-nitroacetophenone dimethyl ketal (398)

OMe
' I-OMe

OpN

Procedure R was followed using 382 (18.5 mg, 0.05 mmol), methanol (1.3 cm^) and 

4-nitroacetophenone 397 (82.6 mg, 0.50 mmol), to afford 398 as a pale yellow solid 

(55 mg, 52%) after purification by flash chromatography. M.p. 58-60 °C (lit.,^® 60-

61.5 °C). Note: the use of PhNHNH2 was not required. 297

5h (400 MHz, CD3OD); 8.25 (d, 2H, J 9.0, H-2 and H-3), 7.74 (d, 2H, J 9.0, H-1

and H-4), 3.21 (s, 6H, OCH3), 1.56 (s, 3H, CH3).

5c(100MHz, CD3OD): 150.5 (q), 148.0 (q), 127.9, 127.7, 101.5 (q), 48.5, 25.1.

5.4.24.9 Phenyl-1,3-dithiolane (399)

Procedure R was followed using 382 (19.8 mg, 0.05 mmol), 1,2-ethanthiol (100 pL, 

1.19 mmol), THF (200 pL) and benzaldehyde 70 (110 pL, 1.08 mmol), to afford 399

as a colorless liquid (191 mg, 96%) after purification by flash chromatography. 298
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5h (400 MHz, CDCI3): 7.54-7.56 (m, 2H, Ar), 121-lM (m, 3H, Ar), 5.67 (s,

IH, H-1), 3.50- 3.58 (m, 2H, H-2 and H-4), 3.35-3.43 

(m, 2H, H-3 and H-5).

5c (100 MHz, CDCI3): 139.9 (q), 128.1, 127.6, 127.5,55.8, 39.8.

5.4.24.10 Phenyl-1,3-dithiane (400)

Procedure R was followed using 382 (49.8 mg, 0.14 mmol), 1,3-propanthiol (300 pL, 

2.98 mmol), THF (9.1 cm'^) and benzaldehyde 70 (276 pL, 2.71 mmol). After 

chromatography a small amount of benzaldehyde 70 was detected by 'H NMR 

spectroscopy, the crude mixture was then dissolved in cold MeOH and NaBH4 (17 

mg, 0.45 mmol) was added to the solution, the mixture was washed with water (5 

cm^) and the product was extracted with ethyl acetate (2x5 cm^) and concentrated in 

vacuo to afford spectroscopically pure 400 as a white solid (370 mg, 70%). M.p. 60- 

62 °C (lit.,^'^^ 71-72 °C).

5h (400 MHz, CDCI3): 7.46-7.48 (m, 2H, Ar), 7.28-7.36 (m, 3H, Ar), 5.17 (s, 

IH, H-1), 3.07 (ddd, 2H, J 14.5, 12.3 and 2.5, H-2 and 

H-6), 2.92 (ddd, 2H, J 7.5, 4.3 and 3.3, H-3 and H-7), 

2.14-2.21.(m, IH, H-4), 1.88-1.99 (m, IH, H-5).

5c (100 MHz, CDCI3): 139.1 (q), 128.8, 128.5, 127.8,51.5,32.1,25.1.
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5.4.24.11 Phenyl-1,3-dioxolane (401)

Procedure R was followed using 382 (59.7 mg, 0.16 mmol), 1,2-ethandiol (100 |j,L, 

1.79 mmol) and benzaldehyde 70 (166 |iL, 1.63 mmol), to afford 401 as a yellow 

liquid (100 mg, 41 %) after purification by flash chromatography.

5h (400 MHz, CDCI3): 7.50-7.52 (m, 2H, Ar), 7.37-7.44 (m, 3H, Ar), 5.84 (s,

IH, H-1), 4.12-4.20 (m, 2H, H-2 and H-4), 4.03-4.11 

(m, 2H, H-3 and H-5).

6c(100 MHz, CDCI3): 137.4 (q), 128.8, 127.9, 126.0, 103.3, 64.9.

5.4.24.12 Phenyl-1,3-dioxane (402)

Procedure R was followed using 382 (23.1 mg, 0.06 mmol), 1,3-propandiol (100 pL, 

1.38 mmol), and benzaldehyde 70 (128 pL, 1.26 mmol), to afford 402 as a pale

yellow liquid (183 mg, 88%) after purification by flash chromatography.300

5h (400 MHz, CDCI3): 7.48-7.50 (m, 2H, Ar), 7.31-7.39 (m, 3H, Ar), 5.51 (s, 

IH, H-1), 4.28 (ddd, 2H, J 11.7, 5.3 and 1.2, H-2 and H- 

6), 4.00 (ddd, 2H, J 14.0, 12.3, 1.7, H-3 and H-7), 2.18- 

2.30 (m, IH, H-4), 1.44-1.48 (m, IH, H-5).

5c(100 MHz, CDCI3): 138.4 (q), 128.4, 127.8, 125.6, 101.2, 67.0, 25.3.
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