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Abstract 

The initial part of this works involves the evaluation of a related series of bisamides for 
rational correlation between anion complexation and organocatalysis: remarkable 
enhancement of hydrogen bonding to anions was observed along with significant increases 
in catalytic activity in the Morita-Baylis-Hillman reaction. In addition, X-ray 
crystallography showed a large degree of pre-organisation was observed in one receptor by 
incorporation of bis(trifluoromethyl)aniline groups along with a thioamide functionality. A 
novel bifunctional amide/N-acylsulfonamide within the series gave the best catalytic 
profile for the initial receptors/organocatalysts. 
 
Following on from the initial work, a series of bifunctional hybrid (thio)urea/amide 
molecules were designed and also tested for their anion binding properties and catalytic 
activites. A urea/amide hybrid produced the highest binding constants while a 
thiourea/amide analogue gave optimal catalytic properties in the aforementioned reaction 
with yield of up to 79% obtained. Catalyst-substrate binding studies were undertaken for 
the most successful catalysts and a catalytic mechanism related to receptor/catalyst acidity 
was proposed.  
 
Another major part of this work involved the design and screening of a range of simple N-
aryl and N-heteroaryl pyrrolidine amide organocatalysts incorporating N-pyridyl and N-
quinolinyl groups in the synthetically useful aldol reaction of isatin with acetone. The 
‘reverse amide’ N-pyridyl pyrrolidinylmethyl amide catalysts proved highly catalytically 
active but gave disappointing enantioselectivities. However, an N-3-pyridyl prolinamide 
catalyst gave the aldol adduct in high yields and high enantioselectivity with up to 72% ee 
of the (S)-isomer. Conditions were optimised for this catalyst and in particular an additive 
screen identified a link between the pKa of the acid additive and the yield and 
enantioselectivity. An N-acylsulfonamide prolinamide was also identified as a catalyst for 
this reaction giving the (R)-enantiomer in 68% ee. 
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1.1 Introduction 

The recognition of anions is an ever-expanding field.1,2 Many hosts incorporating functional 

groups such as indoles, pyrroles, sulfonamides, ureas and amides have been successful in 

selectively complexing a range of anionic guests via hydrogen bonding.3-6 Often, these 

receptor molecules are designed with some degree of pre-organisation in mind, creating a 

cleft-like structure.7,8 The use of metal-free organic molecules to catalyse reactions has also 

received intense interest.9 The catalytic activity of several such organocatalysts involves 

coordination of groups such as those listed above via hydrogen bonding (H-bonding) to highly 

negative or anionic intermediates.10-17 Considering a major objective of both receptor and 

organocatalyst design is the molecular recognition of anions, much can be gained from taking 

a cooperative view between both areas, giving rise to the potential of dual application of 

molecular receptors for anion recognition and organocatalysis.18,19 

 

The focus of Chapter 2 of the thesis lies in the rational design of receptors for selective anion 

binding and catalysis, specifically reactions where H-bonding and electrophile activation play 

key mechanistic roles. Instead of the lengthy and potentially troublesome synthesis of 

transition state analogues for binding studies, we look to the binding characteristics of our 

target receptors with anions as a guide to catalytic mechanisms and in some cases, use anion 

binding properties as a mechanistic probe into organic reactions. 

 

This review Chapter will present a separate review of the areas of anion recognition and 

organocatalysis giving a brief history, some key findings and more recent developments in 

each field. Finally, both themes will be brought together in a more detailed analysis of their 

interrelationships with a focus on design & application of receptor motifs as organocatalysts. 

 

1.2 Acyclic Receptors for Anion Binding 

This section will provide a general overview of anion binding including a consideration of the 

design parameters of simple anion receptors and comparison of their anion complexation 

abilities. It will focus on acyclic (non-macrocyclic) receptors for simple anions containing the 

secondary amide binding functionality such as diamidopyrroles and isophthalamides and also 
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urea and thiourea binding sites. A number of applications of anion binding will be described, 

including transport across cell membranes, anion sensors and organocatalysis, the latter 

forming an integral part of the work presented in Chapter 2.  

 

The design of anion receptors is a quite challenging area. Anions tend to be larger than cations 

and therefore have a lower charge to radius ratio.20 Anions may be sensitive to pH and become 

protonated under acidic conditions, thus losing their charge. Solvent effects can play a key 

role in controlling binding strength and selectivity. For example some solvents can form H-

bonds to anions and an anion receptor must compete with the solvent for the binding site. 

Anions possess a wide range of geometries and a high degree of pre-organisation may be 

necessary to design effective anion receptors. Halides such as fluoride (F-), chloride (Cl-), 

bromide (Br-) and iodide (I-) are spherical in shape while linear anions include hydroxide (OH-

) and cyanide (CN-). Carbonate (CO3
2-) and nitrate (NO3

2-) ions are trigonal planar in nature 

and phosphate (PO4
3-), dihydrogen phosphate (H2PO4

-) and sulfate (SO4
2-) are tetrahedral 

anions. Acetate (AcO-) and benzoate (BzO-) are examples of Y-shaped anions (Figure 1.1). 

 
Figure 1.1: Variation of anion shapes showing examples of spherical, linear, trigonal planar, Y-shaped and 
tetrahedral anions. 
 

Despite the 1968 development of the first synthetic anion receptor by Park and Simmons,21 the 

coordination of anions was largely unexplored until approximately 30 years ago. It has since 

become a well studied area of supramolecular chemistry due to potential binding applications 

in the fields of biology, the environment and chemical processes.21-23 Anion coordination 

chemistry was initially concerned with the design and synthesis of simple uncharged receptors 

which could complex anions in an organic environment.24 More recently, the focus has shifted 

towards the selective anion binding in aqueous solvent conditions,25 selective sensing of 

biologically significant anions in vivo,26 detection of anionic pollutants at very low levels,27 

anion transport across cell membranes28 and extraction and transport of specific anions against 

Hofmeister bias from aqueous to organic conditions.29 Receptors may complex an anionic 
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guest through strong electrostatic interactions,30 metal-anion complexation31,32 or through 

weaker but more directional interactions including Lewis acid-base,33 π-anion,34 hydrophobic 

effects or hydrogen bonding (H-bonding),35-37 the most common being through H-bonding. 
2,23,38 

 

Hydrogen bonds are directional, therefore receptors with specific H-bond arrangements can 

distinguish between anions of different geometries in non-polar solvents.20 Several hydrogen 

bonds can also be incorporated into a supramolecular structure to form a cleft with convergent 

H-bonding groups, capable of cooperative anion binding. Neutral receptors incorporating 

amide,39 squaramide,40,41 urea and thiourea,3,42-46 pyrrole,4,47,48 and indole3,49 groups as H-bond 

donors have been reported to bind anions (Figure 1.2). 

 
Figure 1.2: Some functional groups capable of H-bonding to anions including 6-membered and 8-membered 
chelated system which ureas and thioureas may form with anions. 
 

In particular, secondary amides are commonly used in anion receptors as they act as efficient 

H-bond donors.50 They can also act as H-bond acceptors leading to intramolecular H-bonding, 

self-association and disruption to anion binding. Despite this, they have been found to 

efficiently bind anions,51 and neutral molecules such as barbiturates52 and dicarboxylic acids.53 

Squaramides have been observed to bind halides and oxyanions with high binding strength.41 

Sulfonamide moieties have also been shown to be effective anion receptors, due to their 

highly acidic H-bond donating groups (Figure 1.2).54 Pyrrole and indole based receptors can 

only act as H-bond donors and therefore, intramolecular H-bond formation which can inhibit 

anion binding is not possible (Figure 1.2). Ureas and thioureas are known to be very efficient 

anion receptors as both possess two N-H groups which can bind a single acceptor atom such 

as a halide anion forming a six-membered chelate ring or can also bind two adjacent oxygen 

atoms of an oxyanion producing an eight-membered ring system. A review of receptors 

containing the motifs described above will be presented in the following sections. 
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1.2.1 Isophthalamides and Analogues as Amide Based Anion Receptors 

An isophthalamide unit consists of a 1,3-dicarboxamide attached to a benzene scaffold. It 

contains two complementary amide N-H groups arranged in a “cleft-like” structure capable of 

binding to anions. Inspired by the findings of Hamilton regarding the binding ability of 

isophthalamide receptors for neutral nucleotide bases,55 barbiturates52 and dicarboxylic 

acids,53 Crabtree et al. designed a simple acyclic isophthalamide with minimal pre-

organisation to bind halide anions in 1997 (Scheme 1.1b).24 Previous to this, Hunter et al. had 

studied the conformations of isophthalamide and 2,6-pyridine-dicarboxamide units.56 Using 

conformational studies and 1H NMR NOESY experiments, they found that the syn-anti 

conformation was most stable for isophthalamides while syn-syn was optimal for the pyridyl 

diamide derivative (Scheme 1.1a). Alternative conformations were disfavoured in the case of 

the latter receptor due to repulsion between the pyridyl nitrogen and carbonyl oxygen atom. 

 
Scheme 1.1: (a) Possible conformations for isophthalamides and 2,6-pyridine-dicarboxamides. (b) Change in 
conformation of 1 from syn-anti to syn-syn conformation upon introduction of Br- anion.51 
 

In accordance with the work of Hunter et al.56 X-ray diffraction studies conducted by Crabtree 

et al. confirmed 1:1 complexation between [PPh4]Br and both amide N-H groups of 1. The 

conformation switched from the syn-anti preferred conformation in the absence of anionic 

guest to the syn-syn conformation for anion binding (Scheme 1.1). Due to poor solubility of 

the N-phenyl isophthalamide 1, 1H NMR spectroscopic titrations were carried out on the N-(n-

butyl phenyl) derivative 2, producing large downfield shifts of the N-H and aromatic C-H 

protons ortho to the amide groups consistent with H-bonding. Large association constants 

(Kass values) of 6.1 x 104 M-1 and 7.1 x 103 M-1 were obtained for 2 with Cl- and Br- 

respectively. Crabtree et al. later studied the effects of structural rigidity and H-bonding 



6 

 

functionality (amide vs sulfonamide) on the selectivity and binding efficiency to anions 

(Figure 1.3).51  

 
Figure 1.3: Receptors 1-5 analysed by Crabtree et al.51 
 
1H NMR spectroscopic titrations of 2-5 with Cl-, Br-, I-, AcO- were indicative of a cleft-like H-

bonding structure in all cases involving the amide or sulfonamide N-H, C-H ortho to both 

amide groups (present in 2-4) and phenyl C-2 protons ortho to the N-H groups. Kass values of 

the order of 104 M-1 were found for the most efficient isophthalamide receptor 2, ascribed to 

the absence of rigid or bulky groups and the flexible nature of the host skeleton which could 

undertake slight conformational adjustments to accommodate anions of varying sizes. In the 

case of pyridyl diamide 5, repulsion due to the lone pair on the nitrogen atom was a major 

factor when binding large anions such as Br- and I- but less significant for smaller anions. A 

1:1 binding stoichiometry was found for 2, 3 & 5. 

 

Smith et al. incorporated a Lewis-acidic boronate group into neutral urea and amide based 

receptors producing a series of boronate ureas and a related bis(boronate-amide) incorporated 

into an isophthalamide structure (Figure 1.4).7 High Kass values up to 6 x 104 M-1 were 

obtained for the urea based receptors with AcO- in DMSO.7 Incorporation of the boronate 

substituent into an isophthalamide produced 6, where intramolecular coordination between the 

amide oxygen atom and Lewis acidic boronate substituent pre-organised the receptor to the 

syn-syn conformation. This receptor produced a Kass value which was a factor of 10 greater 

than a related isophthalamide with AcO- in DMSO-d6. The enhanced AcO- binding for the 

boronate ureas and amides was proposed to be due to intramolecular coordination, inducing a 

larger host dipole moment and increased surface potential at the urea and amide groups. 
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Figure 1.4: Smith’s bis(boronate-amide) and urea receptors.7 
 

In 2003, Gale et al. studied the F- binding abilities of isophthalamides with enhanced N-H 

acidity due to an electron withdrawing 3-nitrophenyl 7 or 3,5-dinitrophenyl 8 group attached 

to the amide (Figure 1.5).57 In both cases, the amide N-H signal disappeared, requiring the 

titration to be monitored through the isophthaloyl H-2 resonance. A complex 1H NMR 

titration curve for 7 was suggestive of multiple equilibria while the H-2 resonance of 8 shifted 

upfield and plateaued upon the addition of 1 equivalent of F-. At higher F- concentration, 

upfield shift continued, suggesting initial formation of a 1:1 or 2:2 receptor:F- complex 

followed by a 1:2 receptor:F- complex at higher concentrations of F-. X-ray crystal structure of  

the F- complex of the dinitrophenyl derivative showed the formation of an unusual “2+2” 

double helix formed by two isophthalamides wrapping around two F- anions via N-H…..F- H-

bonds and potential π-π interactions between the nitroaromatic rings. 

 
Figure 1.5: Structure of isophthalamide based receptors 7 & 8 developed by Gale et al.57 Fluoride double helix 
with 8 also shown. 
 

In 2005, the same group studied 1,3-dicarboxamido-9,10-anthraquinone derivatives where 

steric interactions between the amide in the 1-position and the anthraquinone oxygen in the 9-

position twisted the amide out of the anthraquinone plane, forcing the syn-syn conformation to 

be disfavoured in the hope of favouring higher order receptor:anion complexes58 (Figure 1.6). 
1H NMR spectroscopic titration data in DMSO-d6/0.5% water for F- could not be fitted to a 

1:1 or 1:2 binding model in some cases. Br- and hydrogen sulphate H2SO4
2- were not 

significantly bound and only the most efficient chloro-substituted receptor 11 complexed Cl-. 



8 

 

H2PO4
- was bound more strongly to the twisted methoxy isophthalamide 10 compared to the 

standard methoxy isophthalamide 9, (Kass = 214 M-1 vs 120 M-1), which was ascribed to oxo-

anion bridging between the amide groups in the anthraquinone derivatives. X-ray 

crystallography of the tetrabutylammonium fluoride complex of 12 revealed a 2:2 

receptor:anion complex.  

 
Figure 1.6: Structure of non-twisted & twisted isophthalamide analogues 9 & 10-12.58 Isopththaloyl & pyridyl 
receptors 13 & 14 incorporating indole groups also shown.59 
 

In 2007, Gale et al. examined isophthalamide and 2,6-dicarboxamidopyridyl derived receptors 

substituted with pendant indole groups (Figure 1.6).59 X-ray crystallography confirmed that 

these receptors bound F- anions in a twisted conformation while Cl- lay above the plane of the 

complex. 1H NMR spectroscopic titrations in DMSO-d6 + 0.5% H2O and DMSO-d6 + 5% 

H2O showed a high selectivity of the pyridyl receptor 14 for F-, however a binding constant 

could not be measured for the isophthaloyl derivative 13, possibly due to multiple binding 

stoichiometries. 

 

In 2007, Gale et al. designed a pre-organised isophthalamide 16 capable of anion transport 

across membranes.8 The incorporation of hydroxyl groups at the 4,6-positions of the 

isophthalamide forced it to assume the syn-syn conformation through intramolecular H-

bonding (Figure 1.7). 1H NMR spectroscopic titrations with Cl-, Br- and I- in CD3CN showed 

downfield shifts of the N-H and isophthaloyl H-2 proton, confirming cleft H-bonding 

interactions. This pre-organisation increased the Kass value significantly; 5230 M-1 with Cl- for 

16 compared to 195 M-1 with Cl- for 15. Receptor 16 was also shown to be a potent 

transmembrane Cl- transporter. A methoxy substituted isophthalamide 17 did not bind 

appreciably to anions, possibly due to intramolecular H-bonding favouring the anti-anti 

conformation. 
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Figure 1.7: Transmembrane Cl- receptors 15-17 synthesised by Gale et al. including the pre-organised 16. 
 

In further membrane transport work, the same group developed synthetic HCl receptors with a 

2,6-dicarboxamidopyridyl core 19 or an isophthalamide core 20 incorporating two H-bonding 

sites and a basic imidazole ring (Figure 1.8) while 18 acted as a control receptor.60 In the 

presence of one equivalent of HPF6, 19 exhibited increased Cl- binding compared to 

isophthaloyl derivative 20 in this acidic environment. 

 
Figure 1.8: Imidazole & non-imidazole functionalised receptors/transporters 18-20 tested under acidic and 
neutral conditions by Gale et al.60 
 

An additional strategy employed to enhance the overall binding properties of isophthalamides 

and 2,6-dicarboxamides has been the incorporation of additional thiourea groups into the 

structure. In 2008, Gunnlaugsson et al. developed a pre-organised bis-amidothiourea receptor 

21 based on a pyridine-2,6-dicarboxamide skeleton (Figure 1.9). The coordination of 

biologically significant adenosine monophosphate (AMP) and adenosine diphosphate (ADP) 

in a 20% aqueous solution was accompanied by a colour change with Kass values of up to 4 x 

105 M-1 reported along with selectivity for AMP and ADP over ATP.61 In 2010 they 

developed a fluorescent anion sensor 22 based on a bis-quinoxaline amidothiourea receptor 

molecule (Figure 1.9).62 Approximately equal Kass
1:1 and Kass

1:2 values from fluorescence 

titrations indicated both thiourea units bound one anion each. 1H NMR spectroscopic titrations 

showed initial broadening of the amide N-H and aromatic protons with sharpening of signals 

following addition of 2 equiv AcO- with no subsequent signal migration observed due to anion 

induced deprotonation of the thiourea N-H groups by the anion.   



10 

 

 
Figure 1.9: Gunnlaugsson’s bis-amidothiourea receptor 21 with a pyridine skeleton binding to AMP anion.61 The 
bis-quinoxaline receptor 22 binding 2 equivalents of AcO- also shown.62 
 

1.2.2 Amidopyrrole Bisamide based Anion Receptors 

Using 1H NMR spectroscopy, Gale et al. studied the anion binding abilities of an n-butyl 

derived amidopyrrole bisamide receptor 23 in CD3CN while the phenyl analogue 24 was 

assessed in DMSO/0.5% H2O (Figure 1.10).63 Both receptors possessed similar binding 

affinities and were selective for oxyanions over F-, Cl- or Br-. Crystals of 23 in the presence of 

excess tetrabutylammonium benzoate showed the BzO- was held within the binding cleft by 

three H-bonds (Figure 1.10).64 The same group subsequently incorporated chlorine atoms at 

the 3- and 4- positions of the pyrrole ring to increase N-H acidity65 (25 & 26, Figure 1.10). 1H 

NMR spectroscopic binding studies showed that addition of F- caused an initial amide N-H 

downfield shift followed by an upfield migration between 1 and 2 equivalents, plateauing 

following addition of 2 equivalents of anion. X-ray crystallography confirmed this was due to 

deprotonation of the pyrrole N-H and this was also observed for BzO- and H2PO4
-. Titration of 

Cl- with the acidic receptors 25 & 26 produced up to 15 fold increases in Kass values compared 

to the 3,4-phenyl substituted analogues 23 & 24. 

 
Figure 1.10: 2,5-Diamidopyrroles 23-26 studied by Gale.63,65 Structure of 23 in presence of excess benzoate 
determined by X-ray diffraction.64 
 

Gale et al. subsequently incorporated electron withdrawing groups into the amide side-groups 

of a diamidopyrrole66 (27 & 28 in Figure 1.11). 1H NMR spectroscopic titrations of the 4-
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nitrophenyl derivative 27 in DMSO-d6/0.5% water produced Kass values of 1245 M-1 for F-, 39 

M-1 for Cl- and 4150 M-1 for BzO- while the H2PO4
- titration could not be fitted to a 1:1 

model. Under the same conditions, 3,5-dinitrophenyl analogue 28 suffered deprotonation with 

BzO- and F-. The first equivalent of anion was coordinated by the receptor, the second 

equivalent promoted deprotonation and the third equivalent of F- was bound by the 

deprotonated receptor. In 2005, Jurczak and Zielinski investigated similar 2,5-diamidopyrrole 

receptors and compared binding between an amide and thioamide derivative in this receptor 

motif (Figure 1.11).4 Anion binding studies produced lower binding constants compared to the 

phenyl-substituted diamidopyrroles developed by Gale.63 They reported anion binding 

strength differences for the amide and thioamide receptors; thioamides had stronger affinity 

towards BzO- and Cl- while amides were more selective towards H2PO4
-.  

 
Figure 1.11: Structure of nitrophenyl derivatives of pyrrole-2,5-diamides studied by Gale et al.66 Structure of 
amidopyrroles and thioamidopyrroles examined by Jurczak et al.4 also shown. 
 

In 2006, Gale et al. synthesised a number of ‘naked-eye’ colorimetric anion receptors which 

combined amidopyrroles with urea and thiourea groups (Figure 1.12). 67 X-ray crystal analysis 

and 1H NMR spectroscopy showed that deprotonation occurred in the thiourea containing 

analogues with basic anions. The 2,5-diamidopyrroles 29-31 proved the most efficient anion 

receptors providing Kass values of the order 15,000 M-1 in DMSO.   

 
Figure 1.12: Structure of amidopyrrole thiourea receptors reported by Gale et al.67 
 

Gale et al. later replaced the pyrrole group with a dipyrrolylmethane group which was 

expected to experience less strain, as the receptor can twist around the pyrrole-CR2-pyrrole 
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group with less strain on the receptor compared to the twist of an amide bond in receptor 24 

and they also now possessed four cooperative H-bond donating sites (Figure 1.13).68 

Compound 32 possessed exceptionally high affinity for H2PO4
- with a Kass in excess of 104 M-

1 in DMSO-d6/5% water. Receptor 33 in which the carbon between the two pyrrole rings was 

substituted with two methyl groups preferentially bound H2PO4
- with a Kass of 1092 M-1.69  

 
Figure 1.13: Structure of H2PO4

- selective 2,2’-bisamidodipyrrolylmethanes developed by Gale et al.68,69 
 

Cheng et al. evaluated a number of pyrrole bearing isophthaloyl and bisamide derived pyridyl 

receptors for their anion binding properties in DMSO-d6 (Figure 1.14).70 The binding to F- 

was more efficient than to H2PO4
- or AcO- and was ascribed to anion basicity, size and shape 

effects. N-Boc protected receptors were found to be less efficient due to the bulky tert-butyl 

groups where the pre-organisation imparted by the pyridyl receptor was outweighed by the 

Boc group inhibiting formation of a cleft structure. DFT calculations confirmed the adoption 

of the syn-syn conformation by the isophthaloyl receptor upon introduction of anion. 

 
Figure 1.14: Structure of pyrrole derived receptors with selective binding to F-. 
 

1.2.3 Indole based Amide/Urea Receptors for Anion B inding 

Indoles and indole-derived receptors are a more recent feature of anion coordination 

chemistry.38 The indole group is more acidic than the pyrrole group and contains a single H-

bond donor group which would be expected to form stronger H-bonds to anions. 
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In 2007, Pfeffer et al. developed indole receptors which also incorporated amide, urea and 

thiourea groups and 1H NMR spectroscopic titrations with various anions were conducted 

monitoring all four N-H groups of the receptors 36-38 (Figure 1.15).3 Deprotonation of the 

urea N-H and indole N-H groups occurred with F- for 36-38 while 36 & possessed strong 

AcO- binding and weaker Cl- and Br- binding through the urea groups with only minor binding 

observed to the indole and amide N-H groups. In the case of the larger receptor 38 with AcO-, 

the amide and indole bound anion strongly following the addition of 1 equivalent of anion, at 

which point the large size could accommodate independent anion binding at these sites. Kass 

values of approximately 7,900 M-1 were obtained for 38 with both AcO- and H2PO4
- while 

lower values were observed for Cl- binding.  

 
Figure 1.15: Structure of Indole urea and thiourea receptors studied by Pfeffer et al.3 Gale & Albrecht’s 2,7-
functionalised indole receptors also shown.71 
 

Gale and Albrecht synthesised a series of functionalised indoles with attached bis-amides and 

ureas in a similar cleft arrangement to an isophthalamide and found strongest binding for 

AcO- in wet DMSO (Figure 1.15).71 Later X-ray crystallography studies confirmed adoption 

of a cleft conformation in the presence of anionic guest.72 The amide functionalised indoles 

bound anions more weakly compared to the urea analogues while a thiourea derivative gave 

lower Kass values due to steric effects with the S atom inhibiting the approach of anions. 

 

Having recognised the minor role which the amide at the 2-position played in the coordination 

of anions evaluated in previous indole receptors, Gale et al. subsequently synthesised 1,3-

diindolylurea and 1,3-diindolylthiourea based receptors (Figure 1.16).49 The urea receptors 

exhibited a high affinity for oxoanions and a particular selectivity for H2PO4
- (Kass > 104 M-1 

in presence of 0.5 % H2O for oxoanions; 4790 M-1 in 10% H2O for H2PO4). X-ray 

crystallography showed that the diindolylurea was bound to BzO- through four H-bonds 

incorporating all N-H groups (Figure 1.16). H2PO4
- was bound to three diindolylthiourea 
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molecules by twelve H-bonds. Significantly lower Kass values were observed for thioureas 

without selectivity, ascribed to steric effects from the large S atom.  

 
Figure 1.16: Structure of diindolylureas and diindolylthioureas binding to benzoate developed by Gale et al.49 
 

Gale et al. later synthesised 2-amidoindole amide based receptors of varying acidity which 

were linked through 1,5-diaminopentane or 1,3-phenylenediamine groups73 (Figure 1.17). 1H 

NMR spectroscopic titrations in DMSO-d6/0.5% H2O preferentially bound oxoanions, in 

particular H2PO4
-, and in some cases, the negative steric effects of the NO2 group outweighed 

its beneficial enhanced acidity effect. In some instances, 1:2 receptor: H2PO4
- binding was 

observed due to binding to a dimerised H2PO4
- anion pair, as evidenced by X-ray 

crystallography.  

 
Figure 1.17: Structure of 2-amidoindole receptors and also a receptor binding to a H2PO4 dimer anion.73 
 

Jurczak et al. reported a series of receptors combining 2,2-diindolylmethanes with urea 

functional groups to give highly efficient 7,7’-diureido-2,2’-diindolylmethanes 39-41 capable 

of binding anions in methanol74 (Figure 1.18). Kass values of up to 535 M-1 were calculated for 

the 1:1 binding with halides and oxyanions with approximate equivalent binding strength to 

the urea and indole protons. Receptor 40 bound the pyrophosphate anion with a 2:1 

receptor:anion stoichiometry with Kass
2:1

 of 10,000 M-1 and Kass
1:1 of 815 M-1. X-ray 

crystallography of 41 bearing 4 indole subunits with H2PO4
- showed that the receptor was 

deprotonated and in a ‘bent sheet’ conformation but there was no evidence of deprotonation in 

solution.  
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Figure 1.18: Structure of 7,7’-diureido-2,2’-diindolylmethane receptors developed by Jurczak et al.74 
 

1.2.4 Urea and Thiourea based Anion Receptors 

Ureas and thioureas are attractive building blocks for the design of anion receptors as they 

possess two N-H fragments which can bind a single anion e.g. a halide anion or two adjacent 

oxygen atoms of an oxyanion.37,75 In 1992, Wilcox developed a urea receptor 42 capable of 

binding anions such as phosphonates, sulfates and carboxylates76 while Kelly & Kim 

described 43 capable of binding to phosphonate and sulfonate anions (Figure 1.19).77 

Umezawa et al. synthesised acylic thiourea cleft receptors 44 & 45 containing a xanthene 

spacer which could selectively bind H2PO4
- in DMSO-d6 producing Kass values up to 1.95 x 

106 M-1 due to formation of four cooperative H-bonds. (Figure 1.19).78 Reinhoudt et al. 

reported strong H2PO4
- receptors containing two ortho-phenylenediamine based bis-ureas 

producing Kass values up to 5 x 107 M-2 for 47 in a 1:2 receptor: H2PO4
- stoichiometry (Figure 

1.19).79  

 
Figure 1.19: Structure of simple urea developed by Wilcox,76 Kelly & Kim,77 Umezawa’s xanthene based 
receptor78 and Reinhoudt’s ortho-phenylenediamine receptor.79  
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The simple p-NO2-containing N-arylthiourea receptor 50 studied by Kato et al. was selective 

for AcO- with binding in the order AcO- >> H2PO4
- > Cl- > Br- > I- > SCN- > NO3

- > HSO4
- > 

ClO4
- in acetonitrile/1% H2O solution (Figure 1.20).80 A colour change with AcO- was 

ascribed to H-bonding rather than proton tranfer. In 2004, Fabbrizzi et al. demonstrated that 

the anion binding properties of (thio)urea receptors 51 & 52 was related to N-H acidity and 

anion basicity with deprotonation observed for basic anions such as F-.81,82 Gunnlaugsson et 

al. developed naphthalimide thiourea based receptors 53 & 54 which could bind AcO-, H2PO4
- 

& F- in aqueous solution with an accompanying colour change (Figure 1.21).83 X-ray 

crystallography showed that the thiourea protons existed in the anti-conformation with 

intermolecular interactions between adjacent molecules. UV titrations in DMSO were 

consistent with anion complexation which required the syn orientation and Kass values of 

approx 104 – 105 M-1 for AcO-, F- and H2PO4
- were observed with stronger binding for 54. 

Deprotonation was observed for F- accompanied by colour changes which could not be 

reversed upon addition of ethanol or water.  

 
Figure 1.20: Structure of (thio)urea receptors studied by Kato et al.,80 Fabbrizzi et al.81,82 & Gunnlaugsson et al.83 
 

In 2005, Gale et al. reported significantly enhanced anion binding constants from receptors 

containing simple bis-urea groups linked by a 1,2-phenylenediamine spacer84 (Figure 1.21). 
1H NMR spectroscopic titrations in DMSO-d6/0.5% water showed that the bis-urea receptor 

57 was selective for carboxylate anions with Kass values of 3210 M-1 and 1330 M-1 for AcO- 

and BzO- respectively compared with 100-200 M-1 typical for non-urea based receptors 55 & 

56. X-ray crystallography confirmed that the 57 bound anions through four complementary H-

bonds. Significant Kass improvements were obtained using a 4,5-dichloro-substituted central 

ring and a nitro group at the 2-position of the urea N-aryl rings 58.85 A bis-thiourea derivative 

59 produced significantly lower Kass values, ascribed to the large S atom altering the shape of 

the binding site, hindering binding to the outer NH groups.   
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Figure 1.21: Structure of urea based receptor tested by Gale et al.84 
 

In 2008, Gunnlaugsson et al. developed a number of diaryl-urea based receptors with an 

amide group at the ortho, meta or para position on one of the aryl rings attached to the urea, 

and electron withdrawing para-CF3 group on the other aryl ring (60-62).86 They also studied 

their thiourea counterparts (63-65) in 2010 (Figure 1.22).42 The anion binding properties were 

studied using UV and 1H NMR spectroscopic titrations in CH3CN and DMSO-d6. The para-

amido substituted receptors 60 & 63 bound anion at the urea/thiourea site in a 1:1 

stoichiometry followed by formation of a 1:2 species through binding interactions at the para-

amide group with weak contributions from the aryl protons.87 Thiourea binding was generally 

stronger than urea, e.g. AcO- Kass of 2 x 106 M-1
 and 1.9 x 105 M-1 for 63 and 60 respectively. 

The meta-amido substituted urea 61 bound anions in 1:1, 1:2 and 2:1 stoichiometries with the 

anion bridged between two receptors while its thiourea analogue 64 produced cleaner 1:1 

binding. The ortho-amido-substituted thiourea 65 facilitated the formation of 1:2 

receptor:anion complexes while 62 gave pure 1:1 interactions. 

 
Figure 1.22: Structure of urea-amide and thiourea-amide receptors reported by Gunnlauggson et al.42,86  
 

In 2009, Sargent et al. synthesised ureas containing alkyl ether groups to improve solubility 

and studied their binding abilities to a range of anionic guests by UV-Vis and 1H NMR 

spectroscopic titration in CH3CN (Figure 1.23).88 They observed binding affinity in order of 

decreasing anion basicity (AcO- > BzO- > H2PO4
- > NO2

- > NO3
-) with Kass values of up to 5 x 

105 M-1 for the optimal NO2 substituted receptor 67 and with AcO- and lower values for 

receptor 66. 
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Figure 1.23: Structure of alkyl ether substituted urea receptors developed by Sargent et al.88 
 

1.2.5 Sulfonamide based Anion Receptors 

An efficient sulfonamide receptor 4 was reported together with the previously described 

isophthalamides 1-3 and pyridyl-2,6-dicarboxamide receptor 5 by Crabtree et al.51 This 

receptor produced strong Cl- binding and moderate Br- binding with Kass values of 20,000 M-1 

and 4,600 M-1 obtained from fitting to a 1:1 model. An interesting anion binding 

stoichiometry was observed with F- and AcO-. In the unbound state, 4 was proposed to exist in 

the anti-anti conformation and changed into its syn-syn conformation upon addition of up to 1 

equivalent of F-. It reverted back to an anti-anti conformation with further addition of anion 

facilitating the formation a 1:2 receptor:anion complex (Scheme 1.2). 

 
Scheme 1.2: Unbound sulfonamide receptor 4 in anti-anti conformation, change to syn-syn conformation up to 1 
equiv of AcO- or F- and reverts back to anti-anti conformation for 1:2 binding to AcO- or F-.51 
 

Sulfonamide groups have been incorporated into a urea receptor reported by Gale et al. in 

2008 (Figure 1.24).89 Anion binding was monitored using 1H NMR spectroscopy and 

specifically the urea N-H protons as the sulfonamide resonances were not visible. Upon 

addition of Cl-, 1:1 complexes were formed with Kass values of 7550 M-1 and >104 M-1 for 68 

and 69 respectively. Upon addition 1 equivalent of AcO- or 2 equivalents of F-, the urea N-H 

group shifted downfield and subsequently migrated upfield with further additions, due to 

deprotonation of the acidic sulfonamide N-H group and decomplexation effects. 
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Figure 1.24: Ureas containing sulfonamide groups (68 & 69) observed to bind anions and become deprotonated 
upon addition of basic anions.89  
 

In 2009, Kilburn et al. studied a number of acyclic and macrocyclic disulfonamide based 

receptors and tested them as anion receptors for Br-, Cl-, AcO- and H2PO4
- in CD3CN by 1H 

NMR spectroscopic titration (Figure 1.25).90 For the acyclic receptors 70 & 71, the 

sulfonamide protons broadened upon introduction of AcO- with a downfield shift of the amide 

N-H signals observed. The 1H NMR spectroscopic titration data provided evidence of 

dominant 1:1 binding however 1:2 binding was also present. This was explained by efficient 

binding of the first equivalent of AcO- by both sulfonamide protons followed by binding of a 

second molecule of AcO- separately, corresponding to a previous report of conformational 

change to accommodate binding of a second equivalent of anion by a disulfonamide 

receptor.51 Kass values from dominant 1:1 interactions with AcO- were 36,000 M-1 and 11,000 

M-1 for 70 & 71 respectively in CD3CN. The macrocylic receptors 72 & 73 exclusively 

formed 1:1 interactions with high binding constants in excess of 104 M-1 for AcO- obtained. 

These efficient systems were also titrated in a more competitive system (CD3CN/2% H2O) and 

yielded 1:1 Kass values less than 1000 M-1 for AcO- with affinity in the order AcO- > H2PO4
- > 

Cl- > Br-. Receptor 72 was the optimum macrocyclic receptor containing the similar urea 

sulfonamide arrangement. 

 
Figure 1.25: Structure of disulfonamide based acyclic and macrocyclic anion receptors synthesised by Kilburn et 
al.90 
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A number of simple pyrrole sulfonamide receptors developed by Huggins et al. were found to 

exist in the syn conformation optimal for binding based on NOESY experiments and 

molecular mechanics studies (Figure 1.26).5 Anion binding titrations in dry CDCl3 showed 1:1 

receptor:anion binding for a range of anions with Kass values up to 1768 M-1. The sulfonamide 

N-H signals migrated further downfield compared to the pyrrole N-H protons and the bis-

pyrrole disulfonamide receptors displayed most success. Further molecular modelling and 1H 

NMR spectroscopic studies confirmed that no change in conformation occurred upon anion 

binding. 

 
Figure 1.26: Structure of pyrrole sulfonamide receptors synthesised by Huggins et al.5 
 

1.2.6 Squaramides as Anion Receptors 

Squaramides are four-membered ring systems derived from squaric acid which can form up to 

four H-bonds; its carbonyl groups may act as H-bond acceptors while its N-H groups may act 

as H-bond donors. Similar to urea based receptors, squaramides are capable of binding anions 

in a bifurcated system with simultaneous bonding from both N-H groups to a single anion. In 

2001, Costa et al. conducted a thermodynamic study probing the implications of binding of 

squaramides to carboxylates and observed that binding was exothermic in DMSO and 

chloroform.91 In methanol, the association was endothermic but entropically driven as a result 

of breakage of solvent interactions and release of solvent molecules to the bulk phase. Costa et 

al. later reported a range of positively charged squaramide receptors which could bind SO4
2- 

and H2PO4
- in ethanol/water mixtures and they reported moderate SO4

2- selectivity.92 

 

In 2008, Muthyala et al. designed squaramide molecules bearing carbonyl groups which could 

effectively open and close the anion binding cleft as a result of intramolecular interactions, an 

application which was designed with anion transport in mind (Figure 1.27).93 In non-polar 

solvents, virtually no Cl- binding was observed owing to intramolecular H-bonding. In polar 

solvents, H-bonding was disrupted, allowing a conformational change to occur and Cl- 
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binding to proceed. There was no Cl- binding of 74 & 75 observed in CHCl3 while in CH3CN, 

both receptors bound anion; with a 5-fold increase observed in Kass value for 75 as a result of 

chloro-substitution. The meta-isomer 76 bound anions in both polar and non-polar solvents 

with Kass values of up to 7.8 x 105 M-1 reported due to the lack of steric hindrance effects in 76 

compared to 74 & 75. Al-Sayah et al. later studied a thiourea and squaramide bipyridine 

containing receptor for binding AcO- in a number of solvents via 1H NMR titration (Figure 

1.27). In 1:1 CD3CN: CDCl3, thiourea 77 produced a Kass value of 5790 M-1 while the 

squaramide 78 bound AcO- with a Kass value of 7390 M-1. 

 
Figure 1.27: Squaramide receptors 74-76 developed by Muthyala et al.93 Thiourea and squaramide receptors 77 
& 78 studied by Al-Sayah et al. in 2010.94  
 

In 2010, Taylor et al. reported a new synthetic procedure for the preparation of squaramide 

receptors and examined an acidic 4-nitroaniline derived squaramide 79 for its anion binding 

properties through UV spectroscopy.40 Interestingly, substantial differences in UV spectra of 

79 were observed in CH3CN compared to DMSO, ascribed to deprotonation of one of the 

squaramide N-H groups in DMSO without the need to add any base. This deprotonation was 

more pronounced with increasing dilution. It was proposed that the H-bond accepting ability 

of DMSO promoted this equilibrium process which became unfavoured at higher 

concentrations of 79 due to self-association. Addition of basic anions such as AcO- and 

H2PO4
- to a DMSO solution of 79 did not impart any spectral changes, further evidence of 

DMSO induced deprotonation. However, addition of tetrabutylammonium fluoride induced 

deprotonation of the second squaramide N-H group with an accompanying colour change. In 

acetonitrile, 79 existed in its neutral state with deprotonation induced upon addition of 

fluoride, acetate, dihydrogen phosphate and p-toluenesulfonate. Interestingly, 79 was observed 

to reprotonate upon addition of excess tetrabutylammonium tosylate following initial 
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deprotonation, an effect which was ascribed to the formation of a stable double H-bonded 

complex which was more stable than the protonated form of DMSO.    

 
Figure 1.28: Acidic squaramide 79 which undergoes proton transfer events reported by Taylor et al.40 Structure 
of urea 80 and corresponding squaramide 81 compared for their anion binding abilities by Fabbrizzi et al.41 
 

Fabbrizzi et al. compared the anion binding properties of the squaramide receptor 81 

possessing an electron withdrawing NO2 group with a similar urea receptor 80 (Figure 

1.28).41,95 1:1 complexes were observed in all cases through UV/Vis and 1H NMR 

spectroscopy. In the case of squaramide 81, bifurcated H-bond interactions involved the N-H 

and also closely located aryl C-H groups to give a total of four H-bonds. Complexes with 

halides were approximately 1 to 2 orders of magnitude more stable than in the case of urea 80 

while both possessed approximately equal Kass values for oxo-anions. For the most basic 

anions such as AcO- and F- with 81, 1:1 H-bonding complexes were initially formed followed 

by N-H deprotonation. However, deprotonation did not occur for 80 with AcO-, evidence of 

its lower acidity. Overall, they concluded that 81 was a more efficient halide receptor while 

both 80 & 81 functionalities possessed similar proclivities for oxyanions. 

 

Amendola et al. conducted a thermodynamic study to compare the anion binding properties of 

urea 82, squaramide 83 and sulfonamide 84-86 based receptors using spectrophotometric, 

isothermal titration calorimetry ITC and 1H NMR titrations in CH3CN (Figure 1.29).95 The 

results showed that all receptors 82-86 formed 1:1 H-bond complexes to Br- and Cl- with 83 

producing the strongest binding. The urea 82 and squaramide 83 formed extremely strong 

binding complexes with AcO- while proton transfer effects were evident in the titrations of 84, 

85 & 86 with this anion. In the case of H2PO4
-, 1:1 and 1:2 receptor:anion interactions were 

observed. Potentiometric studies in H2O/CH3CN showed that the pKa values of 83, 84, 85 & 

86 were 10.9, 8.3, 8.3 & 4.3 respectively; highlighting the enhanced acidity of 86 and this was 

ascribed to the stabilizing effect of the meta-NO2 groups on the negative charge formed 
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through receptor deprotonation. A pKa value for 82 could not be calculated as this receptor did 

not deprotonate.  

 
Figure 1.29: Urea 82, squaramide 83 and sulfonamide 84-86 analysed in a thermodynamic study of anion 
binding.95 
 

1.3 Organocatalysis 

The synthesis of organic molecules has been a major scientific objective for over a century 

and plays a key role in the pharmaceutical industry as the majority of therapeutic drugs are 

small  molecule organic compounds.96 Organic synthesis is met by many challenges including 

cost of reagents, poor reaction efficiencies and environmental concerns. A major challenge for 

chiral pharmaceutical compounds in particular is the synthesis of single enantiomers.9 

 

In order to overcome some of these challenges, catalysts have been employed. Traditionally, 

metal-based Lewis acidic catalysts have existed at the core of asymmetric enantioselective  

catalysis.11,97 In many cases, their catalytic activity can be ascribed to a lowering of the lowest 

unoccupied molecular orbital energy as a result of catalyst coordination. The transfer of 

chirality from the catalyst to the product of a reaction can be brought about by chiral ligands 

surrounding the metal core. A general representation is shown in Figure 1.30 and a brief 

introduction and history into the development of metal-based catalysts will be presented 

below. 

 
Figure 1.30: General representation of chiral transition metal based catalyst. 
 

In 1968, Knowles et al. replaced the achiral triphenylphosphine ligands in a Rhodium 

complex which Wilkinson applied to the hydrogenation of alkenes with the chiral phosphine 
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ligands methylpropylphenylphosphine, creating the first asymmetric catalyst 87 which was 

employed in an asymmetric hydrogenation reaction to give product in 15% ee.98 They later 

employed a cyclohexyl-o-anismethylphosphine (CAMP) ligand to create catalyst 88 capable 

of producing up to 90% ee in the hydrogenation of dehydroamino acids (Scheme 1.3).98,99  

 
Scheme 1.3: (a) Hydrogenation reactions using chiral 87 to give 15% ee of hydrogenated product.98 (b) 
Hydrogenation of dehydroamino acids using CAMP ligand 88 to give 88% ee reported by Knowles.99 
 

Kagan & Dang bridged two mono-dentate phosphines to form the first chiral bidentate 

phosphine ligand and reported ee values up to 72% for the catalytic hydrogenation of a 

number of precursors of phenylalanine using a rhodium-DIOP (2,3-Isopropylidene-2,3-

dihydroxy-1,4-bis(diphenylphosphino)butane) complex 89 (Scheme 1.4a).100 A major 

breakthrough came when Knowles later reported that a rhodium complex 90 containing chiral 

phosphine DIPAMP ligands could enantioselectively catalyse the addition of H2 to one face of 

a prochiral olefin substrate in up to 95% ee. This was used in 1983 on a commercial scale for 

the synthesis of L-DOPA (3,4-dihydroxy-L-phenylalanine) 91, a drug for the treatment of 

Parkinson’s disease.101  

 



25 

 

 
Scheme 1.4: (a) Kagan’s rhodium DIOP catalyst 89 in enantioselective hydrogenation of phenylalanine 
precursors.100 (b) DIPAMP catayst 90 which could enantioselectively catalyse hydrogenation of L-DOPA 91.101 
 

This work led to metal-based catalysts being extensively developed as catalysts for 

enantioselective synthesis.102 So much so that Knowles and Noyori shared half of the 2001 

Nobel prize in chemistry for their work on asymmetric catalytic hydrogenation with Sharpless 

for his work on asymmetric catalytic oxidation (Figure 1.31).103  

 
Figure 1.31: Asymmetric catalytic hydrogenation reaction conducted by Noyori et al. using (R)-BINAP catalyst. 
Asymmetric epoxidation developed by Sharpless also shown.103  
 

While metal-based catalysis has been extensively studied and advances in ligand design have 

resulted in the development and application of a vast number of Lewis acidic metal-based 

catalysts, the use of such catalysts has some of the following disadvantages: 

 

o Product inhibition can occur due to binding of reaction product with the catalyst. 

o Metal catalysts may react with oxygen making the exclusion of air and moisture 

imperative, limiting functional group and solvent tolerance. 
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o Catalyst disposal issues can exist surrounding their heavy metal content. 

o High cost makes catalyst recycling essential which is not always possible due to 

degradation. 

 

In the last 15 years, the concept of designing more selective, robust, environmentally friendly 

and functional group tolerant catalysts has been explored. In natural systems, hydrogen 

extensively acts as a catalyst e.g. phosphodiesterase enzymes such as staphylococcal nuclease 

hydrolyses DNA 1016 times faster than the uncatalysed process through anionic transition state 

stabilisation.104,105 Due to the success of enzymes in catalysing natural systems, the use of 

analogous small organic molecules as catalysts was considered promising. 

 

Initial examples were reported by the Wiechert and Hajos groups, employing proline as an 

organocatalyst for the intramolecular aldol reaction of a triketone to give a chiral bicyclic 

enone, in the early 1970s (Scheme 1.5).106,107 Hine et al. and also Kelly et al. also contributed 

significantly to the development of organocatalysts for epoxide ring opening and Diels-Alder 

reactions respectively.108,109 Following these discoveries, the field remained dormant until an 

almost explosive growth in interest around 2000.110,111 Since then, a significant number of 

organocatalysed carbon-carbon and carbon-heteroatom bond forming reactions (e.g. Diels 

Alder, 1,3-dipolar cycloaddition, direct aldol condensation, Mannich and Michael reactions)112 

have been reported producing high yields and enantioselectivies.112  

 
Scheme 1.5: Proline catalysed Robinson annulations reported at Hoffman-La Roche and Schering AG.106,107  
 

There are a number of modes by which organocatalysts are known to operate and by which 

organocatalysts are classified and these include:  

 

1. Secondary amine catalysis via enamines,113  

2. Secondary amine catalysis via iminium ions,113  

3. Phase transfer catalysis,114  
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4. Nucleophilic and Brønsted base catalysis115 and  

5. Hydrogen bonding catalysis11,116 

 

While H-bonding catalysis is classified separate from other modes, it may also act 

cooperatively in a number of examples of organocatalysis.  

 

Secondary amine catalysis via enamines is an example of Lewis-basic catalysis while primary 

amines have also been shown to promote enamine based reactions.117 An electron pair donor 

(Lewis base catalyst) increases the reaction rate through nucleophilic addition to a substrate 

acceptor atom which may enhance the nucleophilic character of the substrate, promoting its 

reaction. H-bonding interactions from the catalyst may simultaneously impart a cooperative 

effect through activation of an electrophilic substrate. A key example of enamine catalysis is 

in the proline-catalysed intramolecular aldol reaction (Robinson-type annulation) of a 

triketone to give a chiral bicyclic enone (Scheme 1.5)106,107 The success of this system was 

ascribed to cooperative effects between H-bonding of the carboxylic acid group and the 

carbonyl electrophile, activating it towards enantioselective nucleophilic addition of the 

enamine nucleophile. Secondary amine catalysis via enamine has received significant interest 

following the report by List et al. of the proline catalysed intermolecular aldol reaction of 

aliphatic aldehydes with ketones (Scheme 1.6) and is detailed at length in Chapter 3.118  

 
Scheme 1.6: Intermolecular aldol reaction catalysed by proline via enamine catalysis reported by List et al.118 
 

Also central to the rapid growth in organocatalysis was the report of MacMillan et al. of the 

use of chiral secondary amines as catalysts to activate enals via the formation of an iminium 

ion in a Lewis basic catalytic process.119 The iminium ion is formed through condensation of 

the chiral secondary amine with a carbonyl substrate, often enal (α,β-unsaturated aldehyde) 

molecules. The lowest unoccupied molecular orbital of the iminium ion species is lowered 

making it more reactive towards attack from a nucleophilic reactant molecule. This has been 
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applied to various cycloaddition and conjugate addition reactions.115 In a cycloaddition 

reaction using MacMillan’s catalyst 92, the bulky dimethyl group forces the bulk portion of 

the iminium ion away while a possible π-interaction with the benzyl group imparts stability 

and gives high facial attack selectivity during attack on the alkene (Scheme 1.7). 

 
Scheme 1.7: Secondary amine catalysed [4+2] cycloaddition of enals and nitrones using iminium ion catalysis.119 
 

As previously stated, both of these catalytic modes employ of Lewis base catalysis where a 

nucleophilic attack by the catalyst on a substrate activates it towards reaction with an 

electrophile (enamine catalysis) or nucleophiles (iminium ion catalysis). Scheme 1.8 contains 

a basic representation of each mode showing the mechanistic differences.  

 
Scheme 1.8: Comparison of enamine and iminium catalysis. 
 

Phase transfer organocatalysis (PTC) is an example of Lewis acidic catalysis. PTC is 

necessary when reactants exist in different phases due to substantially different solubility 

characteristics. The catalyst is designed to be soluble in both the organic and aqueous phase 

and has the ability to bind a reactant from one phase as an ion pair and shuttle it into the phase 

which contains the other reactant. PTC has had a major impact on enantioselective synthesis, 

in particular in for the synthesis of unnatural amino acid derivatives by asymmetric alkylation 

reactions.120,121 For example, a number of authors applied chiral phase transfer catalysts under 

different conditions to an enantioselective alkylation of tert-butyl glycinate-benzophenone 

(Scheme 1.9). Lygo’s Cinchona alkaloid catalyst 94 gave product in moderate yield and 94% 

ee in favour of (S)-isomer.122 Corey et al. and O’ Donnell et al. both used catalyst 95 to 
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produce similar yields of the order of 88% while Corey obtained 94% ee and O Donnell 

reported 91% ee, both favouring the (S)-product.123,124 Corey et al. rationalised the origin of 

enantioselectivity based on the structure of the ion pair formed between the enolate of 93 and 

catalyst 95 upon transfer to the reactant phase. The alkyl halide was proposed to approach 

from one side only leading to the reported (S)-product. In 2003, Maruoka et al. applied a C2-

symmetric chiral quaternary ammonium salt 96 derived from (S)- or (R)-1,1’-bi-2-naphthol 

containing a 3,4,5-fluoro-substituted aromatic substitutent at the 3,3’ position of one 

binaphthyl substituent.125 Catalyst 96 resulted in a good yield and 99% ee in favour of the (R)-

product (Scheme 1.9).   

 
Scheme 1.9: Phase transfer catalysts 94-96 promoting alkylation of 93 conducted by various authors.122-125 
 

Brønsted base catalysis is initiated when a basic catalyst partially deprotonates a reaction 

substrate which then undergoes reaction followed by product protonation to reform the base 

catalyst. This catalytic mode has played a significant role in the development of chiral 

organocatalysts.115 As an example a cinchona alkaloid may act as a base to deprotonate 

substrates containing relatively acidic protons, e.g. malonates, thiols or a proton which is α to 

two carbonyl groups, forming an ion pair between the anion and protonated amine catalyst. 

This leads to a chiral environment around the anion and an enantioselective reaction with an 

electrophile can generate an enantioenriched product (Scheme 1.10). 
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Scheme 1.10: Brønsted base catalysis in the cinchona alkaloid catalysed conjugate addition to nitroalkenes as 
reported by Deng et al.126  
 

In the following section and for the remainder of the review, details of H-bonding as a mode 

of organocatalysis will be presented, as this underpins the work in Chapter 2. 

 

1.3.1 H-Bonding Organocatalysts 

Hydrogen bonding is a powerful technique for molecular recognition, carbonyl group 

activation and activation of many biologically important reactions. Significant research has 

also gone into the development of H-bonding catalysts including cinchona alkaloids, ureas, 

thioureas, and diols such as phosphoric acid and TADDOL (α,α,α’,α’-tetraaryl-1,3-dioxlane-

4,5-dimethanol) derivatives.116,127 Such catalysts operate through electrophile activation in a 

similar way to Lewis acid activation; however H-bonding alone is used to enhance activation 

and chirality in the catalyst generates a chiral environment around the reaction electrophile or 

transition states. 

 
Figure 1.32: General representation of a number of types of H-bonding organocatalysts. 
 

In general, H-bonding organocatalysts may enhance the rate of reaction by reducing the 

activation energy by stabilising the transition state (TS) through either H-bonding or proton 

transfer. The weaker forces involved in H-bonding organocatalysis compared to metal based 

Lewis acid catalysts may produce lower turnover frequencies but also facilitates greater 

control of binding selectivity resulting in product inhibition and catalyst air/moisture 
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sensitivity being less problematic in organocatalytic systems.115 The main modes of H-bond 

activation of carbonyl compounds are single H-bonding and double H-bonding (Figure 

1.33),128 both of which activate the carbonyl exclusively through H-bond interactions from a 

H-bond donating group, e.g. amide or urea/thiourea functionality. 

 
Figure 1.33: Modes of activation of a carbonyl group..

128 
 

The principal focus of this section on H-bonding organocatalysts places a particular emphasis 

on urea and thiourea catalysts and will finish with a linking of the use of receptors as 

organocatalysts where amide, urea and thiourea based receptors will be presented. However a 

short summary of the use of cinchona alkaloids, phosphoric acids and TADDOL based 

catalysts will first be presented. 

 

Cinchona alkaloids are well known natural products isolated from the bark of evergreen trees 

which can act as bifunctional H-bond donor catalysts.129 Their catalytic activity may be 

ascribed to the presence of the Lewis basic tertiary quinuclidine nitrogen and the Lewis acidic 

polar hydroxyl group capable of H-bonding to reaction substrates in a chiral environment. 

They also exist in pseudoenantiomeric forms such as cinchonidine and cinchonine while the 

secondary alcohol group at C-9 can be readily modified to include other H-bonding moieties 

(Scheme 1.11a). Cinchona alkaloids were first applied as bifunctional catalysts in the 

enantioselective conjugate addition of thiols to cycloalkenones where the catalyst was 

proposed to activate the thiol nucleophile by general base catalysis and the enone by H-

bonding.130 In addition, the OH group at the 9-position of the alkaloid bound to and stabilised 

the developing negative charge at the carbonyl oxygen in the reaction transition state. H-

bonding to this chiral OH group promoted facial selectivity in the nucleophilic attack. 

Subsequently, cinchona alkaloids have been used as phase transfer catalysts but have also 

been exploited to impart enantioselectivity in a large number of organic reactions.114 In 2005, 

Schaus employed cinchona alkaloid catalysts 97 & 98 to the addition of β-keto esters to 
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carbamate protected aromatic imines.131 They obtained the products in excellent yields and in 

general, obtained high enantioselectivities in the range of 81-96% ee, however 

diastereoselectivity tended to be poor in some cases (Scheme 1.11b). 

 

 
Scheme 1.11: (a) Cinchona alkaloid 97 & 98 catalysed conjugate addition of thiols to cycloalkenones reported by 
Wynberg et al.130 (b) Application of catalysts 97 & 98 in addition of β-keto esters to protected imines.131 
 

Diols including 1,1’-bi-2-naphthol (BINOL) and α,α,α’,α’-tetraaryl-1,3-dioxlane-4,5-

dimethanol (TADDOL) derivatives are useful for enantioselective Lewis-acid catalysed 

reactions. Diols were first reported as efficient H-bond donating organocatalysts by Hine et al. 

in 1985.108 Schaus et al. reported that H8-BINOL derivatives 99 & 100 possessed very similar 

catalytic activities in the Morita-Baylis-Hillman (MBH) reaction of a number of aldehydes 

with cyclohexenone.132 High yields and enantioselectivities were reported for cyclic alkyl 

aldehydes while aromatic aldehydes gave inferior results of the order 30-40% yield and 34-

67% ee in favour of (S)-product. They proposed that the chiral Brønsted acid group promoted 

the conjugate addition step and remain H-bonded to the enolate for the aldehyde addition step, 

thereby imparting enantioselectivity. 

 
Scheme 1.12: Morita-Baylis-Hillman reaction of various aldehydes with cyclohexenone catalysed by BINOL 
derivatives 99 & 100 reported by Schaus et al.132 
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Rawal et al. reported TADDOL derivatives such as 101 were capable of enantioselectively 

catalysing the asymmetric hetero- Diels-Alder reaction of aminodienes with aldehydes to 

generate the dihydropyran product in high enantioselectivity.133  The reported mode of action 

of TADDOL catalyst 101 involved H-bonding of the chiral alcohol to the aldehyde carbonyl 

group, creating a chiral environment.  

 
Scheme 1.13: TADDOL derivative reported by Rawal et al. to enantioselectively catalyse hetero-Diels Alder 
reaction.133 
 

Phosphoric acids may participate in reasonably strong Brønsted acid catalysis. Akiyama et al. 

developed a chiral cyclic phosphoric acid diester 102 starting from (R)-BINOL and applied it 

to the Mannich type reaction of ketene silyl acetal 103 with an aldimine.134 The aryl groups on 

the 3- and 3-positions proved essential for enantioselectivity; the 4-nitrophenyl substituted 

phosphoric acid catalyst 102 produced highest yields and enantioselectivities. The β-amino 

ester products were obtained favouring the syn-isomer with ee values up to 96% observed. 

The authors proposed that the reaction proceeded via an iminium salt generated from the 

aldimine and the Brønsted acid catalyst and the 3,3’-diaryl groups shielded the phosphate 

group, resulting in asymmetric induction. The same authors later applied a TADDOL-based 

phosphoric acid diester catalyst 104 to a similar Mannich reaction using 105 in place of ketene 

silyl acetal 103.135 The aryl substituents on the TADDOL strongly affected catalytic 

performance and use of the 4-(trifluoromethyl)phenyl group in the catalyst proved essential. 
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Scheme 1.14: (a) Mannich reaction using BINOL derived phosphoric catalyst 103 reported by Akiyama et al.134 
(b) Use of a TADDOL-derived phosphoric acid catalyst 104 in a similar reaction.135 
 

1.3.2 Evolution of Urea based H-Bonding Organocatal ysts 

Pioneering work using H-bonding in catalysis was conducted by Hine et al.136 They confirmed 

that 1,8 biphenylenediol 106 could form strong H-bonds from both OH groups to the oxygen 

atom of Lewis basic substrates, e.g. 1,2,6,-trimethyl-4-pyridone 107 and hexamethyl 

phosphoramide (HMPA) 108 through X-ray crystallography (Scheme 1.15a).136 This H-

bonding interaction promoted the aminolysis of phenyl glycidyl ether 109 with diethylamine 

in butanone with similar catalytic activity to what would be expected from a phenol 600 times 

as acidic (Scheme 1.15b).108 This showed that general acid catalysis by metal free diprotic 

acids was a valid strategy on which to design organocatalysts.137 

 
Scheme 1.15: (a) H-bonding of 1,8-biphenylenediol 106 to Lewis basic 1,2,6-trimethyl-4-pyridone 107 and 
HMPA 108.136  (b) Aminolysis of 109 in butanone promoted by biphenylenediol 106.108 
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Kelly et al. used biphenylene diol 110 derivatives as catalysts in the Diels-Alder reaction of 

cyclopentadiene and α,β-unsaturated aldehydes (Scheme 1.16).109 They suggested that the 

mechanism involved dienophile activation through double H-bond donation by the catalyst.  

 
Scheme 1.16: Double hydrogen bond donation of 110 to the dienophile catalysed the Diels-Alder reaction.109 
 

Etter et al. found that  a diaryl urea with electron withdrawing substituents 111 formed co-

crystals with proton acceptors such as carbonyl compounds via two H-bonds between the urea 

and carbonyl group (Figure 1.34).138,139 Jorgensen used this theory to explain the rate 

acceleration observed in Diels-Alder reactions and Claisen rearrangements through a dual 

hydration model.140 

 
Figure 1.34: Diaryl urea 111 crystallised with a carbonyl compound reported by Etter et al.139,141 Jorgensen’s 
explanation for rate enhacement for Diels-Alder reactions and Claisen rearrangements in the presence of water.140 
 

A progression from biphenylene diols was the development of urea based catalysts. Curran & 

Kuo designed a urea Lewis acid catalyst 112 for the allylation reaction of α-(phenylseleno)-

sulfoxide 113 with allyltributylstannane 114 (Scheme 1.17).142 In order to aid synthesis and 

solubility, a trifluoromethyl group and an octyl ester were introduced on to the urea aromatic 

rings. Using 1 equivalent urea catalyst, up to 80% yield and 7:1 trans:cis ratio was obtained. 

The increase in trans/cis ratio was explained by the intermediate sulfoxide radical H-bonding 

to 112.  
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Scheme 1.17: Curran’s diarylurea catalyst 112 in the acceleration of the allylation of phenylseleno sulfoxides.142 
 

Curran observed a 4-fold rate enhancement in the presence of 1 equivalent of 112 for the 

Claisen rearrangement reaction of 6-phenyl allyl vinyl ether 115 at 100 °C.143 The rate of 

rearrangement of 6-methoxy allyl vinyl ether at 80 °C increased by a factor of 22 using of 1 

equivalent of 112 while use of N,N-dimethylurea resulted in a loss of catalytic effect (Scheme 

1.18). DMSO enhanced the rate of the uncatalysed reaction slightly but hindered the 

accelerating effect of the catalyst. 

 
Scheme 1.18: Acceleration of the Claisen rearrangement of 115 using diaryl urea catalyst 112.  
 

Schreiner & Wittkopp subsequently used urea and thiourea based catalysts in the Diels-Alder 

reaction of cyclopentadiene and α,β unsaturated carbonyl compounds.144 The thiourea motif 

was also investigated as a replacement for the urea group due to its enhanced organic solvent 

solubility, their ease of preparation and because the thiocarbonyl group is known to be a 

weaker H-bond acceptor, leading to less self-association.144 The introduction of electron 

withdrawing non H-bonding CF3 substituents in the meta-position of the aryl ring was 

proposed to increase the catalytic ability by generating a more rigid conformation due to H-

bonds between the sulphur atoms and ortho-protons based on computational modelling 

(Scheme 1.19). For the reaction of N-acyloxazolidinone 116 and cyclopentadiene, using 25 

mol% of thiourea catalyst 117 (Scheme 1.19), the reaction proceeded at a much lower 

temperature and in higher yield with improved diastereomeric ratio (dr). Rate enhancement 

was proposed to be due to coordination of 117 to a lone pair located on the Lewis-basic centre 

of 116 via H-bonding lowering the LUMO energy of the conjugated system. Schreiner’s 
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catalyst 117 has since been used by many others as a template for catalysis of a number of 

organic reactions.145-147 

 
Scheme 1.19: Catalysis of Diels-Alder reaction using Schreiner’s thiourea 117. Attractive S-H intramolecular 
interaction of thiourea catalyst giving it structural rigidity.144 
 

1.3.3 3,5-bis(Trifluoromethyl)phenyl based (Thio)urea Catalysts 

Takemoto reasoned that the N-H bonds of ureas would also activate the nitrone group via H-

bonding. They evaluated the addition of trimethylsilylcyanide and ketene silyl acetals 

(nucleophiles) to various nitrones and obtained the corresponding hydroxyamines in good 

yields in the presence of urea based catalysts.146 A correlation was observed between the N-H 

acidity on amides, ureas and thioureas and their catalytic abilities; Schreiner’s thiourea 

catalyst 117 produced optimum yields.144,148 Rate enhancement based on H-bonding 

interactions between the catalyst and nitrone was confirmed by 1H and 13C NMR 

spectroscopic studies. Scheme 1.20 details the reaction and the proposed mode of catalysis by 

binding to nitrone and activation towards nucleophilic attack. 

 
Scheme 1.20: Reaction of 6-methyl-3,4,5-tetrahydropyridine with TMSCN146 with suggested activation of 117 
mechanism of nitrones also shown (H-bonding activation).146 
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Nagasawa et al. investigated the acceleration of the hetero-Michael reaction of α,β-

unsaturated carbonyl compounds and found optimal results using thiourea 117 and its urea 

analogue 118.149 The reaction of pyrrolidine with γ-crotonolactone 119 produced a 24 fold 

increase in reaction rate using thiourea catalyst 117.  

 
Figure 1.35: Hetero-Michael addition of pyrrolidine to lactone 119 using catalysts 117 &  118.149 
 

In 2004, Connon & Maher successfully applied catalysts 117 & 118 and also a range of Lewis 

acidic diarylureas catalysts in the DABCO (1,4-diazabicyclo[2.2.2]octane) promoted Morita-

Baylis-Hillman  (MBH) reaction of benzaldehyde and methyl acrylate (Scheme 1.21).145 

Interestingly, they found that thiourea 117 was inferior to the urea 118 while both were more 

efficient than water or methanol additives. The authors proposed that rate enhancement was a 

result of aldehyde electrophile activation or H-bonding to the enol transition state of the 

reaction (betaine intermediate) through a Zimmerman-Traxler type transition state for the 

addition of the enolate anion to the aldehyde. The allylic alcohol product was obtained in up to 

88% yield and the most efficient diarylurea catalyst could be recycled without loss of activity.  

 
Scheme 1.21: Baylis Hillman reaction of benzaldehyde and methyl acrylate using urea & thiourea catalysts with 
most successful diaryl urea catalyst 118 highlighted in bold.145 
 

Also in 2004, Sohtome et al.147 investigated 117 and 118 in the DABCO catalysed MBH 

reaction of cyclohexenone with benzaldehyde and obtained a 50 fold increase in product 

formation compared to the uncatalysed process. 1H NMR spectroscopic studies showed that 
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117 interacted with both starting materials and these findings aided the development of a 

chiral variant which will be detailed in the next section.  

 

Schreiner et al. successfully applied 117 to a number of reactions and these will be now be 

discussed together. In 2006, they reported that the rates of acetalization reactions of a number 

of aliphatic and aromatic carbonyl compounds were highly increased with turnover 

frequencies of the order of 600 h-1 using this catalyst  (Scheme 1.22a).13 The reactions of acid 

sensitive silyl protected alcohols were also effected and catalyst loading could be reduced to 

0.01 mol% without loss in activity. Mechanistic investigations pointed towards catalysis by 

117 of the heterolysis of the orthoester followed by stabilisation of a number of oxyanion 

intermediates. They subsequently demonstrated the ability of this catalyst to coordinate 

negatively charged intermediates in the addition of amines, thiophenol and alcohols to 

epoxides where a cooperative effect with water was observed (Scheme 1.22b).150 Later, the 

same catalyst was employed in a cooperative Brønsted acid type organocatalysis in the 

regioselective alcoholysis of styrene oxides (Scheme 1.22c).151 It was envisaged that water 

could compete with the nucleophile and as a result, mandelic acid was used as a mild acid 

alternative additive. Under these conditions, high yields and regioselectivites were obtained 

for aliphatic, sterically hindered and unsaturated alcohols with styrene oxide. 

 

In 2007, Schreiner and Kotke applied urea 117 to tetrahydropyranylation (THP-protection) of 

hydroxyl groups in a variety of phenols, sterically hindered alcohols and particularly acid-

sensitive reactants such as aldol products, hydroxyl esters, acetals and silyl-protected alcohols 

(Scheme 1.22d).152 THP-protection would facilitate the use of these compounds in further 

synthetic processes. DFT (density functional theory) calculations suggested that the catalyst 

aided in formation of the nucleophiles (RO-) and stabilised the oxyanion developing in the 

reaction transition state through double H-bonding.  
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Scheme 1.22: (a) Thiourea catalysed acetalization reaction.13 (b) Coperative organocatalysis of thiourea 117 with 
water in addition of amines, thiols and phenols to epoxides.150 (c) Alcoholysis of styrene oxides promoted by 
thiourea catalyst 124.151 (d) THP-protection of hydroxyl containing groups including acid-labile alcohols.152 
 

Philp et al. used molecular modelling studies to rationally design a H-bond donating catalyst 

for the DMAP (dimethylaminopyridine) catalysed MBH reaction of cyclohexenone and 4-

fluorobenzaldehyde (Scheme 1.23).12 Using molecular modelling studies, they designed 

catalysts consisting of two thioureas separated by either an m-xylyl or o-xylyl bridge and 

predicted that these catalysts could bind the electrophilic aldehyde and also the enolate 

intermediate from the reaction of DABCO with cyclohexenone. These interactions activated 

the aldehyde and enolate intermediate and held them in close proximity thereby promoting 

their reaction and resulting in enhanced yields and rates compared to the Schreiner and 

Sohtome’s catalysts.144,147  

 
Scheme 1.23: Philp’s most successful bifunctional thiourea catalyst 120 capable of binding the enolate anion and 
aldehyde simultaneously.12 
 

In 2008, Connon et al. used computational techniques to assess the stabilities of complexes 

between (thio)urea molecules and a number of electrophiles which incorporated a Lewis-basic 
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functionality in an attempt to design  new more acidic (thio)urea catalysts.153 This approach 

focused on the interaction between the catalyst and electrophile, without taking account of the 

reaction intermediates, but served as a rapid matching of potential catalysts with reaction 

substrates. A number of catalysts were screened for their interaction with an oxirane group for 

an addition reaction to epoxides. An N-tosyl analogue of 117 proved highly catalytically 

active but had poor stability. The corresponding urea 121 was also highly catalytically active 

in the addition of 1,2-dimethylindole to an oxirane with a 71% yield of product obtained 

(Scheme 1.24). A substrate scope investigation showed that the acidic urea was an efficient 

organocatalyst for many styrene oxides and indole derivatives including aniline nucleophiles. 

 
Scheme 1.24: Connon’s addition of 1,2-dimethylindole to an epoxide catalysed by 121.153 
 

In 2009, Lattanzi et al. studied catalysts 117, 118 and also two alternative H-bond donating 

catalysts in the oxidation of sulfides with tert-butyl hydroperoxide (TBHP).154 Catalyst 117 

was found to be most active giving the sulfoxide product in high yield in many cases. The 

origin of catalysis was proposed to be double H-bonding between 117 and an oxygen atom of 

TBHP, enhancing its electrophilicity and making it more susceptible to nucleophilic attack by 

the sulfide (Scheme 1.25). 

 
Scheme 1.25: Suggested activation of TBHP by thiourea catalyst 117.154 
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1.3.4 Chiral Urea and Thiourea Catalysts 

In this section, some key examples of chiral (thio)urea H-bonding organocatalysis will be 

presented, however it is not designed as a comprehensive review of this field. Jacobsen’s 

group began the development of chiral urea and thiourea based catalysts.116  In 1998 they 

reported an asymmetric Strecker reaction of N-allyl aldimines with Schiff base urea catalysts 

and found moderate to high enantioselectivities of 70-91% ee of product (Scheme 1.27).155 

 
Scheme 1.26: Asymmetric Strecker reaction of N-allyl aldimines with Schiff-base thiourea catalyst.155  
 

In 2003, Takemoto et al. reported seminal findings on the use of bifunctional urea and 

thiourea catalysts to promote a Michael addition reaction.156 They postulated that a basic, 

nucleophile-activating group in a chiral thiourea catalyst along with nitroolefin electrophile 

activation through H-bonding to both oxygen atoms might allow a synergistic interaction 

between the functional groups and control their approach stereoselectively leading to an 

efficient bifunctional catalyst 122 for the Michael reaction of diethyl malonate with β-

nitrostyrene. Product was obtained in 86% yield and up to 93% ee in favour of the (S)-isomer, 

while reduced ee values were observed in competitive polar solvents (Scheme 1.27). Papai et 

al. later conducted theoretical studies on the enantioselective Michael addition reaction 

catalysed by thiourea based bifunctional organocatalysts and postulated an alternative 

mechanism.157 This mechanism was consistent with the dual activation principle of Takemoto, 

however electrophile activation was proposed to occur through interaction with the protonated 

amino group of the catalyst rather than the H-bond donors of thiourea. The key intermediate 

was the catalyst-nucleophile ion pair while the acidic groups along with the protonated amine 

were determined to stabilise the transition state in a chiral environment leading to 

stereoselectivity in the reaction. 
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Scheme 1.27: Reaction of diethylmalonate with β-nitrostyrene catalysed by bifunctional thiourea catalyst 122.156 
Dual activation models proposed by Takemoto et al. and Papai et al. also shown. 
 

They subsequently successfully applied bifunctional thiourea 122 in the enantioselective 

addition of malononitrile to α,β-unsaturated imides and in the aza-Henry reaction to give high 

enantioselectivies of the nitroamine product.158,159 Catalysis in the latter reaction was due to 

activation of the nitro group which favoured the formation of the nucleophilic nitronate anion 

(Scheme 1.28).  

 
Scheme 1.28: (a) Use of bifunctional 122 in Michael reaction with α,β unsaturated imide. (b) Henry reaction 
(reaction of nitroalkanes to imines) catalysed by 122.158,159 
 

Wang et al. reported a novel binaphthyl catalyst 123 containing a thiourea and tertiary amine 

group for the MBH reaction.160 They proposed that the catalyst would H-bond to and activate 

the carbonyl functionality of the α,β-unsaturated system, facilitating the Michael addition of 

the catalyst tertiary amine group to the β-position of the substrate while the chiral scaffold 

could impart stereochemical control on the reaction. In the reaction of cyclohexenone with 3-

phenylpropionaldehyde, catalyst 123 gave product in up to 84% yield and 94% ee in favour of 

the (R)-enantiomer (Figure 1.36a). Acetonitrile as solvent at 0 °C produced optimal results 

producing yields of 63-84% and 80-94% ee for aliphatic aldehydes with cyclohexenone. In 

further work, they applied catalyst 123 to the Michael reaction of a 1,3-diketone to 
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nitroolefins, observing low catalyst loading (down to 1 mol%) was sufficient for the reaction 

giving moderate yields of 78-92% and up to 97% ee (Figure 1.36b).161  

 
Figure 1.36: (a) MBH  reaction of cyclohexenone with aldehydes catalysed by bifunctional thiourea 123.160 (b) 
Michael addition of 2,4-pentanedione to trans-β-nitrostyrene catalysed by 123 also shown.161 
 

Tsogoeva et al. synthesised a bifunctional catalyst 124 consisting of a thiourea group and also 

a primary amino group attached to a chiral backbone and used it in the Michael addition of 

acetone to aromatic nitroolefins in toluene producing up to 92% ee of product (Scheme 

1.29).162,163 They proposed that the primary amino group would activate acetone through 

enamine formation while the thiourea group would H-bond and activate the nitroolefin. DFT 

calculations showed one oxygen of the nitro group was involved with H-bonding with the 

thiourea and steric effects resulted in preferential formation of the (R)-product. 

 
Scheme 1.29: Bifunctional thiourea 124 catalysed Michael addition of acetone to aromatic nitroolefins reported 
by Tsogoeva.162  
 

Sohtome et al. investigated the asymmetric Baylis-Hillman reaction using a bis-thiourea type 

catalyst 125 containing two urea/thiourea moieties connected through a 1,2-

cyclohexanediamine chiral group.147 Catalyst 125 produced a 72 fold increase in product 

formation with 33% ee for the reaction of benzaldehyde and cyclohexenone and they also 

found success with a number of aromatic and aliphatic aldehydes (Scheme 1.30a). 1H NMR 

spectroscopic studies were used to postulate a dual activation mode where two thiourea 

functionalities could co-ordinate to the carbonyl groups of the aldehyde and the enolate.10 The 
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R substituent on the aldehyde favoured an anti relationship to avoid disrupting thiourea – 

enolate H-bonding. In addition, carbonyl activation of the enolate A led to rapid elimination of 

the tertiary amine catalyst, currently considered to be the rate determining step based on 

mechanistic reports for the Baylis-Hillman reaction.164  

 
Scheme 1.30: MBH reaction catalysed by bis-thiourea chiral catalyst 125 with proposed transition state in (b).10  
 

Berkessel et al. applied a number of bis-thioureas derived from isophoronediamine (IPDA) 

with a 5,5-dimethyl-1,3-diaminocylohexane chiral spacer group as catalysts in the MBH 

reaction of cyclohexenone with cyclohexanecarboxaldehyde.165 Under optimal neat reaction 

conditions, bis-thiourea 126 produced 90% yield and 91% ee in favour of the (R)-product in 

the presence of tetramethylated isophoronediamine (TMIPDA) (Scheme 1.31).  

 
Scheme 1.31: Baylis-Hillman reaction catalysed by bis-thiourea catalyst 126.165 
 

Wu et al. developed a range of chiral phosphinothiourea organocatalysts derived from trans-2-

amino-1-(diphenylphosphino)cyclohexane including 127 for the enantioselective MBH 

reaction of methyl vinyl ketone with a number of aldehydes and the product was obtained in 
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up to 75% yield and 94% ee.166 A transition state model where the thiourea H-bonds to the 

aldehyde carbonyl while the chiral cyclohexyl scaffold forces the phosphinoyl associated 

enolate to attack the carbonyl from the si face to give the (R)-product was proposed (Scheme 

1.32). 

 
Scheme 1.32: Baylis-Hillman reaction of 4-nitrobenzaldehyde with methyl vinyl ketone catalysed by 
phosphinothiourea 127. Proposed transition state leading to (R)-product also shown.166 
 

Wang et al. reported a range of bifunctional amine thiourea catalysts with multiple H-bond 

donating sites including 128 for the enantioselective direct Michael addition of nitroethane 

with β-nitrostyrene.167 Product was obtained in 87% yield, 83% ee in favour of the 2R,3R 

product and 73:27 syn:anti ratio at -30°C (Scheme 1.33).  

 
Scheme 1.33: Wang’s asymmetric Michael reaction of nitroethane & β-nitrostyrene catalysed by bifunctional 
catalyst 128.167 
 

In 2008, the groups of Connon et al. and Song et al. reported thiourea functionalised cinchona 

alkaloid catalyst 129 for the methanolysis of cyclic anhydrides (Scheme 1.34).168,169 In both 

cases, dilute conditions were necessary to achieve high enatioselectivities. Connon et al. found 

MTBE methyl tert-butyl ether to be optimal as solvent while Song used dioxane. Song et al. 

later reported an analogous sulfonamide derivative 130 which was also efficient in less dilute 

conditions.170 It was proposed that activation of the anhydride electrophile through H-bonding 

and promotion of attack at a single anhydride carbonyl group through general base catalysis 

from the chiral quinuclidine base. These activations in a chiral environment were suggested to 

stereoselectively enhance reaction rate. 
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Scheme 1.34: Successful application of thiourea and sulfonamide functionalised cinchona alkaloids 129 & 130 in 
desymmetrization reactions.168-170 
 

In 2011, Connon et al. developed a cinchona alkaloid based organocatalyst 131 with a urea 

group substituted at the C-5’ position to examine the distance between the nucleophile- and 

electrophile activating groups on the bifunctional catalyst.171 These catalysts were successfully 

applied to the 1,2-addition of nitromethane  to trifluoromethylketones in up to 90% ee for 

trifluoracetophenone (Scheme 1.35). 

 
Scheme 1.35: C-5’ substituted cinchona alkaloid catalyst 131 in the Henry reaction involving 
trifluoroacetophenone.171 
 

1.4 The Application of Acyclic Receptors in Organoc atalysis 

A common theme arising from organocatalysis has shown that complexation and activation of 

neutral functional groups such as carbonyl groups with H-bond donors has resulted in catalytic 

activity.144 While this viewpoint acknowledges the significance of stabilisation of developing 

negative charge and groups with partial charges, it does not consider potential relationships 

between anion recognition and organocatalysis. Over the last number of years, the strong 

relationship which exists between anion receptors and organocatalysts for reactions which 
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contain anionic transition states has come to the fore. The concept of application of 

specifically designed anion receptors as organocatalysts will be discussed in this section. 

 

Enzyme catalysis commonly relies upon preferential H-bonding complexation and 

stabilisation of transition states over starting materials and products.172 Therefore, successful 

artificial enzymes (organocatalysts) must be complementary to the electrostatic and spatial 

features of transition state structures. Hamilton et al. reported the acceleration of a 

phosphoryl-transfer reaction with an artificial H-bonding receptor.172 Their previously 

successful bis-amide receptor 132 synthesised from isophthaloyl dichloride and 2,6-

diaminopyridine173 was deemed suitable to bind the planar-trigonal intermediate and also 

possibly activate the starting material P=O towards nucleophilic attack. A 10-fold acceleration 

in reaction rate in the aminolysis of phosphorodiamidic chloride with n-butylamine was 

observed (Scheme 1.36) while no starting material or product binding was observed.  

 
Scheme 1.36: Phosphoryl transfer catalysed by isophthalamide derived receptor 132. Proposed 
catalyst:intermediate binding also shown.172 
 

In 1991, Hamilton et al. used synthetic receptors to increase the rate of the intramolecular 

Diels-Alder reaction of disubstituted N-furfurylfumaramide derivatives through selective 

binding to different structures on the reaction pathway (Scheme 1.37).174 A previously 

successful dicarboxylic acid bis-amide based receptor derived from terephthaloyl dichloride 

and 6-amino-2-picoline caused a 10 fold decrease in rate of reaction due to complexation and 

stabilization of the starting material, increasing the activation energy.53 Selective 

complexation of the transition state was achieved by integrating aminopicoline groups into an 

isophthaloyl motif 133 resulting in a 30-fold increase in reaction rate (Scheme 1.37a). The 

same group  utilised a H-bonding receptor 134 based on staphylococcus nuclease enzyme in 
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the acceleration of phosphodiester cleavage in 1992.105 The receptor derived from dimethyl 

isophthalate and guanidium hydrochloride bound phosphodiester 135 with a Kass value of 5 

x104 M-1 in acetonitrile (Scheme 1.37b). This receptor also increased the rate of release of 4-

nitrophenol in the intramolecular cleavage reaction of phosphodiester by a factor of 700, 

comparable to phosphodiesterase performance.105 

 
Scheme 1.37: (a) Intramolecular Diels-Alder reaction catalysed by isophthaloyl catalyst 133.174 (b) 
Intramolecular cleavage reaction of 135 increased 700 fold with enzyme mimic 134.105 (c) Anion binding 
receptor 136 resulted in accelerated 1,4 addition of a thiol to a maleimide.14  
 

Hamilton et al. used an anion binding strategy to stabilise an oxyanion transition state, thus 

accelerating the 1,4 addition of a thiol to a maleimide in 1997.14 The build up of negative 

charge on the carbonyl oxygen in the enol transition state was stabilised by H-bonding to a 

urea group on catalyst 136 while the carboxylic acid group formed H-bonds with the 

aminopyridine motif, resulting in transition state stabilisation and rate enhancement (Scheme 

1.37c). When an amide was substituted in place of the urea, weaker substrate binding and 

catalytic activity was observed, consistent with less efficient H-bonding of an amide. 
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Crabtree et al. found a 6-fold increase in the rate of imine formation in the presence of a 

sulfonamide catalyst 137.17 The rate determining nucleophilic attack on the carbonyl by the 

amine has an anionic transition state which was suggested to be more tightly bound to the 

sulfonamide catalyst compared to the starting aldehyde or the product. Based on previous 

anion binding results for this catalyst,51 they suggested that a two point H-bonding interaction 

of the convergent sulfonamide groups with the anionic transition state was responsible for 

catalysis (Scheme 1.38a). With the known anion binding ability of the bis-sulfonamide 

receptor motif in mind, Brenner et al. studied a number of chiral bifunctional sulfonamide 

catalysts including 138 for conjugate addition reactions of 1,3-dicarbonyl compounds with β-

nitrostyrene (Scheme 1.38b).175 The optimum catalyst 138 containing a 3,5-

bis(trifluoromethyl)aniline ring and a chiral amine group catalysed the reaction of diethyl 

malonate and β-nitrostyrene to give product in up to 68% yield and 70% ee. 1H NMR 

spectroscopic studies confirmed H-bonding interactions of the N-aryl sulfonamide with β-

nitrostyrene while a correlation was observed between N-H acidity and enantioselectivity. 

 
Scheme 1.38: (a) Proposed binding of Crabtree’s disulfonamide 137 to transition state of aldehyde imination 
reaction.17 (b) Brenner’s reaction of β-nitrostyrene with diethyl malonate catalysed by bis-sulfonamide 138.175 
 

In 2006, Gong et al. reported a catalytic system based on original findings by Hamilton et al. 

that an amide 139 derived from the 2-aminopyridine group could bind to a carboxyl group.53 

Gong et al. successfully used (S)-prolinamide catalysts containing an aminopyridine moiety 

for the aldol reaction of acetone and phenylglycoxylic acid to produce a high yield of product 

in up to 98% ee (Scheme 1.39).176 Experimental and theoretical studies showed the 

importance of the H-bonding between the optimal catalyst 139 and the keto and carboxyl 
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groups of the keto acid substrate, resulting in activation towards attack by the nucleophilic 

enamine. 

 
Scheme 1.39: Reaction of phenylglycoxylic acid with acetone catalysed by prolinamide catalyst 139.176 
 

Moran et al. studied the binding interactions between a number of thiourea derivatives with 

triphenylarsine oxide, an oxyanion hole mimic capable of strong substrate binding.177 In 

particular, incorporation of the 3,5-bis(trifluoromethyl)phenyl group into the thiourea structure 

led to a significant enhancement in binding strength. They reported significant catalysis using 

both the Schreiner thiourea catalyst 117 and also a receptor 140 containing triflamide moieties   

in the Diels-Alder reaction of methyl vinyl ketone with cyclopentadiene (Scheme 1.40). 

 
Scheme 1.40: Diels-Alder reaction catalysed by successful triphenylarsine oxide receptors 117 & 140.177 
 

As detailed in previous sections, squaramides have been found to be efficient anion receptors. 

Squaramides and (thio)ureas are rigid structures, however the former possess a larger 

disatance between the two N-H groups. Squaramides have been shown to bind anions through 

the N-H groups and cations through its acceptor oxygen atoms and recently, they have also 

been applied as organocatalysts. The first reports of squaramides as bifunctional 

organocatalysts came in 2008 when Rawal et al. reported that these easily synthesised, 

modular catalysts enantioselectively catalysed the conjugate addition of 2,4-pentanedione to 

β-nitrostyrene.178 The optimal (-)cinchonine substituted derivative 141 was applied to the 

addition of activated methylenes to nitroalkenes providing yields of the order 65-98%, 77-

99% ee and up to 1:50 d.r (Scheme 1.41a). The mode of catalysis was proposed to be similar 
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to that of Takemoto et al. (Scheme 1.27)156 where the rigid squaramide pocket provided a 

well-defined chiral pocket.   

 
Scheme 1.41: (a) Squaramide 141 catalysed conjugate addition of 2,4-pentanedione and β-nitrostyrene to give 
high yields and ee values. (b) Michael addition of diphenyl phosphite to nitroalkenes catalysed by 142. 
 

Rawal et al. subsequently reported a new squaramide 142 derived from 1,2-

diaminocyclohexane (Scheme 1.41b).179 They successfully applied this catalyst to the Michael 

addition of diphenylphosphite to nitroalkenes with results which exceeded that of chiral 

thioureas. The same group later reported an enantioselective Friedel-Crafts reaction of indoles 

with arylsulfonylimines using bifunctional chiral squaramide catalyst 143 and obtained 

product in up to 99% ee using 2.5 mol% loading.180  

 
Scheme 1.42: Friedel-Crafts reaction of indoles with N-sulfonylimines catalysed by chiral squaramide 143.  
 

In 2011, Wu et al. synthesised a squaramide analogue 144 of their urea/phosphine catalyst 

containing a tertiary phosphine as a chiral bifunctional catalyst for the intramolecular MBH 

reaction and the MBH adducts were obtained in high yields and high enantioselectivity up to 

93%.181 The authors proposed a transition state A where the nucleophilic phosphine attacks 

the β-position of the Michael acceptor generating an enolate while the electrophillic 
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squaramide activates the aldehyde group through oxygen atom H-bonding. The chiral 

cyclohexyl scaffold forces the phosphinoyl bound enolate to attack the carbonyl from the si-

face to form the (S)-product. 

 
Scheme 1.43: Intramolecular MBH reaction catalysed by phosphine-squaramide 161. Proposed transition state 
also shown.181 
 

1.5 Conclusions 

This Chapter has detailed the close interplay which exists between anion recognition and 

organocatalysis. Chapter 2 will describe experimental work conducted which probes this 

relationship further by synthesising compounds suitable for binding anions and acting as 

organocatalysts using molecular recognition techniques to probe the relationship between 

strong anion binding and organocatalytic activity. 
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2.1 Background 

In recent years, the coordination of anions via hydrogen bonding (H-bonding) has become a 

significant and well studied area of supramolecular chemistry due to the many roles which 

anions play in biological processes, medicine, catalysis and the environment.22,23,182 As 

detailed in Chapter 1, a considerable amount of work has been undertaken to design selective 

anion receptors.22,182 

 

Secondary amides are commonly used as anion receptors as they act as H-bond donors.50 They 

can also act as H-bond acceptors, which can have a disruptive effect on their binding 

properties.4 Despite this, they have been found to bind efficiently to anions such as halides and 

oxyanions51 and additionally neutral molecules such as barbiturates52 and dicarboxylic acids.53 

Thioamides also bind anions well but have less of a tendency to act as H-bond acceptors due 

to their higher acidity. Sulphur has a lower electronegativity and a larger atomic radius 

compared to oxygen which makes thioamides less likely to self-associate and they have also 

been studied for their anion coordination properties.4,182 Additionally, there have been a 

number of other motifs reported as anion receptors including pyrroles,4,47,48 indoles3,49 and 

sulfonamides.5,54 Ureas and thioureas are also efficient anion receptors which can form two 

cooperative H-bonds to anions.37 

  

2.2 Scope of Project 

The objective of this project was to rationally design, synthesise and test a series of simple, 

minimally pre-organised amide-based receptors for anion coordination and organocatalysis. 

Organocatalysis involves catalysis of synthetic reactions using small organic metal-free 

organic molecules and has attracted much interest over the last number of years.9,115 The mode 

of action of H-bonding organocatalysts in particular involves coordination of H-bond donating 

groups to highly negative or anionic species.10-14,17,19 Considering a major objective of both 

receptor and organocatalyst design is the molecular recognition of anions, much can be gained 

from taking a cooperative view between both areas. This would lead to the development of 

molecules with dual application; anion recognition and organocatalysis. In this case, instead of 

the troublesome synthesis of transition state analogues for binding studies, binding 
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characteristics with anions could be used to predict their applicability as organocatalysts. The 

DABCO promoted Morita-Baylis-Hillman (MBH) reaction of benzaldehyde with methyl 

acrylate was chosen as a reaction to test this dual approach. In the next section, a short 

introduction to the MBH reaction studied will be presented and will include current 

mechanistic understanding in order to place the design of receptors/catalysts in context. 

 

2.3 Morita-Baylis-Hillman (MBH) Reaction 

The Morita-Baylis-Hillman reaction was first reported in 1968 by Morita using a tertiary 

phosphine catalyst183 while A. B. Baylis and M. E. D. Hillman reported the tertiary amine 

catalysed version in 1972.184 It involves the reaction of activated alkenes e,g, α,β-unsaturated 

esters, amides, nitriles and ketones typically with aldehydes, ketones or imines catalysed by a 

bicyclic amine such as DABCO or quinuclidine to give multifunctional products (Scheme 

2.1).184 A new carbon–carbon bond is formed between the α-carbon of activated olefin 

component and carbon electrophiles. This reaction combines the aldol and Michael reactions 

in a single pot to convert two relatively simple molecules into a highly functionalised product. 

One of the challenges associated with the reaction has been slow reaction rates (up to a 

number of days) and limited substrate scope.185 Physical methods of rate enhancement 

(microwave, ultrasound, high pressure) are troublesome and expensive, therefore a number of 

authors have developed organocatalysts to accelerate this highly useful reaction.10,12,145,147 

 
Scheme 2.1: General representation of a Baylis-Hillman reaction. 
 

2.3.1 Mechanism of MBH Reaction 

The first generally accepted MBH reaction mechanism, based on rate, pressure dependence 

and kinetic isotope effect data, was proposed by Hill & Isaacs in 1990.185,186 It proceeds 

through a Michael-initiated addition-elimination sequence and is shown in Scheme 2.2 using 

methyl acrylate (as the activated olefin) and benzaldehyde (as the electrophile) with DABCO 

as the tertiary amine catalyst.  
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Scheme 2.2: Mechanism of the MBH reaction as postulated by Hill & Isaacs.186 
 

The first step in the cycle involves the reversible Michael-type nucleophilic addition of the 

tertiary amine Lewis basic catalyst to the acrylate producing a Zwitterionic enolate 

intermediate A. This intermediate is thought to possess enhanced nucleophilic reactivity at the 

C-2 position facilitating aldol-like nucleophilic attack on the aldehyde giving a second 

Zwitterionic intermediate B. Following prototropic rearrangement from the α-carbon atom to 

the β-alkoxide, intermediate C is formed and β-elimination releases the product and tertiary 

amine catalyst.186 The authors reported that this α-proton cleavage did not constitute the rate-

determining step (RDS) of the process.186 Therefore, they concluded that the addition of the 

enolate A to the aldehyde was the RDS. This mechanism has been supported by Coelho et al. 

through structural characterisation of each of the intermediates using electrospray ionisation 

with mass spectrometry.187 

 

Based on this mechanism, rate increase in the presence of protic solvents/additives could arise 

due to aldehyde activation by H-bonding.188 However, such H-bonding to the aldehyde may 

compete with the enolate A, a better H-bond acceptor and this latter interaction could stabilise 

and deactivate A causing a decrease in reaction rate. A number of observations were reported 

which contrasted with the Hill & Isaacs mechanism. A dioxanone was formed as a side 

product (Scheme 2.3) and Aggarwal et al. reported an autocatalytic effect of the reaction 

product in the absence of protic additives due to the product acting as a H-bond donor 

promoting the reaction (Scheme 2.4).189 These observations which could not be explained by 

the original Hill & Isaacs mechanism, resulting in further mechanistic investigations being 

later conducted.  

 

In 2005, McQuade et al. demonstrated that the kinetics of the MBH reaction were second 

order in aldehyde and first order in DABCO and acrylate in both polar and non-polar 
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solvents.190 In the absence of protic additives, they proposed that the reaction begins with the 

combination of the acrylate and the Lewis base with subsequent addition to the aldehyde as 

previously proposed. The next step involves reaction with a second equivalent of aldehyde to 

form a hemiacetal conjugate base C which undergoes the rate-determining deprotonation 

followed by a number of steps to form the product (Scheme 2.3).190 In the presence of polar 

solvents, they suggested that all of the ionic transition states were stabilised, enhancing 

reaction rates.  

 
Scheme 2.3: McQuade’s proposed mechanism of the MBH reaction.190  
 

Sunoj et al. used DFT calculations to confirm that the RDS of the MBH reaction was the 

intramolecular proton transfer step in the Zwitterionic intermediate generated from addition of 

the enolate to the aldehyde (B in Scheme 2.3) under polar aprotic conditions.191 Calculations 

which included water molecules showed a lowering of the activation barrier and it was 

suggested that in a polar protic solvent, the proton transfer in the transition state could be 

facilitated through a relay type mechanism. Electrostatic stabilisation of the Zwitterionic 

transition states was suggested to enhance the reaction in polar solvents.192,193   

 

In 2005, Aggarwal et al. reported that in the initial phase of the reaction in the absence of H-

bond donors, the RDS is the proton transfer step of the reaction.189 As the reaction proceeds, 

autocatalysis is thought to occur. The effective autocatalysis of the proton transfer step can be 

considered by a model involving a six-membered proton transfer from the product R–OH to 

the alkoxide with simultaneous deprotonation of the α-hydrogen and elimination to give the 

MBH adduct (Scheme 2.4). In the latter stages of the reaction when a significant quantity of 

the polar MBH adduct is present, they proposed that the RDS is the addition of the enolate to 
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the aldehyde, contrary to McQuade’s proposal that the loss of the proton in the α-position is 

the RDS in the presence of a protic species throughout the reaction.194 

 
Scheme 2.4: Autocatalytic influence of the MBH product (ROH) promoting the proton transfer step proposed by 
Aggarwal et al.189 
     

In 2007, Aggarwal conducted further mechanistic studies on the MBH reaction using 

computational methods and confirmed that the reaction is second order with respect to 

aldehyde at initial stages (up to approximately 20% conversion), consistent with previous 

results of McQuade et al.164,189 In the absence of protic additives, the reaction is initiated by 

Michael addition of the amine to the acrylate to form the enolate A. This enolate adds to the 

aldehyde to from B which adds to another molecule of aldehyde to give C (Scheme 2.5). This 

hemiacetal betaine molecule undergoes intramolecular proton transfer through a six-

membered transition state TS C-D. Elimination of the amine yields the hemiacetal E which 

decomposes into product and aldehyde or may cyclise in a small number of cases to form 

dioxanone. They suggested that deprotonation of the α-position was the RDS occurring 

through transition state C-D. 

 
Scheme 2.5: Mechanism of MBH reaction in absence of protic species proposed by Aggarwal et al.164 
 

In the presence of alcohol or a protic additive, H-bonding of A & B with methanol A-MeOH  

& B-MeOH stabilises these intermediates making their synthesis more thermodynamically 

favourable compared to the system without protic additives. Methanol allows B-MeOH to 



60 

 

undergo a concerted proton transfer via TS B-C MeOH to give C-MeOH which can 

decompose into the product and amine catalyst (Scheme 2.6).  

 
Scheme 2.6: Mechanism of MBH reaction in presence of protic additive proposed by Aggarwal et al.164  
 

Kappe and Cantillo have since conducted computational and experimental investigations into 

the DABCO promoted MBH reaction of benzaldehyde and methyl acrylate in 2010.195 Their 

data supported the results of McQuade and Aggarwal and suggested that the methanol 

catalysed proton transfer mechanism reported by Aggarwal was similar in energy to the case 

where a second molecule of aldehyde promotes this step. Therefore, depending on the amount 

of protic species and the progress of the reaction, both catalytic pathways are feasible. 

 

As described in Chapter 1, the use of bis-aryl ureas and thioureas as H-bonding catalysts in the 

MBH reaction has been explored by a number of authors such as Sohtome et al.10,147 and 

Connon et al.145 The presence of the 3,5-bis(trifluoromethyl)phenyl group was found to be key 

to high reactivity and enantioselectivity. It was postulated that incorporating 3,5-

bis(trifluoromethyl)phenyl groups into secondary amide receptors may lead to organocatalysts 

employing binding effects and therefore may exhibit a catalytic effect on the MBH reaction 

(Scheme 2.7).10,145,147 The receptors/catalysts could bind to the anionic intermediates 

activating their reaction with the aldehyde, thus catalysing the reaction. This would be 

particularly relevant if one takes into account Aggarwal's proposal that the RDS is the addition 

of the enolate to the aldehyde in the latter stages of the reaction when autocatalysis can 

enhance the proton transfer step. H-bond receptors of reasonably high acidity were also 

expected to aid in the proton transfer step which has been determined to be the RDS both in 

the presence and absence of protic additives by McQuade.194 This step was expected be 
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enhanced by acidic H-bonding receptors in a similar way to the methanol catalysed pathway 

previously described by Aggarwal et al.164 and the bis-thiourea catalysed MBH reaction 

reported by Sohtome et al.10 In both of these cases, the proton transfer step was enhanced 

through H-bonding. 

 
Scheme 2.7: Proposed binding of isophthalamide based receptors to enolate189,196 and also potential carbonyl 
activation of a later Zwitterionic transition state promoting elimination of the tertiary amine similar to Sohtome et 
al.10 
 

In addition, by using anion binding properties as a probe into potential catalytic activity, one 

may expect a correlation between the anion binding ability of receptors and their catalytic 

activity. In particular, in order for this study to be valid, the investigation of binding to anions 

of various shapes and sizes and in particularly oxyanions would be essential.   

 

2.4 Receptor/Catalyst Design 

Receptor design was inspired by the previous work of Crabtree,24,51 Hamilton,53 Jurczak4 and 

Gale8 on the design of simple acyclic and macrocyclic secondary amide and thioamide 

receptors for the binding of anions and netural hosts. For example, as mentioned in Chapter 1 

Crabtree used a relatively simple aromatic isophthalamide to bind anionic species such as Cl- 

and Br- while X-ray crystallography of an isophthalamide/Br- complex confirmed H-bonding 

interactions from both amide N-H groups of 1 to the halide in the syn-syn conformation with 

additional potential interactions from nearby aryl protons enhancing binding (Figure 2.1).24 

They subsequently designed successful receptors bearing pyridyl and sulfonamide groups with 

conformational changes accommodating anion binding in some cases.51  
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Figure 2.1: Isophthalamide group binding to an anion through complementary H-bonding with N-H groups.51 
 

A series of H-bond donating receptors/organocatalysts 145-151 were designed incorporating 

acidic functionalities (Figure 2.2). In order to synthesise these receptors, the well known 

receptor building blocks of isophthalic acid and 2,6-pyridinedicarboxylic acid would be used 

and coupled with a series of CF3-derived arylanilines. The n-butyl aniline receptor 145 was 

used as a control receptor to compare the binding performance of the rationally designed 

receptors. The 4-trifluoromethylphenyl group would be incorporated into the diamide 

structure to form 146 while the 3,5-bis(trifluoromethyl)phenyl group would be integrated into 

the structure of  147-151. In addition to the isophthaloyl motif, receptor 148 based on a 1,3-

pyridine dicarboxamide skeleton would also be considered. Thioamides are stronger acids 

than amides4 and are less likely to self-associate; therefore 149 was expected to be a more 

efficient anion binding receptor compared to 147.197 Receptor 150 contained an additional 

nitro group at the 5-position of the central isophthaloyl ring in order to further enhance acidity 

over 147.  

 
Figure 2.2: Structure of diamide based receptors designed for anion binding with potential catalytic activity. 
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Receptor 151 consisted of an unsymmetrical isophthaloyl skeleton bearing an amide group 

with a second N-acyl sulfonamide group. The N-H group adjacent to the sulfonyl group was 

expected to possess acidity comparable to a carboxylic acid,198,199 making it highly favourable 

towards anion binding and participation in a proton shuttling event in the MBH reaction. 

 

The receptors 145-151 would be first evaluated with a series of anions to potentially predict 

catalytic effect. The anions to be evaluated in this study were spherical halides (bromide and 

chloride) and Y-shaped oxyanions (acetate and benzoate) which were commercially available 

as tetra-n-butylammonium salts. These anions were chosen to represent varying anion sizes 

and topologies and to give good indications of receptor selectivity and catalytic potential. Br- 

is larger, possesses a lower charge density and was expected to be more difficult to complex 

compared to Cl-. The study of both Br- and Cl- could give an indication of the ability of the 

receptor to bind anionic species of varying sizes, useful when considering reaction 

intermediate size for the design of receptors as organocatalysts. AcO- and BzO- may H-bond 

to receptors through both oxygen atoms in a cooperative system. Such oxyanions can be 

considered structurally similar to many anionic reaction transition states and the ability of 

146-151 to bind oxyanions  could provide some indication of their ability as H-bond donating 

organocatalysts in reactions possessing anionic transition states.19   

 
1H NMR spectroscopy is widely used for the investigation of molecular interaction200,201 and 

can be used to determine binding strength and stoichiometry. 1H NMR spectroscopic titration 

can be used to determine binding constants Kass, a measure of the strength of anion binding. 

For this analysis, the concentration of the receptor remains constant while the change in 

chemical shift of one or more of its proton signals are monitored upon addition of a known 

quantity of anionic guest. The resulting data from a series of additions can be fitted to 

WINEQNMR202 mathematical model in order to calculate Kass values. 1H NMR spectroscopic 

titrations provide binding information at an atomic level including location of binding site and 

evidence of the bifurcated binding cleft. The JOB plot or method of continuous variation is 

commonly used to determine binding stoichiometry.200,201,203 It involves use of equimolar 

solutions of substrate and ligand to prepare solutions containing varying mole fractions of 

receptor. The chemical shift of a proton which varies with the degree of complex formation is 
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plotted against the mole fraction of receptor. The maxima from such plots represent the mole 

fraction ratio of the receptor:anion complex. 

 

2.5 Synthesis of Diamide Receptors 145-151 

A number of different synthetic approaches were adopted for the synthesis of receptors 145-

151. The reaction of the appropriate acid dichloride with the respective amine produced the 

corresponding secondary amides 145-148 (Scheme 2.8a). High Resolution Mass Spectrometry 

(HRMS) confirmed all new compounds, details can be found in Chapter 6. 

 
Scheme 2.8: (a) Synthesis of receptors 145-149 from reaction of acid chloride with the appropriate amine.204 (b) 
EDCI coupling of 5-nitroisophthalic acid with 3,5-bis(trifluoromethyl)aniline to form 150.  
 

Receptor 145 was synthesised according to a previously published procedure204 in relatively 

high yield followed by recrystallisation with diethyl ether and petroleum ether. 1H & 13C 

NMR spectroscopy and LC-MS data confirmed the structure of the product and all data 

corresponded to previous characterisation reports.204 For the synthesis of 146, isophthaloyl 

dichloride was reacted with 2 equivalents of 4-(trifluoromethyl)aniline in DMF in the 

presence of triethylamine and DMAP.17 Following 20 hours stirring at 90°C with reaction 

monitoring by thin-layer chromatography (TLC), the mixture was added to water and an 

extractive work-up was employed. Flash chromatography gave 146 as a white solid in 54% 

yield. Key 1H NMR spectroscopic resonances included the amide N-H signals at 9.17 ppm, 

isophthaloyl ring protons H-2 (triplet), H-4 (doublet) and H-5 (triplet) at 8.53, 7.76 and 7.69 
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ppm respectively. The 4-(trifluoromethyl)phenyl ring contained two sets of doublets, H-4’ at 

8.15 ppm and H-3’ at 7.97 ppm. LC-MS analysis gave the MH+ ion at m/z 453 and HRMS 

also confirmed the product. 

 

Initial attempts at the synthesis of 147 from the reaction of isophthaloyl dichloride with 3,5-

bis(trifluoromethyl)aniline were carried using dichloromethane and chloroform as solvent at 

25°C but proved unsuccessful presumably due to the slow reaction rate. The synthesis of 147 

was achieved in DMF as solvent at 75-80 °C for 20 hours. The reaction mixture was 

subsequently added to water and following extractive work-up and purification by flash 

chromatography, 147 was obtained in 52% yield. The product identity was confirmed by LC-

MS showing an ion at m/z 589 and 1H & 13C NMR spectroscopy. Key 1H NMR spectroscopic 

resonances included the amide N-H signal at 9.33 ppm, isophthaloyl ring protons at 8.58 ppm, 

8.19 ppm and 7.73 ppm corresponding to H-2, H-4 & H-5 respectively. Additional 1H NMR 

spectroscopic signals of the 3,5-bis(trifluoromethyl)aryl ring included the H-2’ and H-4’ 

signals at 8.38 ppm and 7.77 ppm. 

 

Receptor 148 was synthesised by reaction of 3,5-bis(trifluoromethyl)aniline with pyridine-2,6-

dicarboxylchloride in the presence of triethylamine and DMAP in DMF with stirring at 75-

80°C for 18 hours. Water was subsequently added and following extractive work-up and 

purification by trituration with ethyl acetate, 148 was obtained in 34% yield. LC-MS and 1H & 
13C NMR spectroscopy confirmed the product. LC-MS analysis provided a peak at m/z 590 

corresponding to the MH+ ion. 1H NMR spectroscopic analysis produced a peak at 10.51 ppm 

due to the amide N-H groups and also peaks at 8.50 ppm & 8.29 ppm corresponding to H-4 & 

H-5 respectively. Peaks at 8.60 ppm and 7.62 ppm resulted from the H-2’ and H-4’ signals of 

the 3,5-bis(trifluoromethyl)phenyl group respectively.   

 

Receptor 147 was converted into its thioamide counterpart 149 using Lawesson’s reagent 

(Scheme 2.9).205,206 The amide 147 and 2.7 equivalents of Lawesson’s reagent were heated to 

reflux for 16 hours in dry toluene. Upon reaction completion determined by TLC, direct flash 

chromatography of crude reaction mixture gave the yellow solid thioamide product 149 in 

96% yield. The identity of the product was confirmed by an LC-MS peak at m/z 621 
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corresponding to the MH+ ion and 1H & 13C NMR spectroscopy. Key 1H NMR spectroscopic 

resonances included the thioamide N-H signal at 10.77 ppm, isophthaloyl ring H-2, H-4 & H-

5 signals at 8.36 ppm, 8.04 ppm and 7.57 ppm respectively and 3,5-bis(trifluoromethyl)phenyl 

ring signals at 8.53 & 7.91 ppm for H-2’ and H-4’. A 13C NMR spectroscopic signal at 200 

ppm was ascribed to the C=S group.  

 
Scheme 2.9: Synthesis of thioamide 149 through reaction of 147 with Lawessons reagent. 205,206 
 

Receptor 150 was synthesised through 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDCI) coupling of 5-nitroisophthalic acid with 3,5-bis(trifluoromethyl)aniline in the presence 

of DMAP (Scheme 2.8b). Following room temperature stirring for 16 hours and aqueous 

extraction,207 the product was purified by flash chromatography to give the white solid 

product in 51% yield. The identity of the product was verified by LC-MS with a peak at m/z 

634 due to MH+ and 1H & 13C NMR spectroscopy. Key 1H NMR spectroscopic signals 

included the amide N-H signals at 9.53 ppm with H-2 and ortho H-4 isophthaloyl ring protons 

at 8.94 & 8.99 ppm respectively. Peaks at 8.38 & 7.81 ppm were assigned to H-2’ & H-4’ 

respectively.    

 

In order to increase the acidity of the N-H bond further an unsymmetrical isophthaloyl 

skeleton bearing an amide group and an N-acyl sulfonamide 151 was proposed. The N-H 

group adjacent to the sulfonyl group was expected to possess increased acidity, making it 

more favourable towards anion binding. Such groups are known to possess equivalent acidity 

to a carboxylic acid,198,199 although the former may possess additional conformational 

properties due to the bulky sulfonyl group. Acidic 3,5-bis(trifluoromethyl)phenyl groups were 

also incorporated into the aryl portion of the sulfonamide. This was expected to further 

increase N-H acidity also potentially impart conformational or rigidifying effects similar to 

those reported by Schreiner for their acidic thiourea 124.127,144   
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The first steps towards synthesis of 151 involved coupling of the acid group of commercially 

available monomethyl isophthalate to 3,5-bis(trifluoromethyl)aniline using EDCI and DMAP 

in dichloromethane. The corresponding ester/amide hybrid intermediate 152 was obtained 

following aqueous work-up and chromatographic purification in 92% yield (Scheme 2.10). 

LC-MS analysis produced an ion at m/z 392 for the MH+ ion and the structure of the 

compound was also confirmed by 1H & 13C NMR spectroscopy. Key 1H NMR spectroscopic 

resonances included the single amide N-H signal at 8.32 ppm and also the central ring 

isophthaloyl protons H-2, H-6, H-4 & H-5 at 8.51, 8.26, 8.17 & 7.64 ppm respectively. The 

3,5-bis(trifluoromethyl)phenyl ring protons H-2’ and H-4’ were present at 8.23 & 7.68 ppm 

respectively while the methoxy protons present at 3.98 ppm also confirmed the amide/ester 

product. This ester/amide hybrid 152 was hydrolysed using NaOH in hot methanol to the 

corresponding acid/amide 153. After heating to reflux for 1 hour, the reaction mixture was 

diluted with water, acidified to pH 3 and filtered to give 9 as a white solid in 77% yield 

(Scheme 2.10). LC-MS analysis of this acid produced an MH+ ion at m/z 378 while 1H & 13C 

NMR spectroscopy were used to confirm the acid product. Key 1H NMR spectroscopic peaks 

were the COOH broad signal at 13.3 ppm with all other aromatic peaks present corresponding 

to the expected pattern based on peak assignment of 153. 

 
Scheme 2.10: Reaction of monomethyl isophthalate with 3,5-bis(trifluoromethyl)aniline creating ester/amide 152 
followed by hydrolysis to acid/amide 153 using NaOH in methanol. 
 

Commercially available 3,5-bis(trifluoromethyl)benzene sulfonyl chloride was added to a 

mixture containing DMF, triethylamine and aqueous ammonia. After 16 hours stirring at room 

temperature, the mixture was diluted with water and the pH was reduced to pH 2 using 

concentrated HCl. The primary sulfonamide 154 was recovered in 98% yield following 

filtration of the acidic reaction mixture (Scheme 2.11). GC-MS analysis produced a peak at 

m/z 293 corresponding to M+ ion while 1H & 13C NMR spectroscopic analysis were used to 

confirm the identity and purity of product and COSY analysis aided 1H NMR spectroscopic 
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peak assignment. A COSY interaction was observed between the singlet at 8.46 ppm (H-4) 

and 8.40 ppm (H-2) and the broad signal at 7.79 ppm was assigned to the NH2 group.  

 
Scheme 2.11: Synthesis of bifunctional amide/N-sulfonlyated amide 151 from acid 153 and sulfonamide 154. 
 

Sulfonamide 154 was coupled to acid 153 in the presence of EDCI and DMAP. Initial 

attempts at coupling in dichloromethane were unsuccessful and as a result, a method used by 

Berkessel was adapted (Scheme 2.11).208 Acid 153 (1.4 equiv) was dissolved in a 1:1 mix of 

dichloroethane:t-butanol and to this was added DMAP (4.3 equiv), EDCI (3.6 equiv) and 

sulfonamide 154 (1 equiv). This reaction was stirred for 72 hours, and subsequently treated 

with Amberlyst 15 anion exchange resin. After filtration through a plug of silica gel, washing 

with ethyl acetate, solvent removal in vacuo and chromatographic purification, 151 was 

obtained in 43% yield. LC-MS produced an (M-H)- ion at m/z 651. Key 1H NMR 

spectroscopic peaks included the amide N-H peak at 9.37 ppm, isophthaloyl H-2, H-4, H-5 & 

H-6 peaks at 8.61, 7.96, 7.39 & 8.13 ppm respectively. The sulfonyl N-H proton was not 

visible by 1H NMR spectroscopy. 

 

2.6 1H NMR Spectroscopic Binding Studies of 145-151 

The binding interactions of receptors 145-151 with anions were investigated using 1H NMR 

spectroscopic titration with Br-, Cl-, AcO- and BzO- as tetra-n-butylammonium salts.  

 

2.6.1 Preliminary Binding in CDCl 3 
1H NMR spectroscopic titrations were carried out with 145 in relatively non-competitive 

CDCl3
209 with Br-, Cl- and AcO- anions.200 Each titration was conducted using a 1 mM 

receptor solution of 145 and a 20 mM anion solution which was prepared using the 1 mM 

receptor solution as diluent. Therefore, the receptor concentration was assumed to remain 

constant throughout the analysis. The 1H NMR spectrum was recorded for the initial solution 
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without anion and following the addition of each aliquot of anion. The titrations were 

continued until 10 equivalents of anion had been added to the initial 500 µL receptor solution 

to give a final volume of 1 mL. A titration curve of amide chemical shift (ppm) versus ratio 

anion:receptor was constructed for each anion shown in Figure 2.3. 

 
Figure 2.3: Initial 1H NMR spectroscopic titrations of 145 with various anions conducted in CDCl3. 
 

H-bonding was observed to all anions as indicated by a significant downfield migration of the 

amide N-H peak of up to 1.5 ppm in some cases. The titration curves did not possess a distinct 

inflexion point or plateau region, rather a constant increase in chemical shift with added anion, 

indicative of relatively weak binding.200 Cl- appeared to be bound most strongly, followed by 

AcO- while significantly weaker binding to Br- was observed. This may have been due to the 

favourable size of the former anions.51,210  

 

A number of the newly designed anion receptors were initially examined for their binding 

properties to Br- in CDCl3 (Table 2.1). This resulted in significant 1H NMR signal downfield 

migration of the amide N-H proton of up to 2.9 ppm in some cases followed by a sudden 

levelling of the curve, indicative of tight association.200 It was observed however that 

solubility was an issue in CDCl3, therefore binding constants were not calculated for these 

titrations. The largest downfield migration occurred for receptor 147 followed by 149 while 

150 produced a surprisingly small downfield migration following addition of 1 equiv Br-. This 

study offered a preliminary indication of the efficacy of these compounds as anion receptors. 
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Table 2.1: Preliminary binding of receptors 145 & 147-150 to TBA Br- in CDCl3. 

Receptor Initial N -H δ (ppm) Receptor + 1 equiv TBA Br- δ (ppm) 

145 6.19 6.39 

147 8.25 11.20 

148 8.30 8.80 

149 9.54 12.25 

150 8.43 8.84 

   

2.6.2 Binding Studies in CD 3CN 

Due to the poor receptor solubility in CDCl3, alternative NMR solvents were considered 

including CD3OD, CD3CN, D2O and DMSO-d6.  Of these solvents, CD3CN was chosen for 

further binding studies as it was expected to be least competitive211 and all receptors were 

soluble in CD3CN. 1H NMR spectroscopic titrations for receptors 145-151 with Br-, Cl-, AcO- 

and BzO- were conducted in CD3CN to collect binding data and subsequently determine the 

Kass value for the complexes.200 The receptor amide N-H proton was monitored while the 

isophthaloyl H-2 and H-2’ protons were monitored in cases where the amide N-H signal 

broadened or disappeared. Kass values for the CD3CN titrations were calculated from receptor 

concentration, anion concentration and 1H NMR chemical shift values using non-linear curve 

fitting in the WINEQNMR program.202  

 

In the following section, results of binding studies for each individual receptor with a range of 

different anions in CD3CN will be presented along with a brief description of the binding 

event. In each case, 1H NMR spectroscopic results were initially fitted to a 1:1 model but 

where a poor fit was obtained, multiple stoichiometries were considered and data fitted to 

these models with the aim of obtaining a good fit. A summary and comparison between the 

receptors and their binding ability to different anions will be given at the end of this section. 

 

Receptor 145 

The binding results for the control receptor 145 with anions in CD3CN are summarised in 

Table 2.2 and Figure 2.5 contains binding curves for the amide N-H group. Overall, binding 

strength decreased in the order of AcO- > BzO- > Cl- > Br-. In the case of Cl-, AcO- and BzO-, 
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relatively sharp binding curves were observed while Br- titration curves resembled an 

exponential curve, further evidence of weak binding.200  

 

Table 2.2: Summary of Kass values for amide N-H of receptor 145 with anions in CD3CN fitted to a 1:1 model.202 

Structure K ass (M
-1) [% error] Anion 

 

80 [4.1] Br- 

260 [5.6] Cl- 

920 [2.5] AcO- 

650 [3.0] BzO- 

 
 

 
 
Figure 2.4: Titration curves showing migration of amide N-H signals of 145 upon addition of anions in CD3CN. 
 

The spherical Cl- anion was more strongly bound than Br- producing a Kass value of 260 M-1 

for Cl- compared to 80 M-1 for Br-. This enhancement was ascribed to the smaller size and 

higher charge density of the Cl- anion facilitating efficient binding in the isophthaloyl cleft 

while Br- may have been less favourable.51,210 Titration of 145 with AcO- & BzO- produced a 

slightly sharper plateau of chemical shift migration, indicating stronger binding for these 

anions compared to the halides. The titration curves of BzO- and AcO- also displayed slight 

curvature for a number of initial additions of anion where the rate of change of chemical shift 

was low. This was ascribed to a desolvation effect where the anion needed to displace a 

solvent molecule from the binding site, similar to that previously seen by Gale et al.44 and 

Fabbrizzi et al.82 This may also have been accompanied by a slight conformational change 

upon introduction of anion which preceded efficient binding in the cleft structure. Kass values 

of 650 M-1 and 920 M-1 were obtained for BzO- and AcO- respectively.  

 

Receptor 146 

Receptor 146 was derived from 4-trifluoromethylaniline coupled to an isophthaloyl 

substructure and possessed potentially increased N-H binding capability due to the inductive 

effect of the CF3 groups on 4-(trifluoromethyl)phenyl rings enhancing acidity and H-bonding 

potential. Titration with all anions resulted in a significant downfield migration of the amide 

N-H, H-2 and H-2’ signals (atom labels in Table 2.3), suggesting binding in a cleft-like 
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manner. The binding curves of the H-2 and H-2’ protons followed a similar profile to the 

amide N-H group with sharp levelling of the plot following the addition of 1 equiv anion 

(Figure 2.5a). The degree of chemical shift migration decreased in the order amide N-H > H-2 

> H-2’ with amide N-H chemical shift changes of up to 3.4 ppm for BzO- and 3.2 ppm for 

AcO-. Kass values were calculated based on the amide N-H signal and titration with Br- and Cl- 

showed a large increase in anion binding strength compared to the control receptor 145 for all 

anions. This was exemplified by a 34-fold increase in Cl- binding; 8,900 M-1 for 146 vs 260 

M-1 for 145 (Table 2.3).  

 

 Table 2.3: Summary of Kass values for amide N-H of receptor 146 with anions in CD3CN fitted to a 1:1 model.202 

Structure K ass (M
-1) [% error] Anion 

 

700 [1.3] Br- 

8,900 [3.6] Cl- 

4,900 [14.9] AcO- 

12,100 [2.7] BzO- 

 

 

 

 

 

 

  

Figure 2.5: (a) Titration curves showing migration of amide N-H signals of 146 upon addition of anions in 
CD3CN. (b) JOB plot of 146 with Cl- and AcO- in CD3CN confirming 1:1 stoichiometry. 
 

Strong binding was also observed to BzO- and AcO-. These titrations produced Kass values up 

to 12,100 M-1 for BzO- and 4,900 M-1 for AcO-. Receptor 146 appeared relatively selective for 

BzO- with binding strength of the order BzO- > Cl- > AcO- > Br-. It must be noted that 1H 

NMR based determinations of Kass are reliable for association constants in the range 10 – 104 

M-1 and as a result, high Kass values can only treated as an estimation.201 JOB plot analysis 

indicated 1:1 binding stoichiometry in all cases (Figure 2.5b). 

 

(a) (b) 
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Receptor 147 

Receptor 147 possessing 3,5-bis(trifluoromethyl)phenyl rings was expected to possess 

increased N-H acidity and superior anion binding performance compared to 145 & 146. It was 

also considered that the 3,5-bis(trifluoromethyl)phenyl groups may impart a rigidifying effect 

on the molecule in a similar way to that reported for an analagous thiourea with the 3,5-

bis(trifluoromethyl)phenyl functionality.144 Titration of 147 with Br- resulted in downfield 

migration of approximately 1.9 ppm for the N-H chemical shift upon addition of 1 – 2 

equivalents of Br- and beyond this point, the chemical shift change plateaued (Figure 2.6a) 

Similar chemical shift change patterns for H-2 and H-2’ indicated binding in a cleft structure. 

An association constant of 4700 M-1 was calculated for this titration when fitted to a 1:1 

model; a 56 fold increase compared to the control receptor 145 (Table 2.4). Titration with Cl- 

produced an amide N-H downfield shift of 2.4 ppm followed by a sharp inflexion point. This 

translated to a Kass value of 10,800 M-1 when fitted to a 1:1 model corresponding to a 41 fold 

increase compared to 145. 

 

Table 2.4: Summary of Kass values for amide N-H of receptor 147 with anions in CD3CN fitted to a 1:1 model.202 

Structure K ass (M
-1) [% error] Anion 

 

4,700 [0.7] Br- 

10,800 [12.6] Cl- 

14,300 [17.1] AcO- 

19,200 [12.0] BzO- 

 

 

 

 

 

 

 

Figure 2.6: (a) Titration curves showing migration of amide N-H signals of 147 upon addition of anions in 
CD3CN. (b) JOB plot of 147 with Br-, Cl- & AcO- in CD3CN confirming 1:1 stoichiometry. 
 

Binding studies of 147 with AcO- and BzO- produced titration curves consistent with 

extremely tight 1:1 receptor:anion stoichiometry with amide N-H migrations of 3.52 and 3.70 

ppm respectively.200 WINEQNMR fitting to 1:1 binding systems was used to calculate Kass 

 

(a) (b) 
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values of 14,300 M-1 and 19,200 M-1 for AcO- and BzO- corresponding to 15 fold and 30 fold 

increases respectively. Preferential binding was observed of the order BzO- > AcO- > Cl- > Br- 

and JOB plot analysis indicated 1:1 receptor:anion binding in all cases (Figure 2.6b). Figure 

2.7 contains an example of a stack plot of 1H NMR spectra for titration of receptor 147 with 

AcO- showing the migration of the 1H NMR spectroscopic resonances with increasing AcO- 

addition up to 1 equivalent anion after which the chemical shifts became effectively constant. 

 
Figure 2.7: Stack plot of 1H NMR spectra for titration of receptor 147 with AcO- in CD3CN. a = T0, b = T0 + 0.3 
eq, c = T0 + 0.6 eq, d = T0 + 0.9 eq, e = T0 + 1.2 eq, f = T0 + 1.5 eq, g = T0 + 2.6 eq, h = T0 + 6.7 eq. 
 

Receptor 148 

The pyridine 1,3 dicarboxamide arrangement has been incorporated into a number of receptors 

studied by Crabtree et al.,51 Jurczak et al.4 and Gale et al.44 As previously described, 1,3-

pyridyl-diamide compounds may preferentially exist in the syn-syn conformation, optimal for 

efficient binding.56 As a result, 148 was expected to bind anions efficiently due to the acidic 

3,5-bis(trifluoromethyl)phenyl groups and its preference for the syn-syn conformation. Table 

2.5 contains a summary of the anion binding constants. Titration of 148 with Br- produced a 

weak titration curve characteristic of weak binding (Figure 2.8a) with a moderate increase in 

chemical shift of 1.2 ppm and a Kass value of 290 M-1, a 16-fold decrease in Kass compared to 

a 

b 

c 

d 

e 

f 

g 

h 

N-H peak 
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its isophthaloyl analogue 147 (Table 2.5). This was ascribed to the beneficial effects of 

conformational pre-organisation negated by repulsion of the pyridyl lone pair electrons and 

anionic guest, a feature which was particularly pronounced for large the Br- anion.51 The 

pyridyl nitrogen is also known to be sterically more bulky than an aromatic C-H bond and this 

may influence its Br- binding efficiency.212 Crabtree found their 1,3-pyridyl-diamide receptor 

to be most successful for small anions where electrostatic repulsion is minimised but 

ineffective for binding larger anions.17 Titration of 148 with Cl- afforded more efficient 

binding with a Kass value of 3,800 M-1, a factor of 3 lower than 147 with Cl- but a 13 fold 

increase over the control 145. Electrostatic repulsion resulting from the pyridyl nitrogen was 

also suggested to hinder Cl- binding. 

 

Table 2.5: Summary of Kass values for amide N-H of receptor 148 with anions in CD3CN fitted to a 1:1 model.202 

Structure K ass (M
-1) [% error] Anion 

 

290 [1.3] Br- 

3,800 [2.2] Cl- 

8,700 10.9] AcO- 

3,800 [6.0] BzO- 

 

 

 

 

 

 

 

Figure 2.8: (a) Titration curves showing migration of amide N-H signals of 148 upon addition of anions in 
CD3CN. (b) JOB plot of 148 with Cl- & AcO- in CD3CN. 
 

Titration of 148 with AcO- and BzO- displayed moderate binding. Amide N-H chemical shift 

changes of approximately 2.30 ppm were observed for both of these anions corresponding to 

Kass values of 8,700 M-1 and 3,800 M-1 for AcO- and BzO- binding respectively when fitted to 

1:1 models. The H-2’ signals were also shifted during the titration and interestingly, the initial 

shift of this signal was an upfield migration until the addition of approximately 0.5 equiv 

AcO- or 1 equiv BzO- followed by a downfield shift for the remainder of the titration. This 

may be a result of conformational changes to accommodate the Y-shaped anions. Overall, the 

 

(a) (b) 
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binding curves and Kass values indicated that 148 preferentially bound AcO- with binding 

affinity in the order AcO- > BzO-, Cl- > Br- (Table 2.5). JOB plots were used to investigate 

binding stoichiometry and in the the maxima observed at approximately 0.7 mole fraction 

receptor suggested 2:1 receptor: anion stoichiometry (Figure 2.8b). However, the titrations of 

148 with anions produced a very poor fit to 2:1 stoichiometry but appeared to fit the 1:1 model 

most efficiently. The apparent 2:1 stoichiometry may be due to slight solubility issues 

encountered with 148 at the concentration at which JOB plot analysis was conducted. 

 

Receptor 149 

The thioamide derivative 149 was expected to be more acidic than the corresponding amide 

147, less prone to self-association4 and was therefore predicted to possess enhanced anion 

binding properties. Soon after this work was complete, Moran et al. reported binding studies 

using 149177 with triphenylarsine oxide in CDCl3 and calculated a Kass of 1 x 105 M-1. 

However, there have been no complete binding studies reported on this receptor with anions. 

In addition, 149 was the only compound from this series which Moran et al. investigated. See 

Table 2.6 below for a summary of the Kass values calculated for receptor 149 with Br-, Cl-, 

AcO- and BzO-. Titration of 149 with Br- & Cl- yielded titration curves suggesting relatively 

strong binding with migration of chemical shift values downfield of 1.65 ppm and 2.4 ppm for 

Br- and Cl- corresponding to Kass values of 5,900 M-1 and 17,500 M-1 respectively (Figure 

2.9a). This represented a 66-fold increase in Kass for 149 binding Cl- binding compared to the 

control receptor 145 and both Br- and Cl- binding constants were higher than those found with 

the amide analogue 147. This clearly showed that substitution of the amide with thioamide 

gave significant enhancement in anion binding properties. Titration curves for 149 with Br- 

and Cl- are shown in Figure 2.9 and JOB plot analysis of these anions confirmed 1:1 binding 

interactions however ion the case of Br-, minor 2:1 receptor:anion interactions may also be 

present (Figure 2.9b). 
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Table 2.6: Summary of Kass values for thioamide N-H of receptor 149 with anions in CD3CN fitted to a 1:1 
model.202 

Structure K ass (M
-1) [% error] Anion 

 

5,900 [12.0] Br- 

17,500 [12.4] Cl- 

-a AcO- 

-a BzO- 
aProton transfer prevented the calculation of an accurate association constant. 

 

 

 

 

 

 

 

 

Figure 2.9: (a) Titration curves showing migration of thioamide N-H signals of 149 upon addition of Br- & Cl - in 
CD3CN. (b) JOB plot of 149 with Br- & Cl - in CD3CN confirming 1:1 stoichiometry. 
 

Titration of 149 with AcO- and BzO- produced unusual titration curves (Figure 2.10). Upon 

initial addition of AcO- anion to the receptor solution, the thioamide N-H signal disappeared 

and the titration was subsequently monitored using the isophthaloyl H-2 proton ortho to both 

thioamide groups. Initially, a minor upfield shift of this resonance was observed followed by a 

significant downfield migration, with a second minor upfield shift upon addition of 1 equiv 

AcO-. This was followed by a final significant downfield migration. This phenomenon was 

ascribed to initial desolvation of the receptor,44 followed by strong H-bonding to the anion, 

indicated by the downfield shift. The minor upfield shift at 1 equiv anion may have been due 

to two factors. Because of the increased acidity of the thioamide N-H, proton transfer from the 

receptor to the carboxylate or changing complex stoichiometries could account for this 

chemical shift perturbation. In either case, a subsequent conformational change could allow 

for further binding events resulting in migration downfield of H-2 over the remaining course 

of the titration.  

 

 

 

 

 

(a) (b) 
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Figure 2.10: Titration curves showing migration of isophthaloyl H-2 signal of 149 upon addition of AcO- & BzO- 
in CD3CN. 
 

 
Figure 2.11: Representative stack plot for titration of 149 with AcO- in CD3CN showing initial upfield shift of 
isophthaloyl C-H and subsequent downfield shift. a = T0, b = T0 + 0.3 eq, c = T0 + 0.6 eq, d = T0 + 0.9 eq, e = T0 
+ 1.2 eq, f = T0 + 1.75 eq, g = T0 + 2.75 eq, h = T0 + 5.7 eq. 
 

Similar effects were previously observed by Gale et al.;66 upon coordination of 1 equivalent of 

a nitrophenyl derivative of a pyrrole 2,5-diamide 28 to F-, apparent deprotonation and further 

coordination of the deprotonated receptor to anion occurred (Figure 2.12). Conformational 
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change post 1:1 complexation followed by additional anion binding has also previously been 

reported by Crabtree et al.51 and Gale et al.44  

 
Figure 2.12: Structure of 28 which appeared to deprotonate during titration with fluoride.66 
  

As shown by the titration curves and binding constants, 149 was most selective for Cl- 

yielding a Kass in excess of 104 M-1. The occurrence of conformational changes and/or proton 

transfer events with AcO- and BzO- prevented the calculation of Kass values for these anionic 

guests.4 However, despite proton transfer events, the receptor was observed to bind these 

anions in a manner possibly facilitated by conformational change and including binding to 

acidic isophthaloyl C-H groups such as H-2.44 JOB plots of 149 with AcO- and BzO- produced 

abnormal profiles due to the assumed proton transfer events and therefore binding 

stoichiometry could not be reliably assessed.  

 

Receptor 150 

Receptor 150 possessed a highly electron withdrawing NO2 group meta to the amide groups in 

the isophthaloyl core which was expected to further enhance the acidity of the amide N-H 

groups along with 3,5-bis(trifluoromethyl)phenyl groups. Receptor 150 was initially titrated 

with Br- and Cl- and in both cases, a titration curve indicative of tight 1:1 binding with amide 

N-H downfield migrations of 1.9 ppm and 2.5 ppm was observed over the course of the 

titrations (Figure 2.13a). Kass values of 6,100 M-1 and 11,100 M-1 were obtained for Br- and 

Cl- respectively (Table 2.7). This represented a 73-fold increase in Br- binding strength 

compared to 145 and a 1.3-fold increase compared to 147. 
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Table 2.7: Summary of Kass values for amide N-H of receptor 150 with anions in CD3CN fitted to a 1:1 model.202 

Structure Kass (M
-1) [% error]  Anion 

 

6,100 [2.1] Br- 

11,100 [6.8] Cl- 

16,600 [8.9] AcO- 

21,000 [12.0] BzO- 

 

 

 

 

 

 

 

Figure 2.13: (a) Titration curves showing migration of amide N-H signals of 150 upon addition of anions in 
CD3CN. (b) JOB plot of 150 with Br-, Cl-, AcO- & BzO- in CD3CN confirming 1:1 stoichiometry with minor 2:1 
receptor:anion species for Cl- & AcO-. 
 

Titration of 150 with AcO- and BzO- also produced titration curves indicative of tight binding 

with large amide N-H chemical shift downfield migrations of 3.70 ppm and 3.80 ppm 

respectively over the course of the titration. In the case of AcO-, the amide N-H signal 

broadened and disappeared following the addition of 2 equiv anion and the titration was 

subsequently monitored using the isophthaloyl H-2 peak. Despite the N-H disappearance, it 

was still possible to calculate Kass values using this resonance. Kass values of 16,600 M-1 and 

21,000 M-1 were observed for AcO- and BzO- respectively, corresponding to an 18-fold and 

32-fold increase in AcO- and BzO- binding respectively compared to 145 and significantly 

increased compared to 148, displaying the beneficial effects of an additional NO2 group in the 

isophthalamide structure.  

 

As shown by the titration curves and binding constants, 150 bound BzO- most efficiently 

followed by AcO-, Cl- and Br- while the H-2 and H-2’ protons possessed similarly shaped 

binding curves to the amide N-H. JOB plot analysis of anions with 150 indicated exclusive 1:1 

binding for Br- and BzO- binding while dominant 1:1 binding with additional minor 2:1 

receptor:anion interactions were observed with Cl- and AcO- indicated by a small shoulder on 

the JOB plot at 0.65 mole fraction receptor (Figure 2.13b). 

 

(a) (b) 
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Receptor 151 

Of the initial series of diamide based anion receptors, 151 was the only bifunctional molecule 

evaluated. It was designed to enhance acidity through incorporation of an N-acyl sulfonamide 

functionality, creating a hybrid amide/N-acyl-sulfonamide receptor. The behaviour of this 

acidic receptor 151 was examined through 1H NMR spectroscopic titration with anions and 

the Kass values are summarised in Table 2.8. The highly acidic sulfonamide N-H group was 

not visible by 1H NMR spectroscopy, therefore the titration was monitored using the amide N-

H and isophthaloyl H-2 peaks. Titration with Br- resulted in downfield migration of 0.3 ppm 

and 0.075 ppm for these signals and the almost exponential binding curves produced without 

detectable plateau were indicative of modest binding (Figure 2.14a). Similar shapes of curves 

were obtained for the amide N-H and isophthaloyl H-2 signals, suggesting involvement of 

both these groups in binding Br-. Additionally, monitoring of the other receptor proton signals 

showed an almost linear downfield shift of the H-2’ and H-4 signals with addition of anion. A 

number of other proton signals including H-2’’, H-4’’ and H-4’ experienced a significant 

binding curve change following the addition of 2 equiv Br-, suggestive of a conformational 

change. Similar binding curves were observed in the case of Cl- binding, although the shape of 

amide N-H and isophthaloyl H-2 signals and the larger chemical shift changes of 0.57 ppm 

and 0.19 ppm for these signals were indicative of stronger binding (Figure 2.14b). 

 

Table 2.8: Summary of Kass values for amide N-H of receptor 151 with anions in CD3CN.202 

Structure K ass (M
-1) [% error] Anion 

 

Kass
1:1 900 [0.1] 

Kass
2:1 6,100 [0.1]  

Br- 

Kass
1:1 4,000 [0.1] 

Kass
2:1 3,700 [0.1] 

Cl- 

-a AcO- 

-a BzO- 
aDeprotonation prevented the calculation of an accurate Kass value and could not be fitted to a binding model.  
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Figure 2.14: (a) Titration curves showing migration of amide N-H signals of 151 upon addition of Br- & Cl - in 
CD3CN. (b) JOB plot of 151 with Br- & Cl - in CD3CN confirming 2:1 receptor:anion stoichiometry. 
 

Titrations of 151 with Br- and Cl- could not be fit to an exclusive 1:1 model but produced an 

excellent fit to a 1:1 and 2:1 receptor:anion system and JOB plot analysis for 151:Br- and 

151:Cl- displayed maxima at approximately 0.67 mole fraction receptor, confirming 2:1 

receptor:anion stoichiometries (Figure 2.14b). The Kass for 1:1 and 2:1 receptor:anion binding 

to Br- were 900 M-1 and 6,100 M-1 respectively (Table 2.8). The strong Kass
2:1 for Br- was 

ascribed to its large size facilitating binding to two separate receptor molecules at opposite 

sides of the anion. Receptor 151 with Cl- produced Kass values of 4,000 M-1 and 3,700 M-1 for 

1:1 and 2:1 receptor anion association respectively. To compare with Br- binding, the higher 

1:1 value may have been due to the proclivity of the smaller Cl- anion to bind a receptor in the 

1:1 stoichiometry while the smaller Kass
2:1 may have been due to the small Cl- anion less 

favourable towards accomodating two receptor molecules simultaneously. Similar binding 

stoichiometries have also been previously reported.57,74,213 Coles et al. observed a 2:1 

receptor:anion complex for their bis-4-nitroaniline derived isophthalamide with a 

hexafluorophosphate anion.57 Jurczak et al. found that their 7,7’-diureido-2,2’-

diindolylmethane receptor bound the pyrophosphate anion in a 2:1 receptor:anion 

stoichiometry.74 Gunnlaugsson et al. also observed this stoichiometry for their thiourea 

functionalised [3]polynorbornyl receptors with the dihydrogen pyrophosphate anion.213  

 

During the titrations of 151 with AcO- and BzO-, proton transfer effects were observed 

representing deprotonation of the N-acylsulfonamide. When monitoring the titration using the 

amide N-H proton, addition of up to 0.5 equiv anion caused a downfield shift. Upon addition 

of a further 0.5 equiv anion, an upfield shift occurred with an almost linear downfield 

(a) (b) 
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migration upon further additions (Figure 2.15). Furthermore, the isophthaloyl H-2, H-2’’, H-4’ 

& H-4’’ protons broadened significantly up to the addition of 1 equiv of anion but 

subsequently sharpened. This was ascribed to an overall equilibrium process involving 

binding of the first 0.5 equiv anion followed by deprotonation of the highly acidic sulfonyl N-

H group. This equilibrium process may account for the broadened signals up to 1 equiv anion 

with the equilibrium driven to a single complexed species by addition of further anion. A 

conformational change may have occurred following the addition of 1 equivalent of anion, 

allowing the amide N-H to further bind anionic species with no isophthaloyl H-2 involvement 

(Figure 2.15). A similar trend involving deprotonation was observed for sulfonamide 

functionalised urea compounds89 with evidence of conformational change allowing further 

binding events post 1:1 binding reported by Crabtree et al.24,51 and Kilburn et al.90 for 

disulfonamide receptors. 

 
Figure 2.15: Titration curves showing migration of amide N-H signals of 151 upon addition of AcO- & BzO- in 
CD3CN. Titration curves for H-4 with BzO- and H-2 with AcO- also shown. 
 

2.6.3 Binding in Competitive Solvent 

The working range of Kass values which can be accurately quantified using 1H NMR 

spectroscopic data is from approximately 10 – 104 M-1 and values which lie outside this range 

may suffer relatively large margins of error due to poor fit.202 Therefore titrations for receptors 

146, 147, 149 & 150 with Cl-, AcO- and BzO- anions were repeated in DMSO-d6. Solvent is 

known to play a key role in the solution stability of anion complexes; the higher the solvent 

polarity, the higher the anion desolvation energy and therefore the lower the stability of the H-

bonding complex.82 A more competitive solvent environment would further facilitate the 

direct comparison the binding performance of the receptors. DMSO is a highly polar, aprotic 

solvent which displays a high solvation ability towards cations. The oxygen atom of DMSO is 
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quite basic and may act as a H-bond acceptor causing it to compete with anions for the H-

bond donating receptor N-H groups.   

 

Table 2.9: Summary of Kass values for amide N-H of receptors 146, 147, 149 & 150 with Cl-, AcO- & BzO- in 
DMSO-d6.

202 Percentage errors are included in parentheses.  

Receptor Chloride [% error] Acetate [% error] Benzoate [% error] 

146 100 [8.43] 480 [2.7] 160 [3.1] 

147 120 [4.8] 1,370 [7.5] 720 [2.1] 

149 80 [5.3] 2,700a [6.4] 2,540a [4.3] 

150 100 [0.2] 5,200a [1.0] 800 [5.7] 
aCalculated based on isophthaloyl H-2 proton. 

 

 

 

 

 

 

 

 

Figure 2.16: (a) Titration curves showing migration of amide N-H signals of 147 upon addition of AcO- & 150  
upon addition of BzO- in DMSO-d6. (b) Binding curves of H-2 proton for 149 with AcO- & BzO- in DMSO-d6. 
 

As expected, significantly reduced Kass values were observed for titrations in DMSO-d6 for 

titrations in DMSO-d6 (Table 2.9). Receptors 146, 147, 149 & 150 were observed to bind Cl- 

with Kass
1:1 values of the order of 100 M-1 with moderate (thio)amide N-H chemical shift 

downfield migrations of approximately 0.2 ppm. For AcO- titrations, 146 & 147 gave Kass 

values of 480 M-1 and 1,370 M-1 respectively with binding interactions through the amide N-

H, isophthaloyl H-2 & aryl H-2’ observed (Figure 2.16a).  

 

The thioamide N-H signal of 149 disappeared during the titration with AcO- and BzO-; as a 

result, the isophthaloyl H-2 proton was used to calculate Kass values for both of these 

titrations. This resonance moved downfield upon addition of AcO- but underwent a slight 

upfield migration at 0.5 equiv AcO- while a similar upfield migration was observed at 1 equiv 

AcO- in CD3CN (Figure 2.16b). These anomalies may be due to proton transfer events as 

previously described for 149 with acetate in CD3CN or slight conformational changes upon 

addition of anion. It is interesting to note that behaviour of the N-H signals of thioamide 149 

(a) (b) 
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with AcO- differed in DMSO-d6 and CD3CN. In DMSO-d6, the thioamide N-H signal 

broadened and migrated upfield until 1.3 equivalents anion had been added, followed by N-H 

disappearance of this signal; in CD3CN, the N-H signal disappeared immediately upon 

addition of 0.15 equiv AcO-. This may be due to DMSO-d6 competing with AcO- for the 

binding sites of 149, therefore the effects of the basic AcO- anion may be minimized in this 

solvent up to a larger concentration of anion. There were no detectable upfield migrations in 

binding curves for the H-2 signal of 150 in DMSO-d6 or CD3CN with AcO-. It was possible to 

calculate Kass values of 2,700 M-1 & 5,200 M-1 for 149 & 150 with AcO- respectively.  

 

Titrations of 146, 147 &  150 with BzO- produced Kass values of 160 M-1, 720 M-1 and 800 M-1 

respectively with binding interactions through the amide N-H, isophthaloyl H-2 & aryl H-2’ 

observed. Interestingly, 149 appeared to bind most strongly to BzO- compared to 146, 147 & 

150. This may be due to proton transfer from the acidic N-H group of 149 to the BzO- anion 

as indicated by broadening and subsequent loss of the amide N-H signal after addition of 1 

equiv anion. As a result, the H-2 proton was used to calculate Kass and this produced a 

downfield chemical shift of 0.55 ppm and Kass value of 2,540 M-1.  

 

To compare the binding strengths and selectivities in CD3CN to those in DMSO-d6, 146, 147 

& 150 preferentially bound BzO- in CD3CN but were more selective for AcO- in DMSO-d6. 

Proton transfer of 149 in the presence of AcO- or BzO- in CD3CN prevented the calculation of 

Kass values for these titrations, however it was possible to obtain Kass values for titrations with 

these anions in DMSO-d6 through fitting of data from the H-2 resonance to a 1:1 model. It 

appeared that proton transfer effects were less pronounced in DMSO-d6, requiring more anion 

to shift the equilibrium towards the deprotonated state. This feature may be due to the 

improved solvation of AcO- in DMSO-d6 and also stronger solvent binding to the receptor, 

moderating the effects of basic AcO- and preventing significant proton transfer in DMSO-d6.   

 

2.6.4 Summary of Binding Studies of 145-151   

To summarise, binding studies were carried out on the diamide and thioamide receptors 145-

151 with Br-, Cl-, AcO- and BzO- in CD3CN. A general trend observed in all systems was that 

in the case of halides, Cl- was bound more strongly than Br-, presumably due to its smaller 
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size and increased charge density. Oxyanions AcO- and BzO- were generally bound more 

strongly than Cl- and this may be a reflection of the ability of Y-shaped oxyanions to H-bond 

to receptors from both oxygen atoms, creating stronger complexes.  

 

Table 2.10: Summary of binding constants Kass (M
-1) in CD3CN calculated using WINEQNMR   

Receptor Bromide Chloride Acetate Benzoate 

145 80 260 920 650 

146 700 8,900 4,900 12,100 

147 4,700 10,800 14,300 19,200 

148 290 3,800 8,700 3,800 

149 5,900 17,500 -a -a 

150 6,100 11,100 16,600 21,000 

151 Kass
1:1 900 

Kass
2:1 6,100 

Kass
1:1 4,000 

Kass
2:1 3,700 

-a -a 

aProton transfer prevented the calculation of an accurate association constant. 

 

In all cases, the newly designed receptors 146-151 produced significantly enhanced Kass 

values compared to control receptor 145, for example a 66-fold increase in Cl- binding was 

observed for thioamide 149 compared to 145. In general, binding was also observed through 

the H-2 and H-2’ signals indicated by the shape of the titration curves observed for these 

protons. This suggests that the diamide receptors bind anions with cooperative H-bonding 

from both amide N-H groups and also a number of C-H groups in close proximity to the 

binding site. In cases where Kass values in excess of 104 M-1 was observed, titrations were 

repeated in DMSO-d6 and in general, reduced binding efficiencies were noted in this solvent 

been due to the increased polarity and competitive nature of this solvent medium.    

 

The highly acidic thioamide 149 and nitro-substituted 150 appeared to be the most successful 

anion receptors producing the highest Kass values; in particular 150 bound AcO- and BzO- 

with Kass values of 16,000 M-1 and 21,000 M-1 respectively in CD3CN. Receptor 151 bound 

halides with multiple stoichiometries confirmed by JOB plot analysis and successful fitting of 

these systems to a model involving simultaneous 1:1 and 2:1 receptor: halide interactions. 

 

Possible receptor proton transfer was observed in the titration of thioamide 149 and amide/N-

acyl sulfonamide hybrid 151 with AcO- and BzO-. These proton transfer events did not allow 

a direct prediction of catalytic activity from binding studies but did point to strong binding 
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events possibly with multiple stoichiometries and potential interactions during the proton 

shuttling step which is now considered as part of the RDS of the MBH reaction. It must also 

be considered here that species which bind anions too strongly may have a negative impact on 

reaction catalysis through catalyst binding and inhibition.      

 

2.7 Conformational Analysis in Solid and Liquid Sta te 

Conformational studies were undertaken for a number of receptors in the absence and 

presence of anionic guests. Several attempts at crystal growth for some receptors including 

slow evaporation and vapour diffusion using a number of solvents failed, however success 

was achieved in the case of thioamide 149. X-ray diffraction grade crystals of 149 were grown 

through slow evaporation of a chloroform/methanol mixture at room temperature and X-ray 

crystallography revealed a crystallographic twofold axis through the centre of the molecule 

(Figure 2.17).214 The two nitrogen atoms were twisted in opposite directions out of the plane 

to minimise steric conflict and enable H-bonding to a neighbouring sulphur atom. Receptor 

149 existed in the solid state in its syn-syn conformation, possibly due to internal interactions 

between the polarized C-H bonds (H-7) ortho to the CF3 groups and the Lewis basic sulphur 

atom.148  

 
Figure 2.17: (a) X-ray crystal structure of thioamide 149 showing measurements between a number of atoms. (b) 
Crystal packing diagram of 149 showing intramolecular H-bonding between the sulphur atom and N-H group of 
a neighbouring molecule. 
 
1H NMR spectroscopy also somewhat supported the apparent favoured syn-syn conformation 

of 149 in the liquid state. The chemical shift of the H-7 (H-2’) proton lay further downfield in 

the case of thioamide 149 (δ = 8.53 ppm for 149; δ = 8.38 ppm for 147) relative to other 

receptors, suggesting possible H-bonding interactions. Moreover, the H-2 proton ortho to both 

thioamide moieties was further upfield for 149 compared to the corresponding proton on 147. 

a b 
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This is in agreement with previously reported similar systems in which isophthaloyl H-2 

existed most upfield for an isophthalamide in the syn-syn conformation.8 Therefore, it was 

likely that 149 existed in a number of possible conformations with the equilibrium lying 

potentially towards syn-syn conformation (Scheme 2.12). 

 
Scheme 2.12: Potential conformations of isophthalamide receptors. 
 

A 2D NOESY NMR spectroscopy study of 149 in CD3CN demonstrated through space 

interactions between H-4 & H-5, N-H & H-2, N-H & H-2’ and also between N-H & H-4 

indicating an equilibrium existed between the potential conformations. These latter NOE 

interactions were absent in a solution of 149 containing 1 equiv Cl-, suggesting that the syn-

syn conformation dominated in the presence of anion (Figure 2.18a & b). A 1D-NOE dpfgse 

experiment of 149 in the presence of Cl- identified neighbouring protons within 5 Å and found 

interactions between the N-H and H-2 and a weaker interaction between N-H and H-2’ 

(Figure 2.18c) without NOE effects between the thioamide N-H and H-4, confirming syn-syn 

conformation. 

 

 

Figure 2.18: 2D NOESY of (a) 149, (b) 149 + 1 equivalent TBACl- in CD3CN. (c) 1D NOE of 149 + 1 equiv 
TBACl in CD3CN. 
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Crystals of suitable quality for X-ray diffraction could not be obtained for the other receptors, 

therefore some conformational studies were conducted in solution using NMR spectroscopy. 

A 2D NOESY study of 147 in CD3CN showed NOE correlations between the 

2’ and also weak interactions with H-4 (Figure 

anionic guest, the amide N-H resonance of 150 was broad and it was

effects with this signal. In the presence of 1 equiv Cl-, the amide N

NOE interactions were observed between this group and the isophthaloyl H

conformation. Other NOE interactions were difficult to decipher due to overlap of the H

4 signals in the presence of Cl- (Figure 2.19b).  

2D NOE of receptor 147 in CD3CN.(b) 2D NOESY spectrum of 

Conformational analysis of 151 via NOE spectroscopy unveiled through space interactions 

H and H-2, H-2’ and H-4 signals, demonstrating equilibration between 
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therefore some conformational studies were conducted in solution using NMR spectroscopy. 
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Figure 2.19a). In the absence of 

was broad and it was difficult to observe NOE 

, the amide N-H appeared sharp and 

NOE interactions were observed between this group and the isophthaloyl H-2, supporting syn-

fficult to decipher due to overlap of the H-

 
2D NOESY spectrum of 150 in the presence of 1 equiv 

via NOE spectroscopy unveiled through space interactions 

4 signals, demonstrating equilibration between 

conformations for the amide portion of the N-acyl sulfonamide. In 

-H displayed NOE effects 

4 were observed (Figure 2.22). 

conformation prior to proton 

-4 
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Figure 2.20: (a) 2D NOESY spectrum of 151 in CD3CN. (b) 2D NOESY spectrum of 151 in the presence of 2.3 
equiv Br- in CD3CN. 
 

To conclude, X-ray crystallography confirmed that 149 existed in the syn-syn conformation in 

the solid state and therefore possessed a degree of pre-organisation towards binding anions. In 

the liquid state, NMR spectroscopic evidence suggested that the conformations of 149 and a 

number of other receptors existed in equilibrium while the syn-syn conformation appeared to 

dominate in the presence of 1 equiv anion, optimal for binding anionic guests. 

 

2.8 Screening of 145-151 for Catalytic Activity 

The reaction studied in this work was the DABCO promoted MBH reaction of benzaldehyde 

with methyl acrylate. Preliminary reactions were conducted in the presence of 50 µL 

acetonitrile in order to assess the performance of thioamide 149 & nitro-substituted 150 at 20 

mol% catalyst loadings. The reaction was carried out using 1 equiv benzaldehyde and 

DABCO, 3 equiv of methyl acrylate and 20 mol% receptor. Each reaction was stirred at room 

temperature for 20 hours and following aqueous work-up and purification by flash 

chromatography, the product 155 was isolated and confirmed using GC-MS and 1H & 13C 

NMR spectroscopy. A peak at m/z 192 was observed by GC-MS corresponding to the M+ ion 

of the MBH adduct with additional fragment ions at m/z 175, 160, 132, 105 & 77. Key 1H 

NMR spectroscopic resonances included the OH peak at 3.01 ppm and the doublet at 5.57 

ppm due to the CH-OH proton. Aromatic signals in the range of 7.24-7.40 ppm, a methoxy 

group at 3.72 ppm and vinyl protons at 5.83 & 6.35 ppm served as further evidence of the 

desired MBH product. 

Amide N-H + H-2 

Amide N-H + H-2’ 

Weak Amide N-H + H-4 

Amide N-H + H-2 

Amide N-H + H-2’ 

(a) (b) 
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Figure 2.21: Structure of receptors/catalysts 145-151 tested in the MBH reaction.  
 

The uncatalysed reaction produced a yield of 51% in acetonitrile while the 150-catalysed 

reaction provided product 155 in 53% (Scheme 2.13). The 149-catalysed reaction produced a 

yield of 66% and these results indicated a relatively minor catalytic effect of these anion 

receptors in solution, possibly due to solvent competition for the receptor binding sites or a 

dilution effect where the presence of the H-bond donating receptors was negated by the dilute 

conditions employed. 

 
Scheme 2.13: Preliminary catalysis of DABCO promoted MBH reaction of benzaldehyde (1 equiv) and methyl 
acrylate (3 equiv) in the presence of 50 µL acetonitrile using 20 mol% 149 or 150.  
 

As a result of the poor performance in acetonitrile, receptors 145-151 were tested for their 

catalytic effects under neat reaction conditions (Table 2.11). The uncatalysed reaction 

produced a yield of 34% while the use of 20 mol% of the simple aliphatic non-acidic 

isophthalamide 145 gave a 10% yield improvement. The product yield obtained from 146, 147 

& 149 increased with increasing acidity of the amide N-H ranging from 50% yield for the 4-

trifluoromethylphenyl substituted isophthalamide catalyst 146 to 71% for the 3,5-

bis(trifluoromethyl)phenyl substituted thioamide 149. The p-nitro substituted acidic receptor 

150 yielded disappointing results with 51% isolated yield while the hybrid amide/N-acyl 

sulfonamide 151 gave a yield of 76%.  
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Table 2.11: Catalysis of Baylis-Hillman reaction of benzaldehyde and methyl acrylate using 145-151 as H-bond 
donating organocatalysts.a 

 
Receptor Yield [%] a kobs x 10-2 [h-1]b krel krel Lit 145 

Uncatalysed 34 0.82 1.0 1.0 

145c 44 0.77 0.9 1.7 

146c 50 0.55 0.7 1.2 

147 68 2.38 2.9 5.2 

148d -d -d -d -d 

149 71 2.5 3.1 5.4 

150 51 2.68 3.3 5.8 

151 76 3.19 3.9 6.9 
aReagents and conditions: benzaldehyde (1 equiv), DABCO (1 equiv), methyl acrylate (3 equiv), catalyst 145-
151 (20 mol%), r.t., 20 h. Isolated yield. bInitial rates, 10 equiv methyl acrylate used; (E)-stilbene used as an 
internal standard for 1H NMR spectroscopy. cPoor solubility in kinetic experiment. dNot determined due to 
complete insolubility of catalyst in these conditions.  
 

The kinetics of the uncatalysed and 145-151 catalysed reactions were monitored by 1H NMR 

spectroscopy using a method previously described by Connon & Maher.145 The reaction was 

conducted under pseudo-first order conditions with respect to benzaldehyde using E-stilbene 

as an internal standard. Initially, a small sample was taken, diluted in CDCl3 and immediately 

analysed by 1H NMR spectroscopy. Samples were subsequently taken at a number of intervals 

over 8 hours. The ratio of benzaldehyde: E-stilbene was calculated at each time point and the 

rate constant was determined from the slope of a graph of –Loge[benzaldehyde] versus time 

(Table 2.11 & Figure 2.22). A slightly lower initial rate constant was observed for 145 & 146 

compared to the uncatalysed process, possibly due to poor solubility of these catalysts in the 

reaction media. The rate constant for the uncatalysed reaction was determined to be 0.82 x 10-

2 h-1 following 3 replicates, significantly higher than the 0.46 x 10-2 h-1 value previously 

observed by Connon and Maher for this reaction.145 This was discussed with the external 

examiner at the viva-voce and the difference was ascribed to experimental technique for 

sample collection, specifically evaporation of methyl acrylate throughout the reaction, causing 

a decrease in dilution and increased reaction rate. It was noted that the use of a more 

thoroughly sealed reaction vessel could inhibit this evaporation. When the rates of the 

organocatalysed reactions are compared to Connon & Maher’s uncatalysed reaction rate, a 

more pronounced catalytic effect is observed (Table 2.11). Based on this uncatalysed rate 
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constant, all catalysts display positive catalytic effects. Catalyst 147 generated a 2.9 fold 

increase in initial rate constant compared to the uncatalysed process while the thioamide 149 

gave a 3.1 fold increase, matching the trend of the increasing yields from 149 compared to 

147 (71% vs 68% yield for 149 vs 147).  

 

The yield from the 150-catalysed reaction was 51% while an initial rate constant of 2.68 x 10-2 

h-1 was observed, representing a faster rate compared to the more successful, higher yielding 

catalysts 147 & 149. This was ascribed to possible strong binding of one of the several anionic 

species involved in the reaction cycle causing product inhibition, supported by previous anion 

binding studies showing very strong binding interactions for AcO- even in highly competitive 

media (Kass = 16,600 M-1 in CD3CN, Kass = 5,200 M-1 in DMSO-d6). Receptor 151 was 

deemed to be the most successful catalyst from 145-151; this catalyst produced a 3.9 fold 

increase in rate constant over the uncatalysed system and also gave the highest isolated yield. 

It may be envisaged that 151 would possess sufficient acidity to protonate DABCO, leading to 

catalyst quenching. However, given the significant yield and rate enhancements observed, this 

was deemed not to occur, instead high catalyst acidity may have favoured proton transfer 

between the starting material and catalyst, thus enhancing the rate. 

 
Figure 2.22: Kinetic plots and least square fits of –Ln[PhCHO] vs time for receptor 149 & 151 catalysed Baylis-
Hillman reaction. The uncatalysed reaction is also shown. 
 

In order to probe high catalytic activity of 151, a more acidic bis-N-acyl sulfonamide was 

considered (receptor 156) which would possess two highly acidic sulfonamide N-H groups in 

an isophthaloyl scaffold. Receptor 156 was synthesised from commercially available 

isophthalic acid. A number of different reactant ratios were investigated for this synthesis and 

the successful system comprised of 1 equiv of isophthalic acid, 2.5 equiv primary sulfonamide 
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154, 5 equiv EDCI and 3.5 equiv DMAP in 50:50 dichloroethane: t-butanol (Scheme 2.14). 

After treatment with Amberlyst 15 anion exchange resin and ethyl acetate, the mixture was 

filtered through a plug of silica gel and solvent removed in vacuo. Chromatographic 

purification provided 156 in 61% yield. LC-MS analysis in negative mode produced an ion at 

m/z 715 corresponding to the M-H ion while 1H & 13C NMR spectroscopy were used to verify 

the product. Key 1H NMR spectroscopic peaks included the isophthaloyl H-2 proton at 8.49 

ppm, the H-2’ signal as a singlet integrating for 4 protons at 8.38 ppm, the H-4’ signal at 8.19 

ppm, a doublet at 7.86 ppm corresponding to H-4 and a triplet at 7.24 due to H-5. 

 
Scheme 2.14: Synthesis of bis-N-sulfonylated amide receptor 156. 
 

Due to the high level of success obtained with the hybrid amide/N-acyl sulfonamide catalyst 

151 in the MBH reaction, a preliminary investigation into the catalytic activity of 156 was 

conducted and produced a disappointing yield of 48%. Due to its poor catalytic properties, 

156 was not assessed for its anion binding properties. 

 

2.8.1 Variation of Base in the MBH reaction using C atalyst 151 

Having determined the hybrid amide/N-acyl sulfonamide 151 to be the optimal catalyst, the 

nucleophilic base was varied in order to investigate the effects of this species on the catalytic 

performance. In the reaction of methyl acrylate with benzaldehyde, DBU (1,8-

diazabicycloundec-7-ene), PPh3 (triphenylphosphine) and DMAP were evaluated and 

provided inferior yields compared to DABCO (Table 2.12).  
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Table 2.12: MBH reaction of benzaldehyde with methyl acrylate catalysed by 151 with varying base. 

 
Base mol% 151 Time (h) Yield % a 

DABCO - 20 34 

DABCO 20 20 76 

DMAP - 20 8 

DMAP 20 20 41 

DBU - 20 33 

DBU 20 20 34 

PPh3 - 20 trace 

PPh3 20 20 trace 
aIsolated yield after flash chromatography.  
 

2.8.2 Variation of Substrates in the MBH reaction u sing Catalyst 151 

Having verified DABCO to be the optimum base, the aldehyde component was varied. 

Various activated and deactivated aldehydes were evaluated in the 151 catalysed MBH 

reaction with methyl acrylate and compared to the uncatalysed reaction. In all of the 151 

catalysed reactions, yield improvement was observed in particular for electron donating 2-

methoxybenzaldehyde and 4-methoxybenzaldehyde where a 9.2 fold and 4.8-fold increase 

product yield was noted (Table 2.13). Reactions of methyl- and nitro-substituted 

benzaldehydes catalysed by 151 produced smaller yield enhancements. Finally, reactions of a 

number of Michael acceptors with benzaldehyde were investigated including tert-butyl 

acrylate and 2-cyclohexenone. The uncatalysed reaction with tert-butyl acrylate produced 

significantly lower yields compared to methyl acrylate while a 7-fold increase in product yield 

was obtained in the presence of catalyst 151 (Table 2.13). A 15-fold increase in product yield 

was obtained for the reaction of cylohexenone with benzaldehyde. 
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Table 2.13: DABCO promoted MBH reaction using a variety of substrates catalysed by 151. 

 
Ar  G mol% 151 Time (h) Yield % a 

C6H5 OMe - 20 34 

C6H5 OMe 20 20 76 

o-O2NC6H4 OMe - 1 79 

o-O2NC6H4 OMe 20 1 86 

o-MeC6H4 OMe - 42 6 

o-MeC6H4 OMe 20 42 22 

o-MeOC6H4 OMe - 72 6 

o-MeOC6H4 OMe 20 72 55 

p-FC6H4 OMe - 42 69 

p-FC6H4 OMe 20 42 82 

p-MeC6H4 OMe - 36 19 

p-MeC6H4 OMe 20 36 38 

p-MeOC6H4 OMe - 96 4 

p-MeOC6H4 OMe 20 96 19 

C6H5 O-tBu - 20 4 

C6H5 O-tBu 20 20 28 

C6H5 

 

- 38 4 

C6H5 20 38 59 

   aIsolated yield after flash chromatography 
 

A correlation was observed between the yield from the both the uncatalysed and 151-catalysed 

reactions and the electronic nature of the benzaldehyde substitutuent. In the case of the para-

substituted benzaldehyde derivatives, the MBH adduct yield increased as the electron 

withdrawing nature of the substituent increased. This was as expected due to electron 

withdrawing groups making the aldehyde carbonyl more electrophilic. The recyclability of 

151 was investigated the DABCO promoted MBH reaction of benzaldehyde with methyl 

acrylate. In each case, the catalyst was recovered following chromatographic purification and 

re-used with less than 5% reduction in catalytic activity after 3 cycles. 

 

2.8.3 Investigation into Catalytic Mechanism 

It is proposed that the catalytic activity of the anion receptors 145-151 in the MBH reaction 

may in part be due to their ability to coordinate anionic species through acidic N-H groups 

with additional interactions also possible from acidic C-H groups in the cleft. In general, the 
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increase in N-H polarisation through the use of electron withdrawing functional groups led to 

enhanced catalytic activity, consistent with the previously described anion binding studies. For 

the strong oxyanion receptor 150, catalyst inhibition may have lead to the high reaction rate 

and low yield. Pre-organisation of 149 into its syn-syn conformation may have contributed to 

its catalytic success.  

 

Furthermore, a number of receptors which underwent proton transfer effects with basic AcO- 

and BzO- anions were highly successful MBH catalysts, perhaps indicative of a cooperative 

effect, particularly in light of reported mechanistic studies highlighting the rate-determining 

nature of the proton transfer step as opposed to the Michael addition step.164 The acidic 

receptors may have acted as a proton shuttle promoting this step in combination with aldehyde 

activation or anionic intermediate binding. In an attempt to investigate binding between the 

catalyst and reaction starting materials, a 1H NMR spectroscopy binding study of a number of 

catalysts with MBH components and adduct was undertaken and the results compared to the 

chemical shift changes in the presence of 1 equivalent AcO-. 

 

2.8.4 Substrate & Product Binding Studies to Cataly sts 149-151 
1H NMR spectroscopic binding studies of 151 in the presence of 1 equivalent of reactants or 

MBH product revealed minor chemical shift changes (Table 2.14). The amide N-H signal 

migrated upfield for methyl acrylate which may be suggestive of a proton transfer effect to the 

acrylate, possibly activating it towards nucleophilic attack. A slight upfield amide N-H 

migration was also observed upon addition of 155, suggesting no product inhibition occurred. 

The minor downfield shift observed for benzaldehyde was suggestive of minimal binding and 

activation. 

 

Table 2.14: Binding study of 151 with reactants and MBH product by 1H NMR spectroscopy in CD3CN.  

 ∆δ (Amide N-H)  ∆δ (H-2) ∆δ (H-2’’) ∆δ (H-2’) 

151 + benzaldehyde 0.0072 -0.0004 -0.0004 0.0016 

151 + methyl acrylate -0.0112 -0.0008 -0.0026 0.0032 

151 + MBH adduct 155 -0.0048 0.0001 0.0014 0.0034 

151 + 1 equiv acetate -0.0498 0.0038 -0.0379 0.0188 
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Thioamide 149 produced a 71% yield and binding studies showed a broadening and 

considerable downfield migration of 0.19 ppm and 0.16 ppm of the thioamide N-H groups 

upon addition of 1 equivalent of benzaldehyde and 155 respectively (Table 2.15). As 

expected, smaller downfield migrations of the order 0.002 ppm were observed for the H-2’ 

protons while the isophthaloyl signals appeared to move slightly upfield. A smaller thioamide 

N-H downfield migration was observed following addition of methyl acrylate of 

approximately 0.02 ppm with H-2’ and H-2 downfield shifts of 0.009 ppm. Therefore it 

appeared that 149 bound strongly to benzaldehyde and MBH product but not to methyl 

acrylate, suggesting that benzaldehyde activation and product inhibition may have occurred. 

 

Table 2.15: Binding study of 149 with reactants and MBH product monitored by 1H NMR spectroscopy    

 ∆δ (Thioamide N-H)  ∆δ (H-2’) ∆δ (H-2) 

149 + benzaldehyde 0.1855a 0.0023 -0.0025 

149 + methyl acrylate 0.0162 0.0009 0.0009 

149 + MBH adduct 155 0.1624a 0.0034 -0.0014 

149+ 1 equiv acetate -b 0.0266 0.1818 
aSignificant peak broadening observed. bPeak disappeared 
 

Binding of 150 with the reactants and MBH product produced smaller chemical shift 

migrations compared to 149 with downfield shifts of 0.025 ppm and 0.014 ppm for the amide 

N-H proton with benzaldehyde and MBH adduct respectively (Table 2.16). Similar to 149, 

acrylate binding was significantly weaker compared to benzaldehyde or 155 interactions. It 

may be considered that while 150 had weaker binding strengths to the neutral reactants and 

product compared to 149, the former may have bound anionic intermediates more strongly, 

leading to inhibition. This theory is supported by the strong anion binding results observed for 

150 with carboxylates. 

 

Table 2.16: Binding study of 150 with reactants and MBH product monitored by 1H NMR spectroscopy.    

 ∆δ (Amide N-H)  ∆δ (H-2) 

150 + benzaldehyde 0.0254 0.012 

150 + methyl acrylate 0.0083 0.0063 

150+ MBH adduct 155 0.0135 0.0068 

150 + 1 equiv acetate 3.486 0.5763 

 

The role of the anion binding sites in catalysis for 147 & 151 was further investigated through 
1H NMR spectroscopic kinetic experiments in the presence of 1 equivalent of tetra-n-butyl 
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ammonium benzoate. Under these conditions, substantial reduction in rate constants was 

observed. In the case of 147, an initial rate constant of 0.45 h-1 was obtained in the presence of 

BzO-, 81% lower than the value of 2.38 h-1 without added anion. In addition, 151 with BzO- 

gave a rate constant of 1.17 h-1, 63% reduced compared to that without BzO-. This was 

ascribed to competition between the anionic reaction intermediates and BzO- for the H-

bonding sites of these catalysts. Therefore, it was proposed that binding of negatively charged 

reaction intermediates had a significant catalytic effect through anionic intermediate 

stabilisation promoting the reaction. In the presence of BzO-, the H-bond donating groups 

were unavailable for transition state binding or proton shuttling, both of which may promote 

the MBH reaction. 

 

A catalytic mechanism is postulated in an attempt to rationalise the successful catalytic results 

of 151 (Scheme 2.15). It is proposed that electrophile activation does not play a significant 

role due to the small chemical shift migrations of 151 in the presence of 1 equivalent of 

benzaldehyde. Rather, it is more likely that the negatively charged betaine intermediate A 

generated from conjugate addition of the tertiary amine catalyst to methyl acrylate was bound 

by 151. Aldol addition to the aldehyde then generated Zwitterionic B. H-bonding interactions 

between the sulfonamide N-H group and the β-alkoxide anion may have activated 

intermediate towards a rate determining proton transfer via the catalyst N-acyl sulfonamide 

group. This transition state may act as a proton shuttle, facilitating proton migration, 

elimination of the tertiary amine base and enhancing the reaction rate.164,189,194,195 Similar H-

bond interactions promoting the proton transfer have previously described for protic additives 

such as methanol164 and a bis-thiourea organocatalyst.10  

 
Scheme 2.15: Postulated mode of action of 151 in MBH reaction with cyclic transition state B proposed. 
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2.9 Further Bifunctional Receptors 

Having tested a range of bisamide and thioamide based receptors 145-150 and a bifunctional 

hybrid amide/N-acyl sulfonamide 151 for anion binding properties and catalysis and also 

having confirmed a correlation between their anion coordination properties and catalytic 

activity, alternative urea based bifunctional receptors were considered (Figure 2.24).  

 

2.9.1 Bifunctional Receptor Design 

 
Figure 2.24: Structure of phase 2 acidic bifunctional receptors 157 & 158. 
 

Urea and thiourea groups have been applied as receptors for anionic species79-84,86,215 and have 

also been extensively used as H-bond donating organocatalysts.10,12,145,147 As previously 

described, isophthalamide receptors incorporating 3,5-bis(trifluoromethyl)phenyl groups as 

part of the amide moiety led to significant improvements in anion binding abilities and 

catalysis in the MBH reaction. It was considered that other receptors could be further 

optimised through inclusion of 3,5-bis(trifluoromethyl)phenyl rings into a bifunctional 

receptor consisting of a (thio)urea group and an amide motif with applications as anion 

receptors and H-bond donating organocatalysts for the MBH reaction. As detailed in Chapter 

1, Hamilton et al. successfully applied a urea/amide hybrid receptor containing an oxyanion 

hole in the addition of a thiol to a maleimide.14  Through 1H NMR spectroscopic binding 

studies, they confirmed that the catalyst operated through cooperative H-bonding to the 

anionic transition state from the urea and aminopyridine functionalities, stabilising the 

developing negative charge over the course of the reaction and producing a rate enhancement. 

 

It was envisaged that a bifunctional (thio)urea/amide hybrid could be suitably pre-organised 

towards binding a number of the anionic intermediates in the MBH reaction. It was also hoped 

that such a hybrid molecule may enhance the proton transfer step of the MBH reaction 
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mechanism by acting as a proton shuttle. In addition, based on previous reports by Schreiner 

et al., the thiourea analogue 158 was expected to possess enhanced rigidity due to interactions 

between the sulphur atoms and H-2’’ proton in the ortho-position of the 3,5-

bis(trifluoromethyl)phenyl ring which could improve binding ability and catalytic activity. 

2.9.2 Synthesis of Bifunctional Receptors 157 & 158   

The EDCI mediated coupling of 3,5-bis(trifluoromethyl)aniline with 3-nitrobenzoic acid at 

room temperature was conducted and following extractive work-up, the product was 

recrystallised from dichloromethane to give 159 in 92% yield (Scheme 2.16). The product’s 

structure was confirmed by LC-MS and 1H & 13C NMR spectroscopy. LC-MS analysis 

produced a MH+ peak at m/z 378 while key 1H NMR spectroscopic peaks included the amide 

N-H signal at 9.38 ppm; relevant COSY interactions and peak assignments are given in Table 

2.17. The singlet integrating for 2 protons at 8.31 ppm was ascribed to H-2’ while the singlet 

at 7.75 ppm was assigned to H-4’.  

 
Scheme 2.16: Synthesis of 159 &  160 through EDCI coupling of 3-nitrobenzoic acid with 3,5-
bis(trifluoromethyl)aniline followed by reduction using hydrazine hydrate. 
 

 
Table 2.17: List of COSY interactions and 1H NMR assignents of nitro/amide hybrid intermediate 159. 

Structure Proton δ (ppm) Correlated With δ (ppm) Correlated proton 

 

H-4 8.37-8.41 (m, 1H) 7.74 (m, 1H) H-5 

H-6 8.27-8.31 (m, 1H) 7.74 (m, 1H) H-5 

H-2 8.73-8.75 (m, 1H) 8.37-8.41 (m, 1H) H-4 

H-2 8.73-8.75 (m, 1H) 8.27-8.31 (m, 1H) H-6 

 

The reduction of the aryl NO2 group to an aryl NH2 group was successfully achieved through 

reaction of 159 with hydrazine monohydrate in ethanol using a catalytic quantity of 10% 

palladium on carbon (Scheme 2.16). After 16 hours of reflux, the mixture was filtered through 

a plug of silica gel and aqueous work-up conducted.44 Flash chromatography eluted the 

product in 69% yield while LC-MS and 1H & 13C NMR spectroscopy confirmed the 

successful reduction. An LC-MS signal at m/z 348 corresponded to the MH+ ion and key 1H 
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NMR spectroscopic resonances confirming the synthesis included the broad NH2 signal at 

4.40 ppm, the amide N-H at 9.03 ppm and H-2’ and H-4’ signals at 8.34 ppm and 7.73 ppm 

respectively. The H-2 proton occurred at 7.19 ppm while H-4, H-5 & H-6 were observed at 

6.84-6.89 ppm, 7.24 ppm and 7.20-7.24 ppm respectively.   

 

The final step in the synthesis involved reaction of intermediate 160 with 3,5-

bis(trifluoromethyl)isocyanate and 3,5-bis(trifluoromethyl)isothiocyanate to give urea/amide 

hybrid 157 and thiourea/amide hybrid 158 respectively (Scheme 2.17). Receptor 157 was 

obtained in 98% yield following room temperature stirring for 24 hours and chromatographic 

purification. An LC-MS peak at m/z 604 corresponded to the MH+ ion. Key 1H NMR 

spectroscopic peaks included the amide N-H group at 10.83 ppm, urea N-Ha and N-Hb peaks 

at 9.48 & 9.27 ppm and H-2’ and H-4’ signals at 8.51 ppm and 7.78 ppm respectively. The H-

2’’ and H-4’’ signals appeared at 8.15 ppm and 7.62 ppm respectively while the H-2, H-4, H-

5, & H-6 signals occurred at 8.09 ppm, 7.65 ppm, 7.49 ppm and 7.71 ppm respectively. COSY 

& NOESY 1H NMR interactions aided peak assignment and are given in Table 2.18.

 
Scheme 2.17: Synthesis of urea/amide hybrid 157 and thiourea/amide hybrid 158. 
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Table 2.18: List of COSY and NOESY interactions and 1H NMR spectroscopic peak assignments of 157. 

Structure Proton δ (ppm) Correlated With δ (ppm) Correlated 
proton 

 
COSY interactions 

H-2’ 8.51 (s, 2H) 7.78 (s, 1H) H-4’ 

H-2’’ 8.15 (s, 2H) 7.62 (s, 1H) H-4’’ 

H-4 7.65 (d, J = 7.63 Hz, 
1H) 

7.49 (t, J = 7.63 Hz, 1H) H-5 

H-6 7.71 (d, J = 7.63 Hz, 
1H) 

7.49 (t, J = 7.63 Hz, 1H) H-5 

Amide N-H 10.83 (s, 1H) 8.51 (s, 2H) H-2’ 

Amide N-H 10.83 (s, 1H) 8.09 (s, 1H) H-2 

 
NOESY interactions 

Amide N-H 10.83 (s, 1H) 7.65 (d, J = 7.63 Hz, 1H) H-4 

Amide N-H 10.83 (s, 1H) 8.09 (s, 1H) H-2 

Amide N-H 10.83 (s, 1H) 8.51 (s, 2H) H-2’ 

N-Ha 9.48 (s, 1H) 9.27 (s, 1H) N-Hb 

N-Ha 9.48 (s, 1H) 8.15 (s, 2H) H-2’’  

N-Hb 9.27 (s, 1H) 7.71 (d, J = 7.63 Hz, 1H) H-6 

H-2’ 8.51 (s, 2H) 7.78 (s, 1H) H-4’ 

H-2’’  8.15 (s, 2H) 7.62 (s, 1H) H-4’’  

 

The thiourea/amide hybrid 158 was obtained in 96% yield following chromatographic 

purification. LC-MS analysis produced a peak at m/z 620 corresponding to the MH+ signal 

and 1H & 13C NMR spectroscopy were used to characterise the product. Key 1H NMR 

spectroscopic resonances included an amide N-H peak at 9.19 ppm and two thiourea N-H 

peaks at 8.77 and 8.69 ppm. In addition to these signals there were also H-2’’ & H-4’’ signals 

at 8.14 & 7.79 ppm and H-2’ & H-4’ peaks at 8.34 & 7.75 ppm respectively. The central ring 

H-2, H-4, H-5 & H-6 protons were observed at 8.01 ppm, 7.68 ppm, 7.58 ppm & 7.83 ppm 

respectively while a 13C NMR spectroscopic  signal at 180 ppm was ascribed to the C=S 

group. COSY and NOESY interactions aided peak assignment and are shown in Table 2.19. 
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Table 2.19: List of COSY and NOESY interactions and 1H NMR spectroscopy peak assignments of 158. 

Structure Proton δ (ppm) Correlated With δ (ppm) Correlated 
proton 

 
COSY interactions 

H-2’ 8.34 (s, 2H) 7.75 (s, 1H) H-4’ 

H-2’’ 8.14 (s, 2H) 7.79 (s, 1H) H-4’’ 

H-4 7.68 (d, J = 7.63 Hz, 1H) 7.58 (t, J = 7.63 Hz 1H) H-5 

H-6 7.83 (d, J = 7.63 Hz, 1H) 7.58 (t, J = 7.63 Hz 1H) H-5 

 
NOESY interactions 

Amide N-H 9.19 (s, 1H) 8.34 (s, 2H) H-2’ 

Amide N-H 9.19 (s, 1H) 8.01 (s, 1H) H-2 

Amide N-H 9.19 (s, 1H) 7.68 (d, J = 7.63 Hz, 1H) H-4 

N-Hb 8.77(s, 1H) 8.01 (s, 1H) H-2 

N-Ha 8.69 (s, 1H) 8.14 (s, 2H) H-2’’ 

H-2’ 8.34 (s, 2H) 7.75 (s, 1H) H-4’ 

H-2’’  8.14 (s, 2H) 7.79 (s, 1H) H-4’’  

 

2.9.3 Binding Studies on Phase 2 Receptors 157 & 15 8 

The anion binding properties of 157 &  158 were investigated using 1H NMR spectroscopic 

titrations with Br-, Cl-, AcO- and BzO- as tetra-n-butylammonium salts in CD3CN, monitoring 

all three N-H signals. Kass values were determined for each N-H group using WINEQNMR.202 

 

Receptor 157 

Receptor 157 contained both an amide N-H group and a urea moiety and was therefore 

expected to bind through either cooperative multi-point interaction in a cleft-like system or 

possibly through separate binding events at the urea and amide groups. The electron-

withdrawing 3,5-bis(trifluoromethyl)phenyl groups in the structure would bring enhanced 

acidity, strengthening the binding interactions. Titrations of urea/amide hybrid 157 with Br- in 

CD3CN produced typical expected N-Ha & N-Hb binding curves while the shape of the amide 

N-H binding curve was indicative of significantly weaker binding (Figure 2.25a). Kass values 

calculated for each of these protons were fitted to a 1:1 model (Table 2.20). Downfield 

chemical shift changes of 2.50 ppm, 1.98 ppm and 0.30 ppm were observed corresponding to 

urea N-Ha & N-Hb and amide N-H while Kass values of 2,800 M-1 & 2,700 M-1 and 140 M-1 

were obtained respectively. This clearly shows the higher anion binding proclivity of ureas 

compared to amides. 
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Figure 2.25: (a) Titration curves for 157 with Br- and Cl- in CD3CN for urea N-Ha & N-Hb groups and also the 
amide N-H. (b) JOB plot for 157 with Cl- in CD3CN confirming 1:1 stoichiometry for all N-H protons. 
 

As observed for previous receptors, Cl- was bound with a considerably larger Kass compared to 

Br- and this was also evident from the shape of the binding curves. Chemical shift changes of 

3.11 ppm, 2.48 ppm & 0.77 ppm were observed for urea N-Ha, urea N-Hb and amide N-H 

protons resulting in Kass values of 15,300 M-1, 16,800 M-1 & 100 M-1 respectively (Table 

2.20). Interestingly, the amide N-H Kass for 157 with Cl- was lower than with Br-, opposite to 

the selectivity previously observed for diamide receptors 145-151. This may be ascribed to 

predominant anion binding at the urea site with additional possible cooperative interactions 

with the amide N-H group, an effect which may be more pronounced for Br- due to its larger 

size. JOB plot analysis of 157 with Br- and Cl- were plotted for each N-H group and were 

indicative of 1:1 binding in all cases (Figure 2.25b). 

 

Table 2.20: Binding constants for both urea N-H protons and also amide N-H group with % errors for 157 with 
anions determined in CD3CN.  

Structure K ass urea N-Ha/M
-1  

[% error] 
K ass urea N-Hb/M

-1  
[% error] 

K ass Amide N-H/ M -1  
[% error] 

Anion 

 

2,800 [1.5%] 2,700 [1.5%] 140 [9.5%] Br- 

15,300 [2.0%] 16,800 [1.0%] 100 [6.7%] Cl- 

17,800 [12.8%] 24,400 [6.7%] 550 [22.0%] AcO- 

16,100 [14.0%] 12,800 [23.6%] 280 [17.0%] BzO- 

 
1H NMR spectroscopic titration curves for 157 with AcO- and BzO- in CD3CN were indicative 

of very tight binding with a large downfield chemical shift migration of the urea protons of 

4.5-4.9 ppm followed by a sharp inflexion point at a ratio of 1:1 receptor:anion. Particularly 

high binding was observed for urea N-Ha and N-Hb protons binding AcO- with Kass values of 

17,800 M-1 & 24,400 M-1 respectively (Table 2.20). Slightly weaker urea N-H Kass values 
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were observed with BzO-; 16,100 M-1 & 12,800 M-1 for urea N-Ha & N-Hb respectively. The 

amide N-H proton migrated linearly downfield for approximately 0.7 ppm up to the addition 

of 1 equiv anion, followed by a decrease in slope to a less steep profile. Kass values for amide 

N-H binding of 550 M-1 and 280 M-1 were calculated for AcO- and BzO- respectively when 

fitted to a 1:1 model. 

 
Figure 2.26: Titration curves for 157 with AcO- and BzO- in CD3CN for urea N-Ha & N-Hb and amide N-H 
signals. (b) JOB plot of amide N-H proton of  157 with AcO- showing 1:2 receptor:AcO- and also 1:1 binding. 
 

JOB plot analysis revealed 1:1 binding for the urea N-Ha and N-Hb protons in all cases while 

the amide N-H protons were bound in alternative stoichiometries. The amide N-H JOB plot of 

157 with BzO- disclosed a 1:2 receptor anion stoichiometry with a plot maximum at approx 

0.3 – 0.4 mole fraction of 157. In the case of AcO-, two maxima were observed, one at 0.5 

mole fraction 157 and another at approximately 0.3 – 0.4 mole fraction 157 corresponding to 

both 1:1 and 1:2 157:AcO- binding (Figure 2.26b). This may be due to initial 1:1 binding up to 

the addition of 1 equiv AcO- followed by a 1:2 157:anion complex formation where the amide 

N-H could bind to an anion and also form cooperative binding to an anion coordinated by the 

urea N-H groups. The ability of 157 to simultaneously coordinate two anionic species could 

facilitate dual enhancement through binding of the betaine intermediate and the aldehyde 

carbonyl group, activating these species and positioning them in close proximity for reaction.  

 

Receptor 158 

Thiourea/amide hybrid receptor 158 was also tested for its anion binding ability in CD3CN. 1H 

NMR spectroscopic titrations with Br- produced titration curves which were indicative of 

relatively weak binding with less sharp inflexion points (Figure 2.27a). Chemical shift 
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changes of 2.0-2.6 ppm for both thiourea N-H protons and approximately 0.4 ppm for amide 

N-H were observed while Kass values of thiourea N-Ha and N-Hb groups were of the order of 

1600-1700 M-1 with a considerably weaker Kass of 190 M-1 observed for the amide N-H (Table 

2.21). JOB plot analysis of this binding interaction showed 1:1 158:Br- interaction. Binding of 

158 with Cl- was considerably stronger indicated by Kass values of the order of 12,800-15,130 

M-1 and binding curves which were characteristic of strong binding systems (Table 2.21 & 

Figure 2.27a). A Kass value of 185 M-1 was found for the amide N-H binding Cl-, slightly 

lower than the binding to Br- possibly due to the smaller Cl- anion less effective at forming 

cooperative H-bonds to all three N-H groups. Interestingly, the binding curves for thiourea N-

Ha & N-Hb contained a slight perturbation at 1 equivalent Cl-, this may be due to a 

conformational change upon saturation of the receptor with Cl- although there is no further 

evidence of this. JOB plot analysis of 158 with Br- and Cl- plotted for each N-H group was 

indicative of 1:1 binding in all cases (Figure 2.27b). 

 

Table 2.21: Binding constants for both thiourea N-H protons and also amide N-H group of 158 with % errors in 
parentheses. 

Structure K ass N-Hb/M
-1  [% 

error] 
Kass N-Ha/M

-1  [% 
error] 

K ass Amide N-H/ M -1  [% 
error] 

Anion 

 

1,610 [1.3] 1,730 [1.4] 190 [11.9] Br- 

12,800 [2.0] 15,130 [1.8] 185 [12.5] Cl- 

-a - a -a AcO- 

- a - No fit 160 [9.9] BzO- 
aPeak disappearance preventing calculation of Kass 

 

  
Figure 2.27: (a) Titration curves for 158 with Br- and Cl- in CD3CN plotted for both thiourea N-H groups and 
also the amide N-H. (b) JOB plot for 158 with Cl- in CD3CN confirming 1:1 stoichiometry for all N-H protons. 
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Titration of 158 with BzO- and AcO- produced interesting observations. Upon addition of a 

small quantity of AcO-, severe N-H broadening followed by peak disappearance was observed 

for all N-H signals and as a result, the titration was monitored using aromatic H-2, H-2’ and 

H-2’’ signals. The binding curve for the H-2’ signal close to the amide was indicative of weak 

binding with an almost linear downfield migration throughout the titration and only slight 

curvature present at approximately 1 equiv AcO- (Figure 2.28). 

 

The H-2’’ signal adjacent to the thiourea group migrated linearly downfield up to the addition 

of 1 equiv AcO- and after this point, there is evidence of a shift in equilibrium towards the 

suggested N-H proton transfer event indicated by the H-2’’ migration upfield (Figure 2.28). A 

similar but less severe effect was also observed for the H-2 signal located between the amide 

and thiourea binding sites with JOB plot confirming dominant 1:1 158:AcO- interactions. 

Overall, this behaviour may be attributed to proton transfer from the thiourea N-H group to 

the basic AcO- anion with an associated conformational change and further weak binding 

through the H-2’ proton close to the amide group. Similar binding profiles were observed 

previously with a urea/sulfonamide receptor for basic anions by Gale et al.89 where the first 

equivalent of AcO- bound to the receptor deshielding the urea N-H groups and further 

additions promoted sulfonamide deprotonation and an upfield shift of the urea N-H resonance. 

Fabbrizzi et al. reported a downfield shift of aromatic C-H groups adjacent to acidic urea 

protons during the addition of the first equiv of an anion followed by N-H deprtonation 

resulting in electron density delocalisation leading to nuclear shielding and an upfield shift of 

the aromatic C-H protons in close proximity to the urea.45 

  
Figure 2.28: Titration curves showing migration of H-2, H-2’ & H-2’’ signals of 158 upon addition of AcO- in 
CD3CN  
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Titration of 158 with BzO- was also accompanied by severe broadening of all N-H signals and 

disappearance of the thiourea N-Hb resonance, therefore the titration was tracked using the 

remaining amide N-H group and thiourea N-Ha groups. The thiourea N-Ha shifted 

significantly downfield for approximately 4.8 ppm upon addition of 1 equiv BzO- followed by 

a sudden plateau without change in chemical shift for the remainder of the titration. The amide 

N-H binding curve migrated significantly downfield with the initial additions of BzO- 

followed by a less severe downfield migration with addition of further anion, indicative of 

weak binding (Figure 2.29a). The H-2’ proton adjacent to the amide group migrated downfield 

throughout the titration while both the H-2 and H-2’’ migrated downfield with addition of the 

first equiv BzO- followed by an upfield shift for the remainder of the titration in a similar 

manner to that observed with AcO- (Figure 2.29b). This suggested weak binding to the H-2’ 

but stronger binding to H-2 & H-2’’ binding of the BzO- to the thiourea N-H followed by 

equilibrium lying towards N-H group proton transfer upon further BzO- addition. 

WINEQNMR produced a very poor fit for H-2 and H-2’’ of 158 binding AcO- and BzO- 

however a reasonable fit was obtained for the H-2’ proton adjacent to the amide N-H group 

producing low Kass values of 105 M-1 and 325 M-1 for AcO- and BzO- titrations respectively. 

 

  
Figure 2.29: 1H NMR spectroscopic titration curves of (a) N-H protons with increasing addition of BzO- in 
CD3CN. (b) Aromatic C-H titration curves for H-2, H-2’ and H-2’’ with increasing addition of BzO- in CD3CN. 
 

2.9.4 Binding of 157 & 158 in Competitive Solvent 

Due to the relatively large error often associated with Kass values in excess of 104 M-1 

calculated from 1H NMR spectroscopic data, titrations which produced high Kass values in 

CD3CN were repeated in DMSO-d6. Binding of 157 with Cl- in DMSO-d6 produced binding 
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curves characteristic of weak binding and significantly smaller chemical shift migrations of 

the order 0.4 -0.7 ppm compared to those in CD3CN where downfield migrations of 

approximately 2.5-3.1 ppm were observed. Kass values of 100 M-1 for the urea N-Ha & N-Hb 

groups and 65 M-1 for the amide N-H were obtained (Table 2.22), significantly reduced 

compared to those in CD3CN.  

 
1H NMR spectroscopic titrations of 157 with BzO- produced chemical shift downfield 

migrations of the amide and urea N-Ha & N-Hb signals of the order 0.12 ppm, 3.8 ppm & 3.3 

ppm respectively with titration curves indicative of weak binding to the amide N-H signal but 

stronger interactions to the both urea N-H signals. Kass values of 5,300 M-1 and 140 M-1 were 

calculated for both urea N-H protons and the amide N-H respectively. Binding titrations of 

157 with AcO- in DMSO-d6 produced large chemical shift downfield migrations for the urea 

N-Ha and N-Hb signals of 3.9 ppm & 3.5 ppm respectively and a smaller migration for the 

amide N-H group of 0.19 ppm (Figure 2.30a). Acetate Kass values of 18,000 M-1 and 15,000 

M-1 were obtained for the urea N-Hb and N-Ha protons respectively while the amide N-H with 

AcO- binding could not be fitted to a 1:1 model. These extremely high Kass values in 

competitive DMSO-d6 values represent a high level of selectivity of this receptor for AcO-. 

Furthermore, the Kass values in this solvent only slightly decreased compared to those 

obtained in the less competitive CD3CN. This strong binding to anionic species in a 

competitive environment may have implications for anionic transition state binding in the 

MBH reaction. 

 

Table 2.22: Kass values for N-H groups of urea/amide 157 with anions in DMSO-d6. % errors are given in 
parentheses. 

Structure K ass Urea N-Ha/M
-1  

[% error] 

K ass Urea N-Hb/M
-1   

[% error] 

K ass Amide N-H /M -1  [% error] Anion 

 

100 [4.0%] 100 [4.0%] 65 [2.0%] Cl- 

15,000 [5.9%] 18,000 [3.2%] No fit AcO- 

5,300 [3.5%] 5,300 [3.0%] 140 [9.0%] BzO- 
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Figure 2.30: (a) Titration curves showing migration of urea & amide N-H signals of 157 upon addition of AcO- & 
BzO- in DMSO-d6. (b) Titration curves of urea & amide N-H signals of 158 upon addition of Cl- in DMSO-d6.  

  
 

For titration of 158 with Cl- in DMSO-d6, relatively small N-H chemical shift downfield 

migrations were observed with binding curves characteristic of weak binding systems (Figure 

2.30a). In this titration, 1:1 Kass values of 60 M-1, 75 M-1 & 40 M-1 were obtained for the N-

Hb, N-Ha and amide N-H groups respectively. For titrations with AcO- and BzO-, the thiourea 

N-H resonances disappeared and the titrations were monitored using the amide N-H and 

aromatic C-H signals. In each case, the amide N-H peak was shifted upfield upon addition of 

the first equivalent anion followed by a linear downfield migration. It is proposed that this was 

due to the equilibrium favouring thiourea proton transfer following addition of the first 

equivalent of AcO- or BzO- followed by a conformational change allowing further binding to 

the amide N-H group, further indicated by severe broadening of many aromatic C-H signals 

throughout the titration. 

 

To compare with similar titrations in CD3CN, proton transfer effects were also observed with 

binding curve perturbations at 1 equiv AcO- or BzO-, however these effects appeared less 

pronounced in the case of DMSO-d6 shown by the amide N-H signal remaining visible 

throughout the titration. Kass values for H-2’ with AcO- & BzO- of 355 M-1 and 315 M-1 were 

calculated respectively but it was not possible to measure Kass values for the H-2 or H-2’’ 

protons due to severe peak broadening and signal overlap, presumably as a result of 

conformational change over the course of the titration. 
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Table 2.23: N-H Kass values of thiourea/amide 158 with anions in DMSO-d6. % errors are given in parentheses.   
Structure K ass N-Hb/M -1 

 [% error] 

Kass N-Ha/M -1   

[% error] 

K ass Amide N-H/ M -1   

[% error] 

Anion 

 

60 [16.6%] 75 [7.0%] 40 [15.0%] Cl- 

-a - a No fit AcO- 

- a - a No fit BzO- 

aPeak disappeared preventing calculation of Kass. 
 

  
Figure 2.31: (a) 1H NMR spectroscopic titration curves showing migration of amide N-H signals of 158 upon 
addition of AcO- or BzO- in DMSO-d6

 (b) Titration curves showing migration of H-2’ signals of 158 upon 
addition of AcO- or BzO-  in DMSO-d6. 

 

  

2.10  X-Ray Diffraction & Conformational Studies of  157 & 158 

Several attempts at crystal growth of 157 & 158 individually and in the presence of AcO- and 

BzO- were undertaken including slow evaporation and vapour diffusion. Diffraction grade 

crystals of 158 were obtained following recrystallisation from acetonitrile.216 X-ray diffraction 

revealed that 158 crystallised into monoclinic P21/c space group with Z’ = 8 (Figure 2.32). 

Two molecules were arranged with intermolecular H-bond formation from the C=S group of 

one molecule to the amide N-H of a neighbouring molecule.  All 3 aromatic rings were 

twisted in separate planes while both thiourea N-H groups pointed in the same direction, 

optimal for cooperative H-bonding to anionic guests. Additionally, it is reasonable to propose 

that the thiourea portion of the molecule formed a binding cleft involving the H-2 and H-2’’ 

C-H groups as both of these atoms lay within 3 Å of the thiourea N-H. 
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Figure 2.32: X-Ray crystal structure of 
intermolecular H-bonding. 
 

The conformation of 158
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Figure 2.33: (a) 2D NOESY spectrum of 
equiv Cl- in CD3CN.  
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Conformational studies of 157 were also conducted through NOE experiments in the absence 

and presence of Cl-. For a solution of pure receptor, NOE interactions were observed between 

the amide N-H and H-2, N-Hb, H-2’ and also H-4, suggesting that the amide N-H equilibrated 

between the syn &  anti conformations with respect to the urea N-H groups. This latter 

interaction was also visible in the presence of 1 equivalent Cl-, a result which was in 

contradistinction to 158 with Cl-. This may be due to conformational differences between 157 

& 158 when binding Cl- and further evidence came from JOB plot analysis. Pure 1:1 

stoichiometries were obtained for the H-2’, H-2’’ and H-2 signals of 13 with Cl-. More 

complex Cl- binding to the H-2’, H-2’’ and H-2 protons of 157 gave rise to apparent 

maximum values at 0.33 mol fraction 157, indicative of 1:2  receptor 157: Cl- interactions. 

Therefore, it seems plausible that 157 bound two Cl- anions, one at the urea and another at the 

amide N-H site with the adjacent C-H groups interacting weakly in both binding processes.  

The binding studies of 157 & 158 to anions of varying size and geometry in CD3CN and 

DMSO-d6 suggested that 157 & 158 should be efficient organocatalysts for reactions 

consisting of anionic transition states. In CD3CN, extremely strong anion binding 

predominantly through the (thio)urea N-H group was observed to Cl-, AcO-and BzO- with less 

efficient to Br-. Minor cooperative binding effects were also observed from the amide N-H to 

bromide as previously discussed. Interestingly, 1:2 receptor: anion interactions were also 

observed for the amide N-H proton with carboxylate anions, therefore 1 equivalent of anion 

could bind to the amide N-H group and urea N-H simultaneously.  

 

The urea/amide hybrid 157 appeared to bind halides stronger than the thiourea/amide 158 in 

CD3CN. In the case of AcO- and BzO-, strong binding was observed for 157 while 158 

produced proton transfer effects. As previously stated, this could be considered to have a 

beneficial effect on the proton transfer step of the MBH reaction. In the case of 157 with AcO- 

and BzO-, 1:1 and 1:2 receptor:anion stoichiometries were observed from the JOB plot of the 

amide N-H signal indicating that it could bind to more than one oxyanion species. This was 

expected to be beneficial to catalytic activity. In addition, 157 possessed a high level of 

selectivity for AcO- in polar competitive DMSO-d6 with Kass values in excess of 104 M-1. This 

selectivity and strong binding was also considered beneficial for catalytic activity in the highly 

polar methyl acrylate reaction medium.    
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2.11 Screening of 157 & 158 for Catalytic Activity 

In order to probe the catalytic properties of bifunctional receptors 157 & 158 and compare 

them to the previously described catalysts 145-151, they were tested in the DABCO promoted 

MBH reaction of benzaldehyde with methyl acrylate using the same procedure as described in 

earlier sections. Catalytic yields and rate constants were calculated and compared to the 

uncatalysed reaction using the initial rate conditions (Table 2.24 & Figure 2.34). 

 

The urea/amide hybrid catalyst 157 produced a somewhat disappointing yield of 66%, lower 

than expected considering that the isophthalamide 147 produced a yield of 68%. However, 

157 produced the highest initial rate constant of all the anion receptors analysed with a 7.2 

fold increase in rate constant over the uncatalysed reaction (Figure 2.34). A number of 

additional bands were observed by TLC in the 158 catalysed reaction, many of which were in 

close proximity and co-eluting with the product. Several attempts were made to isolate the 

product by flash chromatography and preparative TLC, however all efforts proved 

unsuccessful. The yield was determined following construction of a calibration curve on 

HPLC with UV detection at 260 nm using a freshly synthesised purified batch of 155 as 

standard and a 79% yield was calculated. Receptor 158 was observed to enhance the reaction 

rate to by a factor of 5.5 compared to the uncatalysed reaction. In comparison, Sohtome et al. 

reported a 50-fold increase in reaction rate compared to the uncatalysed reaction for the bis-

thiourea catalysed MBH reaction of cyclohexenone with benzaldehyde.147 

 

Table 2.24: Catalysis of Baylis-Hillman reaction of benzaldehyde and methyl acrylate using 157 &  158 as H-
bond donating organocatalysts. 

 
Receptor Yield [%]a kobs x 10-2 [h-1]b krel 

Uncatalysed 34 0.82 1 

157 66 5.9 7.2 

158c 79c 4.5 5.5 
aReagents and conditions: benzaldehyde (1 equiv), DABCO (1 equiv), methyl acrylate (3 equiv), catalyst 12 or 
13 (20 mol%), r.t., 20 h. Isolated yields unless otherwise stated bInitial rates, 10 equiv methyl acrylate used; (E)-
stilbene used as an internal standard for 1H NMR spectroscopy. cYield determined from HPLC calibration curve. 
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Figure 2.34: Kinetic plots and least square fits of –Ln[PhCHO] vs time for 157 & 158 catalysed Baylis-Hillman 
reaction of benzaldehyde with methyl acrylate. The uncatalysed reaction is also shown. 
 

Due to the previously observed high proclivity of 157 for acetate anions even in a highly polar 

DMSO-d6 environment, it was possible that it could bind and stabilise the anionic reaction 

intermediates to such an extent that they became less reactive and inhibited the catalytic cycle, 

thus a lower yield than expected based on kinetic data was observed. In addition, product 

binding may lead to inhibition of the reaction. It is possible that due to the higher acidity of 

158 and given its tendency for proton transfer in the presence of AcO- or BzO-, it may have 

acted as an anion receptor binding to and stabilising the intermediates while also aiding proton 

transfer by acting as a proton shuttle, thereby enhancing this important step.  

 

In the case of 158, the 79% yield determined by HPLC represented the highest catalytic yield 

of all receptors tested. However, due to formation of multiple side products and/or catalyst 

degradation, purification proved difficult. A number of conditions were screened for their 

effects on side-product formation. The use of alternative bases, aldehydes or Michael 

acceptors and reduced reaction temperatures gave no decrease in side product formation. A 

stability study on a solution of 158 both in the presence and absence of DABCO in CD3CN 

showed no catalyst degradation at ambient temperature after 20 hours. Therefore the 

additional peaks may have been due to catalyst degradation under the conditions of the MBH 

reaction. 
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2.11.1 Investigation into Catalytic Mechanism 

To investigate the binding properties of 158 to the MBH reactants and adduct, a 1H NMR 

spectroscopic binding study was conducted in CD3CN (Table 2.25). Addition of 1 equivalent 

of benzaldehyde to a solution of 158 in CD3CN produced downfield migrations of 0.036 and 

0.084 ppm for the thiourea N-Ha and N-Hb protons respectively while a change of 0.050 ppm 

occurred for the amide N-H. The H-2’’ and H-2’ protons were also moderately shifted 

downfield with changes of 0.008 and 0.002 ppm respectively. The thiourea N-Ha, N-Hb and 

amide N-H signals broadened and shifted significantly downfield upon addition of 1 

equivalent of methyl acrylate with chemical shift changes of 0.47, 0.31 & 0.26 ppm 

respectively. The H-2’’ and H-2 signals were also shifted downfield by 0.021 and 0.01 ppm 

respectively.  

 

Addition of 1 equivalent of methyl acrylate imparted the largest downfield chemical shift 

change to the amide N-H group which migrated 0.038 ppm downfield. Overall, these results 

suggest strong binding between 158 and methyl acrylate with significantly weaker binding to 

benzaldehyde and 155. From these results, it is possible to suggest that 158 may impart 

several effects. Methyl acrylate binding and activation could occur at the thiourea N-H group. 

Upon reaction with DABCO, thiourea N-H protons may bind to the betaine group while the 

amide N-H may bind and activate benzaldehyde, thus positioning these molecules in close 

proximity. 

 
Table 2.25: Binding study of 158 with reactants and MBH product monitored by 1H NMR spectroscopy. 

 ∆δ (N-Hb)  ∆δ (N-Ha) ∆δ  (Amide  

N-H) 

∆δ (H-2’) ∆δ (H-2’’) ∆δ (H-2) 

158 + benzaldehyde 0.036 0.0837 0.0499 0.001 0.0077 0.0018 

158 + methyl acrylate 0.3299b 0.4724b 0.2639b 0.001 0.021 0.009 

158 + MBH adduct 155 0.0134 0.0285 0.0382 0 0.0038 0.0021 

158 + acetate -c -c -c 0.041 0.3248 0.1709 
aAll analyses were conducted using 10 mM of 158 in CD3CN with addition of 1 equivalent of each 
reactant/product. bBroad peak. csignal disappeared. 
 

Therefore, a dual catalytic system is proposed for 158 (Scheme 2.18) via the simultaneous 

coordination of the betaine intermediate and benzaldehyde to the N-H groups of 158. This 

may stabilise the betaine intermediate A, promoting its formation and also position it in close 
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proximity to the electrophilic aldehyde. Following the nucleophilic addition of the betaine to 

the aldehyde, the resulting Zwitterionic intermediate B is also expected to bind to the catalyst, 

causing carbonyl activation and rapid elimination of the tertiary amine catalyst in a similar 

mechanism to that described by Sohtome for their chiral bis-thiourea catalyst.164  

  

An alternative catalytic activity model may be linked to the apparent proton transfer potential 

of 158. As suggested in the 1H NMR spectroscopic binding studies, 158 may undergo proton 

transfer in the presence of AcO- or BzO-. It may also be considered that intermediate B2 

generated following addition of the enolate to the aldehyde interacts with the thiourea N-H 

protons, thus facilitating formation of a six-membered cyclic transition state which could aid 

in the rate-limiting proton transfer step acting as a proton shuttle (Scheme 2.18).164 

 
Scheme 2.18: Two proposed modes of action of 158 in the DABCO promoted MBH reaction of benzaldehyde 
with methyl acrylate. 
 



119 

 

2.12   Conclusions 

The aim of this work was to synthesise a series of acidic monofunctional and bifunctional 

amide receptors and test their ability to act as anion receptors. It was envisaged that a study of 

the anion binding performance of these receptors would give a good indication of their 

catalytic activity in reactions possessing anionic transition states. Therefore, this method was 

used as an alternative approach to the synthesis of reaction transition state analogues in order 

to probe the catalytic activity a series of receptors.  

 

The anion binding properties of a number of isophthalamide receptors and a hybrid amide/N-

acylsulfonamide were assessed for Br-, Cl-, AcO- and BzO- through 1H NMR spectroscopic 

titration in CD3CN. In general, increasing acidity resulted in stronger binding while in the case 

of some of the more acidic receptors, proton transfer effects were observed with basic 

oxyanions. In a number of cases, Kass values in excess of 104 M-1 were obtained and these 

systems were re-analysed in the more polar DMSO-d6. In this environment, the acidic 

receptors appeared to possess a degree of selectivity for acetate, which may indicate the 

successful coordination of similar species in the highly polar MBH reaction conditions where 

an excess of methyl acrylate was used. Proton transfer effects were also noted in DMSO-d6 

but appeared less pronounced compared to those in CD3CN. 

 

The catalytic properties of 145-151 were studied in the DABCO promoted MBH reaction of 

benzaldehyde with methyl acrylate and yield and initial rate constant enhancements were 

observed with yields of up to 76% and up to a 3.9-fold increase in initial rate constant for 

receptor 151. This catalyst was also successful for a number of alternative MBH substrates 

and could be conveniently recycled three times with insignificant loss of catalytic activity. 

There was correlation between reaction yield and acetate Kass for receptors 145, 146 & 147, 

this relationship was more difficult to directly assess for the more acidic receptors due to 

proton transfer effects. However, this relationship may not be accurate due to the significant 

differences between the pKa values of the anions studied and the likely pKa values of the 

MBH reaction intermediates. In the case of the acidic receptors 149 & 151, binding events and 

proton transfer effects were apparent, offering key mechanistic insights.  
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Based on the success of 145-151, bifunctional 157 & 158 incorporating urea or thiourea 

groups were synthesised, tested for their anion binding properties through 1H NMR 

spectroscopic titration in both CD3CN and DMSO-d6. For 157, very strong binding was 

observed to Cl-, AcO- and BzO- and as a result, binding titrations were repeated in DMSO-d6. 

In this medium, 157 displayed a remarkable level of selectivity for AcO- however when this 

receptor was studied for its catalytic properties, high initial reaction rates but disappointing 

yields were obtained.  

 

Receptor 158 underwent strong halide binding and proton transfer phenomena by AcO- and 

BzO- in CD3CN and DMSO-d6 and when tested as an organocatalyst, produced a high yield of 

79%. Based on previous literature investigations into the MBH reaction mechanism, a 

rationale for the high catalytic of 151 and 158 was proposed involving anion binding and 

proton transfer and shuttling effects. Overall, this work showed that a cooperative view can be 

taken between the ability of a receptor to bind anions and to act as an organocatalyst while the 

anion binding properties can be used to predict catalytic activity and as a mechanistic probe. 
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Proline and Proline Derivatives as Organocatalysts in the Direct 

Asymmetric Aldol Reaction 
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3.1 Introduction 

Chapter 1 and 2 detailed the design and testing of a number of compounds with dual 

applicability to bind anions and act as organocatalysts, investigating the relationship between 

the anion binding ability of a H-bond donating receptor and its efficiency as a H-bond 

donating organocatalyst. The work reported in this Chapter and in Chapter 4 details the design 

and application of chiral iminium-based H-bond donating organocatalysts in synthetic organic 

reactions. In the design of chiral H-bonding organocatalysts based on molecular recongition, a 

number of factors must be considered including the structure of the reaction transition states 

and intermediates and how catalytic activity and enantioselective induction could be achieved 

using chiral organocatalysts.  

 

This Chapter in particular contains a review of literature surrounding proline and proline 

derived organocatalysts in the stereoselective intermolecular aldol reaction of ketones with 

aldehydes and ketones with ketones. The various design techniques which have been applied 

to proline and proline based derivatives will be reviewed for their effect on the yield and 

enantioselectivity. Common modifications reported include incorporation of various H-bond 

donating functional groups, use of bis-substituted and bifunctional catalysts, use of various 

additives including acids and water and also the use of a range of reaction solvents. For 

consistency purposes and also to enable direct comparison of catalytic performance, two 

reactions which are most often used to examine the catalytic performance of new 

organocatalysts will be considered. These are the reactions of acetone with 4-

nitrobenzaldehyde and also cyclohexanone with 4-nitrobenzaldehyde while other substrates 

will also be referred to but not dealt with in as much detail due to the breadth of the subject 

area. Additionally, the successful application of proline catalysts in intermolecular aldol 

reaction towards the synthesis of oxindole biological targets will be considered. 

 

3.2 Aldol Reaction 

The aldol reaction involves the reaction of an enolisable carbonyl compound (pro-nucleophile) 

with another carbonyl compound (an electrophile) or also possibly with itself to produce a β-

hydroxy carbonyl compound. Frequently, the product undergoes dehydration to produce an 
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α,β-unsaturated carbonyl compound in an overall reaction known as an aldol condensation. 

The aldol reaction was first described by Kane et al. in 1838,217 and later reported by Wurtz et 

al. in 1872.218 It is extremely useful reaction due to the formation of new C-C bonds along 

with the potential generation of a new chiral centre (Scheme 3.1). 

 
Scheme 3.1: General scheme showing the direct intermolecular asymmetric aldol reaction 
 

A number of biochemical systems, e.g. aldolase enzymes219 and catalytic antibodies220 have 

been reported to enantioselectively catalyse aldol reactions.221 The aldol reaction is effected in 

biological systems using either aldolase I or aldolase II enzymes (Scheme 3.2). Type I 

aldolases are found in animals and plants and operate through an enamine mechanism. The 

enzyme A activates the donor by forming a Schiff base enamine intermediate B at the active 

site. This activated donor adds stereoselectively to the acceptor electrophile to give an 

iminium adduct C. Subsequent hydrolysis releases the substrate from the enzyme. Type II 

aldolases are generally found in bacteria and fungi and contain a Zn2+ cofactor at the active 

site which activates the aldol donor. This activation has the effect of acidifying the α-proton, 

allowing a zinc enolate to form B2. Hydrogen bonding to the carbonyl of the acceptor 

activates it towards attack from the enolate and subsequent protonation and decomplexation 

releases the aldol product (Scheme 3.2). 

 

The promotion of the aldol reaction has also been achieved using organocatalysts, a process 

which does not suffer the drawback of limited substrate scope commonly observed in 

enzymatic systems. Chemists have focused on the development of small molecule catalysts 

which mirror the aldolase enzymes in terms of catalytic activity and selectivity and surpass 

them in terms of substrate scope. The vast majority of organocatalysts function in a similar 

way to type I aldolases (enamine mechanism), confirming the success that can be achieved 

using natural systems as a starting point for catalyst design. 
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Scheme 3.2: Mechanism of type I and type II aldolases for aldol reaction.222 
 

3.3 Development of Proline as Organocatalyst for Al dol Reaction 

In the early 1970s, the first organocatalytic enantioselective aldol reaction was reported 

simultaneously by two separate industrial research groups, the group of Hajos and Parrish at 

Hoffman-La-Roche and Eder, Sauer and Wiechert at Schering AG.106,107 The amino acid 

proline was used to catalyse an intramolecular asymmetric aldol cyclization reaction 

(Robinson-type annulation) of a triketone to give a chiral bicyclic enone (Scheme 3.3). Both 

groups found that the yield and enantioselectivity was improved using (S)-proline as catalyst 

and this method was later used to enantioselectively synthesise useful intermediates of 

progesterone and other steroids.223,224 



125 

 

 
Scheme 3.3: Proline catalysed Robinson annulations reported by groups at Hoffman-La-Roche and Schering 
AG.106,107 
 

Despite this early 1970’s breakthrough, it was approximately 25 years before the full potential 

of this reaction was examined. In 2003, List et al. reported 6-enolexo aldolisations using (S)-

proline as a catalyst with a number of dialdehydes to give trans-1,2-disubstituted 

cyclohexanes in high yield, enantio and diastereoselectivity (Scheme 3.4a).225,226 The 

mechanism of action of (S)-proline was explained by transition state models for enolendo and 

enolexo aldolization reactions (Scheme 3.4b & c), thus providing a highly selective route to 

the intramolecular aldol adducts.  

 
Scheme 3.4: (a) Intermolecular aldol reaction conducted by List et al.225 (b) Proposed transition state for 
enolendo aldolization similar to that conducted by industrial groups at Hoffman-La-Roche and Schering.106,107 (c) 
Proposed transition state for enolexo aldolization conducted by List et al.225 
 

Proline has been applied as an organocatalyst for a multitude of reactions due to its low cost, 

availability in both enantiomeric forms and it because it boasts a carboxyl group and an amino 

group which may act as an acid or base similar to many enzymatic systems. Examples of 

successful proline-catalysed reactions include the intramolecular and intermolecular aldol 

reaction, Mannich reaction, Michael reaction and Baylis-Hillman reaction.227 The remainder 

of this literature review details the use of proline and pyrrolidine based secondary amine 

(a) 

(b) 

(c) 
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catalysts in the enantioselective intermolecular ketone:aldehyde aldol reaction. It will focus on 

variation of catalyst structure and detail developments of a range of structural motifs based 

around the pyrrolidine ring including an analysis of the advantages of each variation. The 

effects of reaction conditions such as temperatures, additives and solvents will also be 

considered. Finally, a general overview of the ketone:ketone aldol reaction will be presented 

followed by a more detailed analysis of the synthesis of oxindole natural products through 

ketone:ketone aldol reactions involving isatin derivatives.  

 

3.4 Intermolecular Ketone:Aldehyde Aldol Reactions 

3.4.1 (S)-Proline as an Aldol Organocatalyst 

There are many reports of the use of (S)-proline as a catalyst in the intermolecular aldol 

reaction of ketones with aldehydes.228 In 2000, using the activity of class I aldolase enzymes 

as a model system, List et al. reported the first intermolecular proline catalysed direct aldol 

reaction (Scheme 3.5a).118 They obtained high ee values for the reaction of aliphatic and 

branched aldehydes with ketones; unbranched aldehydes gave low yields and ee values. In all 

cases, a large excess of ketone was used to minimize side reactions such as aldehyde self-

condensation or oxazolidinone formation 161 from reaction of proline with the aldehyde. Both 

the pyrrolidine ring and carboxylate motifs were essential for efficient reaction catalysis and 

they later synthesised (S)-ipsenol 162, a sex pheromone of the bark beetle (Scheme 3.5b).229 

 
Scheme 3.5: (a) Most successful aldol reaction of isobutyraldehyde with acetone catalysed by (S)-proline 
conducted by List et al.118 (b) Later synthesis of (S)-ipsenol which used (S)-proline as a major catalyst as part of 
the the synthetic route.229   
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Later, List et al. successfully applied hydroxyacetone as a donor in the proline catalysed direct 

aldol reaction using similar conditions.230 This reaction was subsequently adapted by Peng et 

al. for the synthesis of brassinolide 163, a steroidal plant growth inhibitor.231 

 
Scheme 3.6: Reaction of hydroxyacetone with cyclohexanecarboxaldehyde catalysed by (S)-proline studied by 
List et al.230 This reaction was later modified to synthesise brassinolide 163 by Peng et al. in 2003.231 
 

In 2001, Barbas et al. used proline as a catalyst in the reaction of a number of cyclic and 

acyclic ketones with aliphatic and aromatic aldehydes and obtained aldol products with high 

regio-, diastereo- and enantioselectivities in many cases.232 Initially, they tested the reaction of 

acetone with 4-nitrobenzaldehyde using a number of amino acid catalysts (Scheme 3.7). The 

results showed the necessity of a five-membered cyclic secondary amine structure and an 

acidic proton in the catalyst structure. The 5,5-dimethyl thiazolidinium-4-carboxylate 

(DMTC) catalyst 164 gave product in 86% ee and 66% yield; 10% higher ee when compared 

to proline. Reaction with varying ketone donors and aliphatic and aromatic aldehydes showed 

that (S)-proline and catalyst 164 had similar activities. It was proposed that the formation of 

the kinetic enamine was rate limiting resulting in the exclusive formation of the linear product.  

 
Scheme 3.7: Reaction of 4-nitrobenzaldehyde with acetone catalysed by amino acids reported by Barbas et al.232 
with most successful catalyst 164 also shown. 
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Casas et al. extended the scope of the (S)-proline catalysed aldol reaction to cyclic ketones.233 

They obtained aldol products in moderate yields but high enantioselectivity of 95-99% in the 

reaction of cyclic ketones with formaledehyde (Scheme 3.8).  

 
Scheme 3.8: Reaction of formaldehyde with cyclic ketones catalysed by (S)-proline. 233 
 

In 2006, Pihko et al. investigated the effects of various additives to the proline catalysed 

ketone:aldehyde aldol reaction and found the reactions were tolerant to low levels of tertiary 

amine bases or weak acids but not to strong acids.234 Water as an additive had a positive effect 

on reactions where a stoichiometric ratio of ketone to aldehyde was used. The reaction of a 

number of ketones e.g. 4-thianone with a range of aldehydes gave high yields and excellent 

enantio- and diastereoselectivities using these additives (Scheme 3.9). 

R Yield Anti:syn ee 

Ph 60 >20:1 98 

i-Pr 50 15:1 95 

4-NO2Ph 45 20:1 99 

Scheme 3.9: Reaction of thianone with aldehydes giving products in high diastereo and enantioselectivities 
studied by Pihko et al.234 
 

3.4.2 Mechanism of the Proline Catalysed Intermolec ular Aldol Reaction 

Based on type I aldolase enzyme (Scheme 3.2), List et al. proposed a similar mechanism for 

the proline catalysed aldol reaction in 2000 (Scheme 3.10) basing their proposal presented in 

earlier findings which successfully demonstrated the use of Aldolase Antibody 38C2 in aldol 

cyclodehydrations. The reaction is proposed to be initialized with the rate determining 

formation of the enamine A. H-bonding of the aldehyde to the catalyst carboxylic acid group 

is proposed to make it more susceptible to nucleophilic attack of the enamine, producing 

intermediate B. This nucleophilic addition step is expected to possess high enantiofacial 

selectivity due to a hydrogen bonded network. Hydrolysis of the iminium ion C releases the 

aldol product and the catalyst. The addition step in the mechanism to form B is proposed to 

have a similar activation energy barrier as the enamine formation step and therefore, in certain 
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instances, this addition can be the rate-determining-step (RDS).235 Blackmond et al. conducted 

a kinetic study on the aldol reaction of 2-chlorobenzaldehyde with acetone, verified the 

enamine mechanism of List and proposed that the RDS was the addition of the enamine to the 

aldehyde.236 Additionally, List et al. obtained crystal structures for proline ketone derived 

enamines, supporting this mechanism.237 

 
Scheme 3.10: Mechanism of the aldol reaction of acetone and aldehydes as proposed by List et al.118  
 

In 2007, an alternative mechanism was proposed by Seebach et al. (Scheme 3.11).238 This 

work proposed that two oxazolidinones, previously considered to be side-products, are 

involved in the catalytic cycle. The mechanism is proposed to begin by formation of the 

oxazolidinone A through condensation of proline with the aldol donor. This is followed by a 

proposed  regioselective formation of enamine B either by E2 elimination or through a 2-step 

iminium formation and intramolecular proton transfer process. Enamine B is then suggested to 

undergo a trans-addition to an electrophile to generate oxazolidinone C and hydrolysis of C is 

expected to produce the aldol product. In contrast to the List-Houk model, the key activation 

step is a γ-lactonization step and not activation of the aldol acceptor by H-bonding to the 

catalyst. This mechanism has not been widely accepted due to a number of questions 

surrounding it, mainly based on facial selectivity and mode of action for catalysts which do 

not possess free carboxylic acid groups for oxazolidinone formation. 
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Scheme 3.11: Mechanism of aldol reaction as proposed by Seebach et al.238 
 

In 2007, Armstrong et al. conducted kinetic and spectroscopic studies of the proline catalysed 

reaction of 2-chlorobenzaldehyde with acetone and proposed that water has two conflicting 

roles.239 It is proposed to suppress the aldol reaction rate by shifting the equilibrium from B 

back towards enamine A while it simultaneously increases the total catalyst concentration 

within the reaction cycle due to suppression of off-cycle processes such as oxazolidinone 

formation (Scheme 3.12). In the absence of water, deactivation due to oxazolidinone 

formation was thought to be more pronounced, resulting in a lower yield than expected for a 

given concentration of proline. 

 
Scheme 3.12: Armstrong’s proposed catalytic cycle for proline catalysed aldol reaction in the presence of 
water.239 
 

In 2011, Penhoat et al. considered that addition of a Lewis acid into a proline catalysed aldol 

reaction in the presence of water without pre-mixing of reagents would create a dual catalytic 
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system; analogous to class II aldolases with a zinc co-factor and also by enamine activation 

through the proline moiety similar to class I aldolases.240 Water compatible Lewis acids such 

as ZnCl2, FeCl3, HgCl2 and CuCl2 were studied in the reaction of cyclohexanone and 4-

nitrobenzaldehyde (Scheme 3.13). In many cases, a reduction in side products such as 1-

oxapyrrolylzidine 165, higher ee values and enhanced diastereoselectivites were observed. 

The optimum proline: ZnCl2 ratio was 2:1 and the authors postulated a zinc catalytic complex 

as shown in Scheme 3.13. A substrate study showed significant yield and enantioselectivity 

enhancements; one key example was a 77% improvement in ee using the zinc additive in the 

reaction of benzaldehyde with cyclohexanone. 

 
Scheme 3.13: Reaction of cyclohexanone with 4-nitrobenzaldehyde catalysed by a mixture of (S)-proline and 
ZnCl2 Lewis acid additive reported by Penhoat et al.240 
 

3.4.3 Substituted Proline Catalysts 

The use of proline as a chiral catalyst for the aldol reaction was quite a milestone for 

organocatalysis, however it had some limitations including the formation of by-products 

leading to diminished yields in some cases e.g. self condensation of the aldehyde and 

formation of an oxazolidinone byproduct as mentioned in the previous section.241 

Additionally, often an excess of ketone is required to prevent aldehyde dimerization, minimize 

side-reactions and push equilibrium towards product but this is a significant disadvantage 

when using of larger, non-volatile ketones. In many cases, a high catalyst loading of 10-30 

mol% is necessary and the poor solubility of proline in organic solvents proved troublesome 

often leading to extended reaction times. These disadvantages have resulted in a number of 

substituted proline derivatives being investigated. Common structural modifications include 

increasing the hydrophobicity thereby improving organic solvent solubility, substitution of the 
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carboxylic acid group for other H-bond donating functionalties and incorporation of additional 

stereocentres and bulky groups to the pyrrolidine ring to enhance enantioselectivity. Initially, 

pyrrolidine ring substituted proline derivatives will be discussed followed by other carboxyl 

derivatives. 

 

3.4.4 Pyrrolidine Ring-Substituted Proline Derivati ves 

Ring-substituted proline derivatives include hydroxyproline and its derivatives, substituted 

with more bulky groups such as phenoxy and silyloxy groups (Figure 3.1). Incorporation of a 

hydroxyl group at the 4-position of the pyrrolidine ring provides an additional chiral non-

covalent binding site which may exist in the cis or trans configuration with respect to the 

carboxyl group. This moiety may H-bond to the substrate or transition states, thereby 

enhancing reaction rates and influencing the stereochemistry of the reaction. Use of a 

hydrophobic silyloxy or phenoxy groups may sequester aldol transition states from water, 

resulting in enhanced catalyst solubility in the organic reactants. Furthermore, the oxygen 

atom of these derivatives may H-bond to the substrate, enhancing reaction rate. Pyrrolidine 

ring-substituted proline catalysts will now be discussed and their activity compared for the 

reaction of 4-nitrobenzaldehyde with acetone with the details summarised in Scheme 3.14 and 

Table 3.1.  

 
Figure 3.1: General structure of a pyrrolidine ring substituted catalyst showing potential points of interaction with 
substrates. 
 

The initial catalyst screen for the asymmetric aldol reaction of 4-nitrobenzaldehyde with 

acetone reported by List et al. found that trans-4-hydroxy-(S)-proline produced an 85% yield 

with 78% ee compared to the 68% yield and 76% ee for (S)-proline. (Scheme 3.14).118 The 

cis-diastereomer yielded the opposite enantiomer in 62% ee and lower yield and 62% ee while 

a number of other 4-substituted hydroxy proline derivatives proved inferior to (S)-proline 

(Scheme 3.14). 
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Scheme 3.14: Reaction of 4-nitrobenzaldehyde with acetone catalysed by4-substituted proline catalysts.118 
 

Other similar modifications to the pyrrolidine ring have resulted in improvements in yield, 

enantioselectivity, purification conditions and solubility. For example, Fache & Piva applied a 

polyfluorohydroxyproline catalyst 166 using benzenetrifluoride as solvent in the same 

reaction, allowing direct chromatographic purification producing 72% yield and 73% ee 

(entries 1 & 2, Table 3.1).242 Subsequently, Shen et al. incorporated a (β-

naphthalenyl)methoxy group into the structure to form (4R)-4-(β-naphthalenyl)methoxy-(S)-

proline 167 (entry 3, Table 3.1).243 The improved solubility allowed the reaction to occure in 

neat acetone, however low temperatures were necessary to obtain high ee values with 

moderate reaction yields. 

 

Table 3.1: Reaction of 4-nitrobenzaldehyde with acetone catalysed by 4-substituted proline catalysts. 

 
Entry Catalyst 

Loading 
(mol%) 

Temp 
(°C) Solvent Additive 

% 
Yield ee Config 

1242 
 

25 rt 
4:1 benzenetrifluoride: 

acetone; 48 h 
- 58 63 R 

2242 

166 
25 rt 

4:1 benzenetrifluoride: 
acetone; 24 h 

- 72 73 R 

3243 

167 

5 -25 Acetone - 41 86 R 

4244 

168 

10 rt DMF Et3N 71 90 R 

5245 

169 
10 rt Water (0.13 mL) Water 63 67 R 
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Kokotos and Bellis prepared and tested a number of proline deroved catalysts substituted at 

the 4-position and found much improved enantioselectivities using (2S,4R)-4-

camphorsulfonyloxyproline catalyst 168 as an alternative to proline. In addition, their catalysts 

could be used at lower catalyst loadings (entry 4, Table 3.1).244 In 2006, Hayashi et al. 

reported the aldol reaction of a number of aromatic aldehydes with ketones in the presence of 

water using 4-tert-butyldimethylsiloxyproline (entry 5, Table 3.1).245 The level of water had 

little effect on the reaction outcome; however, use of an organic solvent in combination with 

water caused a significant reduction in diastereoselectivity. The success of the siloxyproline 

catalyst under the optimum conditions was suggested to be linked to solubility causing it to 

form a distinct organic phase with the aldehyde and ketone reactants and catalyst loading was 

reduced to 1 mol% without loss of ee. The authors also studied the reaction of cyclohexanone 

with benzaldehyde using 169 and other similar catalysts and obtained moderate yields, high ee 

values and good diastereoselectivities of the anti-product in many cases (Scheme 3.15). The 

reaction with cyclohexanone produced higher enantioselectivities compared to the use of 

acetone as the aldol donor and this trend has also been observed for many proline 

derivatives.221 

 
Scheme 3.15: Aldol reaction of benzaldehyde with cyclohexanone using the silyl-protected proline derivative  in 
water without organic solvent reported by Hayashi et al. 245 
 

3.4.5 Prolinamide based Catalysts 

Further attempts to enhance the aldol reaction while avoiding the drawbacks of proline led to 

the development of N-acyl proline derivatives such as prolinamides (Figure 3.2). Initially, the 

simple primary prolinamide 170 failed to be a successful organocatalyst (Scheme 3.7),118 

however further research showed it along with other N-acyl substituents could be successfully 

applied in a vast array of aldol reactions.221 These derivatives allowed fine-tuning of catalytic 
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properties with improved activities and enantioselectivities compared to (S)-proline with up to 

99% ee reported in some cases.246 Prolinamides are easily prepared from proline by reaction 

with an appropriate amine and the amide NH group can be acidic enough to activate 

electrophiles. 

 
Figure 3.2: General structure of a prolinamide showing potential points of interaction with substrates. 
 

In 2007, Gong et al. found that one of the best performing chiral prolinamide catalyst to be the 

previously unsuccessful (S)-prolinamide in the aldol reaction of trifluoroacetaldehyde ethyl 

hemiacetal 171 with a range of ketones or aldehydes (Scheme 3.16a).247 (S)-prolinamide 170 

was found to induce diastereo- and enantioselectivity of up to 90:10 dr and 88% ee 

respectively, considerably better than (S)-proline (35% ee) or its methyl ester (13% ee). Dodda 

et al. used catalyst 170 in the  intermolecular aldol reaction of ketones and diethyl 

formylphosphonate to give the corresponding secondary α-hydroxyphosphonates (Scheme 

3.16b) with high enantio- and diastereoselectivities.248 

 
Scheme 3.16: (a) Reaction of trifluoroacetaldehyde ethyl hemiacetal 171 with cyclohexanone catalysed by 
primary prolinamide catalyst 170 studied by Gong et al.247 (b) Reaction of ketones with diethyl 
formylphosphonate undertaken by Dodda et al.248 
 

A variety of other prolinamide catalysts have been designed and applied in the intermolecular 

aldol reaction. This section will focus on the reaction of 4-nitrobenzaldehyde with acetone 

with a summary in Table 3.2 & Table 3.3. In 2003, Gong et al. successfully applied terminal 

hydroxyl bearing (S)-prolinamide derivatives such as catalyst 172 in this reaction.249 These 

catalysts were capable of a second H-bonding effect through the OH group and they observed 

increased yields and enantioselectivities (entry 1, Table 3.2). Temperature had a dramatic 
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effect on ee while a substrate scope study for a number of aldehydes gave good yields and 

high enantioselectivites in many cases. Further work by the Gong group in 2004 showed that 

catalyst efficiency was affected by the H-bonding abilities of the amide N-H with electron 

deficient N-aryl prolinamides more effective in the reaction than N-alkyl analogues (entry 2, 

Table 3.2). A substrate scope study of a number of aldehydes with acetone and 2-butanone 

gave good yields and enantioselectivities up to 93% and 99% ee respectively. 

 
Table 3.2: Reaction of 4-nitrobenzaldehyde with acetone catalysed by prolinamide catalysts 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) 

Solvent % 
Yield 

ee Config 

1249 

172 

20 25 Neat acetone 89 69 R 

20 -25 Neat acetone 66 93 R 

2250 
 

R = t-Bu 20 25 Neat acetone 55 15 R 

R = 4-
CF3Ph 

20 25 Neat acetone 88 45 R 

3251 

173 

20 0-4 
4:1 

acetone:water 
60 

56 
16a 

R 
R 

4252 

 

R = C6H11 20 rt Neat acetone 53 15 R 

R = COOEt 2 -25 Neat acetone 62 99 R 

5246 

 

R = Ph 5 -40 Neat acetone 78 85 R 

R = i-Bu 10 -40 Neat acetone 70 99 R 

anon-protonated catalyst gave 16% ee. 

 

In 2005 and also in a later report in 2006, Chimni et al. used a protonated chiral 

phenylethylamine prolinamide 173 for the aldol reaction in water (entry 3, Table 3.2).251,253  A 

transition state involving a 6-membered cyclic structure with activation and orientation of the 

aldehyde by the amide N-H was proposed (Figure 3.3a). The hydrophobic interaction of the 

aromatic groups of the catalyst and the aldehyde were deemed to have a considerable effect on 

the catalytic ability. The extra flexibility associated with a benzyl amine derived prolinamide 

175 catalyst afforded significantly higher activity compared to the more rigid aniline analogue 
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174, however a decrease in enantioselectivity of almost 50% was observed. The enhanced 

reactivity was ascribed to increased access to the catalytic enamine when substituted with an 

N-benzyl group compared to the more rigid N-phenyl substituted prolinamide (Figure 3.3b). 

Catalysts derived from alkyl amines with increasing chain lengths gave improved 

enantioselectivity with chain length due to increased hydrophobic interactions.  

 
Figure 3.3: (a) Proposed transition state for phenylethylamine derived prolinamide catalysed aldol reaction.251 (b) 
Diagram illustrating origin of reactivity and enantioselectivity differences between aniline and benzyl amine 
derived prolinamide catalysts in aldol reaction.253   
 

In 2005, the Gong group found that more acidic prolinamide catalysts provided enhanced 

reactivity and enantioselectivity compared to less acidic analogues.252 The (R)-configuration 

of the α- and β-carbons of catalysts with electron withdrawing ester groups was found to be 

optimal for generation of high enantioselectivity (entry 4, Table 3.2). A substrate scope study 

found that the reaction of a number of aldehydes with acetone and butanone produced high 

yield and enantioselectivities up to 99% in favour of the (R)-enantiomer of α-hydroxyketone 

product. For cyclic ketones, they found both high enantio- and diastereoselectivity for the 

anti-aldol product. Mechanistic studies through DFT calculations suggested aldehyde 

activation through H-bonding to both the amide N-H and hydroxyl protons in a cooperative 

system (Figure 3.4). 

 
Figure 3.4: Proposed transition states for aldol reactions catalysed by prolinamides with a terminal OH group.252 
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Singh et al. also reported a number of aminoalcohol catalysts incorporating a gem-diphenyl 

group at the β-carbon in the reaction of acetone with aliphatic and aromatic aldehydes.246 They 

obtained excellent enantioselectivities up to 99% using 5-10 mol% of catalyst (entry 5, Table 

3.2) and a transition state based on DFT calculations was used to explain the enantioselectivity 

(Figure 3.5). The aldehyde was proposed to form H-bonds to the OH and NH groups of the 

catalyst which favoured reaction at the re face (A) The si face was unfavoured due to steric 

interactions between the alkyl or aryl portion of the aldehyde and the catalyst OH group (B). 

The gem-diphenyl group restricted the conformation, increased the H-bond donor capabilities 

of the OH group and improved solubility. 

 
Figure 3.5: The proposed origin of enantioselectivity due to repulsion of the aldehyde with the catalyst bulky 
group is shown in the unfavoured transition state.246 
 

Zhou et al. reported a highly active prolinamide spiro-derivative 176 that could be used at 1 

mol% loading and in a short reaction time of 4.5 hours at -25°C. Product was obtained in good 

yield but moderate enantioselectivity (entry 1, Table 3.3).254 They also applied this catalyst to 

the reaction of a number of aliphatic and aromatic aldehydes with acetone and obtained 

product in up to 87% yield and 76% ee.  

 

In 2007, Lattanzi et al. synthesised catalyst 177 comprising a prolinamide group with a 

binaphthyl ring system possessing axial chirality.255,256 The most efficient catalyst reported 

incorporated (S)-NOBIN (2-amino-2’-hydroxy-1,1’-binaphthyl) ligands as the amide portion 

(entry 2, Table 3.3) used with 1.1 equiv water in 200 µL dioxane. They suggested that the 

amide N-H and OH of NOBIN activate the electrophile by H-bonding and the new bond is 

formed by attack of the enamine from its Re face onto the Re face of the aldehyde similar to 

that previously reported by Gong et al.249  
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In 2008, Xiao et al. reported the successful catalyst 178 based on the combination of proline 

with cinchona alkaloids providing a large chiral backbone and one tertiary quinuclidine 

nitrogen which could form an ion pair with acid additive and in turn act as a H-bond donor.257 

The optimum system involved using acetic acid or perchloric acid as additive in a ratio of 2:1 

acid: catalyst (entry 3, Table 3.3). The scope of the catalyst was extended to aliphatic and 

aromatic aldehydes with acetone and 2-butanone.  

 

Table 3.3: Reaction of 4-nitrobenzaldehyde with acetone catalysed by prolinamide catalysts. 

 

Entry Catalyst Loading 
(mol%) 

Temp 
(°C) Solvent Additive % 

Yield ee Config 

1258 

176 

1 -25 
Neat 

acetone 
- 82 55 R 

2255,25

6 

177 

5 4 
200 µL 
dioxane 

1.1 equiv 
H2O 

77 80 R 

3257 

178 

10 -30 
Neat 

acetone 
20 mol% 
AcOH 

85 90 R 

4258 

179 

10 -15 
Neat 

acetone 
- 40 64 R 

5259 

180 

20 rt HMPA 
30 equiv 

H2O 
90 85 R 

6260 

 

R = C6F5 
181 

20 3 DMF 
10 mol% 

TFA 
80 90 R 

R = 3,5-
(NO2)2C6H3 

182 
20 3 DMF 

10 mol% 
TFA 

78 72 R 

  

In 2008, Schwab et al. studied the performance of cysteine-derived prolinamide catalysts.258 

The presence of a gem-diphenyl group was necessary for high enantioselectivity while 

temperature and solvent also played significant roles. The most successful gem-diphenyl 

cysteine catalyst 179 gave moderate yield and enantioselectivity in the reaction of 4-
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nitrobenzaldehyde with acetone (entry 4, Table 3.3) and produced good yields and 

enantioselectivies of 82-94% in a substrate scope study of acetone with aldehydes.  

 

A number of authors subsequently reported successful prolinamide based catalysts bearing 

electron withdrawing phenyl groups, highlighting the relationship between catalyst N-H 

acidity and enantioselectivity. Shirai et al. studied the electronic properties of prolinamide 

catalysts and found catalyst 180 which possessed NO2 groups at the 2-, 4- & 6-positions of the 

N-aryl ring to be optimal in HMPA (hexamethylphosphoramide) solvent in the presence of 

H2O (entry 5, Table 3.3).259 It should be noted that they obtained a similar level of success for 

a perflouorophenyl prolinamide analogue. In 2009, Moorthy et al. found this latter 

perflouorophenyl prolinamide 181 to be optimal amongst a range of nitro- and methyl-

substituted aromatic prolinamides.260 In general, steric hindrance from the catalyst aryl ring 

reduced the product yield but successful enantioselectivity results for the sterically hindered 

3,5-dinitrophenyl substituted catalyst 182 confirmed that N-H acidity was a dominant effect. 

In many cases, enantio- and diastereoselectivites were in of the order of 90%, (entry 6, Table 

3.3). X-ray crystal analysis of catalyst 182 showed the 3,5-dinitrophenyl ring was almost co-

planar with the amide while the perfluorophenyl ring was twisted by approximately 76° in 

another plane. The enhanced flexibility of the latter catalyst 181 was proposed to allow more 

effective H-bonding of the electrophile and the amide N-H while weak C-H….F, π-π 

interactions between the catalyst and substrate were also proposed to aid the transition state 

structure. 

 

Many of the previously described prolinamide catalysts have also been applied in the 

enantioselective aldol reaction of 4-nitrobenzaldehyde with cyclohexanone. A summary of a 

number of previously discussed prolinamide catalysts which have been used for this reaction 

is given in Scheme 3.17. All catalysts favoured the anti-conformation with the (R)-

configuration at the C-C bond formation site. Of these examples, Moorthy’s perfluorophenyl 

prolinamide catalyst provided the best results with an 88% yield, 98:2 diastereomeric ratio 

(dr) of 98:2 in favour of anti-product in an 88% yield.260   
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Scheme 3.17: Enantioselective reaction of 4-nitrobenzaldehyde with cyclohexanone catalysed by prolinamide 
catalysts. 
  

3.4.6 Pyrrolidine Ring Substituted Prolinamides 

As described in a previous section, the scope and capabilities of proline as a catalyst have 

been extended by synthesizing pyrrolidine ring substituted derivatives including trans-

hydroxyprolines and this is also true of prolinamides (Figure 3.6). There has been significant 

reports of the use of hydroxy- and other pyrrolidine ring substituted derivatives of 

prolinamides for the aldol reaction and some of the more relevant ones will be discussed in 

this section. The use of pyrrolidine ring-substituted prolinamide catalysts in the reaction of 4-

nitrobenzaldehyde with acetone will be summarised in Table 3.4 while Table 3.5 summarises 

their use in the reaction of cyclohexanone with 4-nitrobenzaldehyde. 

 
Figure 3.6: General structure of a pyrrolidine ring-substituted prolinamide showing potential points of interaction 
with substrates. 
 

Gong et al. tested a number of pyrrolidine ring-substituted prolinamide catalysts in the aldol 

reaction using 1 mol% catalyst loading in water.261 For the reaction of acetone with 4-

nitrobenzaldehyde, they found trans-TBS ether pyrrolidine ring substituted amino alcohol 183 

containing a chiral diester group at the amide moiety to be optimal producing the aldol 
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product in good yield and 71% ee (entry 1, Table 3.4). Catalyst 183 was also applied in the 

reaction of cyclohexanone with 4-nitrobenzaldehyde and gave a higher yield, 94% ee and 99:1 

anti:syn (entry 1, Table 3.5). The reaction was found to occur under biphasic basic conditions 

with product enantioselectivity strongly influenced by the balance between the hydrophilic 

and hydrophobic nature of the catalyst and substrate. The electron withdrawing ester groups 

increased the H-bonding ability of the catalyst and also its hydrophilicity which was 

counteracted by the trans-hydrophobic siloxy group at the 4-position of the pyrrolidine ring.  

 

Table 3.4: Reaction of 4-nitrobenzaldehyde with acetone catalysed by pyrrolidine ring-substituted prolinamide 
catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) Solvent Additive % 

Yield ee Config 

1261 

183 
1 25 0.5 mL H2O - 85 71 R 

2262 

184 

10 rt 0.4 mL H2O 
10 mol% 

TFA 
90 80 R 

 

Fu et al. incorporated a phenoxy group at the 4-position of the pyrrolidine ring and additional 

hydroxyl group at the 2-position of the N-aryl ring coupled to the prolinamide moiety to create 

the successful catalyst 184 for the reaction of actone with 4-nitrobenzaldehyde (entry 2, Table 

3.4).262 They observed higher selectivity in the reaction of cyclohexanone with 4-

nitrobenzaldehyde which gave product in high yield, 94% ee and 99:1 dr in favour of the anti-

product (entry 2, Table 3.5). They proposed that the hydrophobic phenyl ring of the phenoxy 

group would exclude water from the transition states, improve solubility in organic solvents 

and bring the reactants closer together.263  
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Table 3.5: Reaction of 4-nitrobenzaldehyde with cyclohexanone catalysed by pyrrolidine ring-substituted 
prolinamide catalysts. 

 
Entry Catalyst Loading 

(mol%)  
Temp 
(°C) Solvent Additive Anti:syn 

% 
Yield ee Config 

1261 

183 

1 25 
0.2 mL 
H2O 

- >99:1 99 94 R 

2262 

184 

10 rt 
0.4 mL 
H2O 

10 mol% TFA 99:1 99 94 R 

3264 

185 

5 -10 
0.2 mL 

dry 
MeOH 

- 89:11 43 96 R 

4265 

186 

10 rt 
1 mL 
H2O 

10 mol% 
DBSA 

96:4 90 98 R 

 

In 2009, Takeshita et al. designed prolinamide catalyst 185 containing one covalent site 

(secondary amine for enamine formation) and 3 non-covalent binding sites; a hydroxyl group 

at the 4-position, amide N-H and terminal hydroxyl group (entry 3, Table 3.5).264 Despite the 

failure of the hydroxyl group at the 4-position to bind the substrate, the other extra non-

covalent sites were proven to have a significant catalytic effect, as observed from the reaction 

of cyclohexanone with 4-nitrobenzaldehyde using 2.5 mol% catalyst loading at -25°C (entry 

3, Table 3.5). They also applied their trans-4-hydroxy-2-prolinamide alcohol catalysts in the 

aldol reaction of aldehydes and cyclic and acyclic ketones producing up to 99% ee and high 

diastereoselectivites.  

 

Luo et al. used 4-substituted chiral prolinamide catalysts with surfactant Brønsted acids to 

form a colloidal dispersion in water, allowing the aldol reaction to proceed within micelles.265 

DBSA (p-dodecyl benzenesulfonic acid) along with chiral aminopyridine based prolinamide 

catalyst 186 were found to be optimal for the reaction of cyclohexanone with 4-

nitrobenzaldehyde in water (entry 4, Table 3.5). Varying catalytic properties from different 2-, 

3-, and 4- aminopyridine derived prolinamides were ascribed to pKa differences and spatial 
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effects. A substrate scope examining a number of 4-substituted cyclohexanone derivatives and 

aromatic aldehydes gave product in high yield, diastereo and enantioselectivities. 

 

3.4.7 Proline Thioamides 

Prolinethioamides share the same structural benefits with prolinamide catalysts, i.e. 

interactions from the (thio)amide N-H group, convenient structural modification, however, the 

thioamide group is potentially more efficient towards electrophile activation as a result of its 

increased acidity (Figure 3.7). A number of prolinethioamide catalysts will be discussed and 

summarised in Table 3.6 & Table 3.7 for the reaction of acetone and 4-nitrobenzaldehyde and 

cyclohexanone with 4-nitrobenzaldehyde respectively.  

 
Figure 3.7: General structure of prolinthioamide catalyst showing potential points of interaction with substrates.  
 

In 2006, Gryko and Lipinski in tested (S)-prolinethioamides with varying acidities and steric 

properties and also analysed a number of diastereomeric prolinethioamides derived from α-

phenyl amines.266 The latter catalysts proved optimal producing higher ee values than proline 

in the reaction of 4-nitrobenzaldehyde with acetone (entry 1, Table 3.6). Later, the same group 

found that prolinethiomide 187 in its TFA salt form gave improved efficiencies. A reduction 

in catalyst loading gave improved yields as a competing side reaction was minimized. They 

also observed that at the TFA salt of the successful prolinethioamide 187 catalyst was equally 

efficient in alternative solvents and neat acetone (entry 2, Table 3.6). The choice of acid was 

also investigated and it was found that salts derived from acids stronger than TFA led to 

recovery of starting material while highest yields were obtained from acids with pKa of 

approximately 1.3 (entry 3, Table 3.6). This catalyst was also successfully applied to the 

reaction of 4-nitrobenzaldehyde with cyclohexanone (entry 1, Table 3.7). The authors 

proposed a similar mechanism to proline through a metal-free Zimmerman-Traxler type 

transition state while it was proposed that the thioamide formed stronger H-bonds to the 

aldehyde compared to the acid of proline.  
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Table 3.6: Reaction of 4-nitrobenzaldehyde with acetone catalysed by prolinethioamide catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) 

Solvent Additive % 
Yield 

ee Config 

1266,267 
187 

20 4 
Neat 

acetone 
- 62 84 R 

10 4 
Neat 

acetone 
- 68 44 R 

2267 

187 

2.5 4 
Neat 

acetone 
TFA 81 94 R 

10 4 DMF TFA 71 96 R 
10 4 THF TFA 76 94 R 

3267 

187 

2.5 4 acetone F2CHCO2H 95 92 R 

2.5 4 acetone Cl2CHCO2H 99 93 R 

4268 

188 

0.2 0 water 
2 mol% 

PhCOOH 
92 95 R 

 

Using their most efficient catalyst 187, the same authors considered water as a solvent for the 

aldol reaction of cyclohexanone with 4-nitrobenzaldehyde and obtained 96% yield, 94% ee 

and 90:10 dr in favour of the anti product, an improvement over the reaction in neat 

cyclohexanone.269 Salts were found to increase the hydrophobic effect by electrostriction of 

water, decreasing the solubility of non-polar species and promoting their association. The use 

of salting-out brine allowed the reduction of ketone excess to 1.2 equiv without detrimentally 

affecting the yields and stereoselectivities (entry 2, Table 3.7).  

 

In 2010, Li et al. evaluated a number of prolinethioamide catalysts in aqueous reaction 

media.268,270 Their most efficient catalyst 188 was a prolinethioamide with a terminal hydroxyl 

group and was successfully applied to the reaction of acetone and also cyclohexanone with 4-

nitrobenzaldehyde with benzoic acid additive in water (entry 4, Table 3.6 & entry 3, Table 

3.7). The catalyst was proposed to create a hydrophobic pocket for the reaction while H-

bonding from the thioamide activated the electrophile.  
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Table 3.7: Reaction of 4-nitrobenzaldehyde with cyclohexanone catalysed by prolinethioamide catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) Solvent Additive Anti:syn 

% 
Yield ee Config 

1267 

187 

10 4 NMP TFA 95:5 88 90 R 

2269 

187 

5 rt 2 mL H2O - 95:5 96 94 R 

10 4 Neat ketone - 77:13 82 86 R 
5 rt 2 mL H2O Sat NaCl >95:5 90 92 R 

6268 

188 

0.2 0 water 
2 mol% 

PhCOOH 
97:3 90 97 R 

 

3.4.8 Bis-Prolinamide Catalysts 

An improvement of catalytic activity without sacrificing enantioselectivity of was observed by 

incorporation of an additional proline amide group into the catalyst structure. In particular, 

when the molecule consists of two prolinamide units linked through a chiral spacer, there 

exists potential opportunity for further improved enantioselectivities (Figure 3.8).  

 
Figure 3.8: General structure of bis-prolinamide catalyst showing potential points of interaction with substrates.  
 

A C2-symmetric bis-prolinamide catalyst 189 was reported by Zhao et al. in 2005 and used in 

the aldol reaction of 4-nitrobenzaldehyde with acetone (entry 1, Table 3.8).271 Their catalyst 

can be viewed as substitution of the hydroxyl group in Gong’s phenyl substituted amino 

alcohol catalyst (entry 1, Table 3.2) with an additional prolinamide moiety capable of strong 

H-bonding to the electrophile.  
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Table 3.8: Reaction of 4-nitrobenzaldehyde with acetone catalysed by bis-prolinamide catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) 

Solvent Additive % 
Yield 

ee Config 

1271 

189 

10 -35 
Anhydrous 

acetone 
- 88 98 R 

2272-

274 

190 

10 0 DMF:H2O 1:1 - 99 79 R 

10 -20 DMF:H2O 1:1 20 mol% PhCOOH 94 86 R 

5 0 2 equiv ketone 10 mol% PhCOOH 86 74 R 

3275 

191 

10 2 1:1 acetone: H2O 
20 mol% stearic 

acid 
100 58 R 

4276 

192 

10 -40 3 mL toluene 10 mol% AcOH 83 93 R 

 

In 2006, Najera et al. reported a C2-symmetric catalyst 190 derived from 1,1’-binaphthyl-2,2’-

diamine ((Sa)-BINAM) coupled to two (S)-prolinamide units for the reaction of 4-

nitrobenzaldehyde with acetone (entry 2, Table 3.8).272 They also studied a number of 

aldehyde and ketone substrates and obtained product in high yield up to 99%, good 

diastereoselectivity up to 10:1 dr and up to 96% ee (entry 2, Table 3.9). They later discovered 

that in general, the rate of reaction catalysed by 190 increased with decreasing pKa acid 

additive without loss of enantioselectivity (entry 2, Table 3.8).273 Substrate scope studies 

produced high yields up to 99% and enantio-, diastereo- and regioselectivitites were obtained 

(99% ee, 100% dr and >50:1) in reasonable reaction times using of benzoic acid additive 

(entry 2, Table 3.9). In 2008, Using ESI-MS, they found evidence that benzoic acid promoted 

the enamine formation at each proline sub-unit.274  
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Table 3.9: Reaction of 4-nitrobenzaldehyde with cyclohexanone catalysed by bis-prolinamide catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) Solvent Additive Anti:syn 

% 
Yield ee Config 

1 

 
189 

10 Rt CH2Cl2 - 97:3 78 93 R 

2272-

274 

190 

10 0 
DMF:H2O 

1:1 
- 10:1 98 93 R 

10 -20 
DMF:H2O 

1:1 
20 mol% 
PhCOOH 

99:1 99 97 R 

5 0 
2 equiv 
ketone 

10 mol% 
PhCOOH 

96:4 85 90 R 

3275 

 
191 

10 2 
0.8 mL 
H2O 

20 mol% 
stearic acid 

99:1 80 93 R 

4276 

 
192 

10 -40 
3 mL 

toluene 
10 mol% 
AcOH 

98:2 90 95 R 

 

Benaglia et al. later reported a number of binaphthyl catalysts including catalyst 191 for the 

aldol reaction of acetone (entry 3, Table 3.8) with cyclohexanone with 4-nitrobenzaldehyde 

(entry 3, Table 3.8) in water using stearic acid as additive.275 In general, the catalysts 

performed more successfully in water than in organic solvent due to proposed hydrophobic 

effects. In the same year, the Shi group also investigated BINAM derived catalysts in the aldol 

reaction.276 Using 10 mol% AcOH as additive, the reaction of 4-nitrobenzaldehyde with 

acetone produced high yields and up to 93% ee (entry 4, Table 3.8) while the reaction with 

cyclohexanone gave 90% yield, 95% ee and 98:2 dr (entry 4, Table 3.9). 

 

3.4.9 Bifunctional Prolinamide Catalysts 

Bifunctional prolinamide catalysts contain a prolinamide group and an additional functionality 

capable of H-bonding or interacting with the substrate or reaction transition states. Some 

examples have been mentioned earlier in Table 3.4 & Table 3.5 in the context of prolinamides 
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functionalised with a second hydroxyl group. The bis-prolinamides described in the previous 

section 3.4.8 are symmetrical while the catalysts detailed in this section are non-symmetrical 

in nature (Figure 3.9). Prolinamides containing an additional functionality which may also 

cooperatively interact with aldol reaction substrates are potentially advantageous in terms of 

yield and enantioselectivity; specific examples summarised in Table 3.10 & Table 3.11. 

 
Figure 3.9: General structure of Bifunctional prolinamide catalyst showing potential interaction with substrates 
 

Xiao et al. applied a number of unsymmetrical bisamide catalysts linked by a chiral 

cyclohexane ring.277,278 They observed a strong dependence on the ‘non-pyrrolidine’ amide N-

H pKa for efficient catalyst performance and used an electron withdrawing groups to enhance 

this in the reaction of acetone with 4-nitrobenzaldehyde in combination with 40 mol% AcOH 

(entry 1, Table 3.10).278 The bifunctional catalyst 193 combining an N-acyl-4-methylphenyl 

group with a prolinamide showed enhanced catalytic ability in the reaction using tetrahydro-

4H-pyran-4-one with substantially improved results compared use of (S)-proline.234 In 

addition, catalyst 193 efficiently catalysed the reaction of cyclohexanone with aromatic 

aldehydes (entry 1, Table 3.11). 

 

In 2006, Benaglia et al. used a bifunctional C1-symmetric binaphthyl amino derivative 194 in 

the reaction of 4-nitrobenzaldehyde with acetone giving product in 92% yield and 90% ee 

(entry 2, Table 3.10).279 Use of 3 equivalents water had a positive effect on both reaction yield 

and ee but had no effect on diastereoselectivity when cyclohexanone was used (entry 2, Table 

3.11). The Guillena group used a non-symmetric BINAM-(S)-prolinamide sulfonamide 

catalyst 195 in the aldol reaction of 4-nitrobenzaldehyde with acetone (entry 3, Table 3.10).280 

The sulfonamide N-H moiety was suggested to H-bond and activate the electrophile.198,199,281 

For the reaction of cyclohexanone with 4-nitrobenzaldehde, reactant conversion of 99% was 

observed with 98% ee and 99/1 dr using 5 mol% catalyst 195 under the optimal conditions at 

0°C (entry 3, Table 3.11). 
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Table 3.10: Reaction of 4-nitrobenzaldehyde with acetone catalysed by bifunctional prolinamide catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) 

Solvent Additive % 
Yield 

ee Config 

1278 

193 

20 -40 THF 
40 mol% 
AcOH 

57 77 R 

2279 

194 

10 -27 
5 mol equiv DMF in 

acetone 
- 92 90 R 

3280 

195 

5 0 Neat ketone 
5 mol% 

PhCOOH, 7 
equiv H2O 

88 86 R 

4282 

197 

1 Rt Brine 
1 mol% 

Dinitrophenol 
96 94 R 

5283 

198 

10 -20 Toluene 
4-

nitrobenzoic 
acid 

95 97 R 

 

A number of camphor containing prolinamide-thiourea catalysts were reported by Chen et al. 

in 2008.284 The optimum catalyst 196 with 20 mol% DBSA in H2O produced a high yield of 

95%, diastereoselectivity of 96/4 and 99% ee from the reaction of cyclohexanone with 4-

nitrobenzaldehyde (entry 4, Table 3.11). A substrate scope study with a number of 

arylaldehydes gave products in high diastero and enantioselectivities in most cases. The 

authors proposed that the reactants and catalysts were forced into close proximity due to 

hydrophobic interactions and H-bonding between the catalyst thiourea and amide protons with 

the aldol acceptor in the transition state allowing si enamine attack to the aldehyde carbonyl 

group. 
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Table 3.11: Reaction of 4-nitrobenzaldehyde with cyclohexanone catalysed by bifunctional prolinamide 
catalysts. 

 
Entry Catalyst Loading 

(mol%)  
Temp 
(°C) Solvent Additive Anti:syn 

% 
Yield ee Config 

1277 

193 

20 -25 
1:1 

CHCl3: 
ketone 

20 mol% 
AcOH 

96:4 89 92 R 

2279 

194 

10 -27 

3 mol 
equiv 

H2O in 
acetone 

- >98:2 91 95 R 

3280 

195 

5 0 
Neat 

ketone 

5 mol% 
PhCOOH, 7 
equiv H2O 

99:1 99 98 R 

4284 

196 

20 Rt 
1 mL 
H2O 

20 mol% 
DBSA 

96:4 95 99 R 

5282 

197 

1 Rt Brine 
1 mol% 

Dinitrophenol 
79:21 84 93 R 

6283 

198 

10 -20 Toluene 
4-nitrobenzoic 

acid 
97:3 100 99 R 

 

In 2009, Da et al. studied bifunctional prolinamide catalysts including catalyst 197 for the 

direct aldol reaction of ketones with aldehydes in brine.282 Reactions without acid additives or 

including additives with very low pKa values such as TFA and 2,4,6-trinitrophenol produced 

unsatisfactory enantioselectivies and yield; however 2,4-dinitrophenol was identified as the 

optimum additive. Replacement of water with brine as reaction solvent produced a 

considerable improvement in selectivity. The authors tested a range of arylaldehydes with 

cyclohexanone and acetone and obtained high enantio- and diastereoselectivities under the 

optimised conditions (entry 4, Table 3.10 & entry 5, Table 3.11). 
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They proposed a transition state model based on electrophile activation as a result of H-

bonding from the amide and tertiary ammonium salt (Figure 3.10). The enamine formed from 

the pyrrolidine with acetone was prosed to attack the aldehyde from its Re-face, producing an 

excess of the R-product.   

 
Figure 3.10: Proposed transition state showing binding of aldehyde to catalyst 197 studied by Da et al.282 
 

In 2011, Kokotos et al. reported a number of successful bifunctional prolinamides containing 

thiourea groups in the aldol reaction of acetone and cyclohexanone with 4-

nitrobenzaldehyde.283 Acid additives with medium acidity were found to be most successful to 

enhance the reaction with 4-nitrobenzoic acid being the optimal additive (entry 5, Table 3.10 

& entry 6, Table 3.11) while water as additive decreased reaction yields and 

stereoselectivities. A transition state model was proposed where the amide and thiourea 

groups formed H-bonds to the aldehyde influencing its reaction with the aldehyde leading to 

good enantioselectivities while a similar model was proposed in the presence of 4-

nitrobenzoic acid which was proposed to form H-bonds to the catalyst thiourea and 

electrophilic aldehyde (Figure 3.11). 

 
Figure 3.11: Proposed transition state models for thiourea-prolinamide catalysts.283 
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3.4.10 Proline-Derived N-acyl Sulfonamides 

The use of proline and prolinamide derivatives as organocatalysts has been extensive.228  The 

replacement of the hydroxyl group of (S)-proline with a sulfonamide has also been evaluated 

to generate catalysts of similar acidity to proline (Figure 3.12).199 The use of this group 

allowed substantial changes in catalyst pKa to be made without completely altering the 

backbone structure of the catalyst and also provided improved solubility compared to proline.  

 
Figure 3.12: General structure proline derived N-acyl sulfonamide proline amide catalysts showing potential sites 
of interaction with substrates. 
 

Berkessel et al. reported the first proline derived N-acyl sulfonamide organocatalyst in 2004 

and varied the steric and electronic effects of the N-sulfonyl group creatong catalysts 199 & 

200.198 They observed significantly improved results in the reaction of 4-nitrobenzaldehyde 

with acetone in polar aprotic DMSO (entries 1-2, Table 3.12). They explained the mechanism 

of action using a similar model to (S)-proline catalysis,241 where the acidic N-H proton forms 

H-bonds with the reactants. Improved shielding of one of the enantiopic faces of the aldehyde 

by the sulfonyl aryl ring and also possibly stronger H-bonding compared to proline was 

proposed to explain the superior enantioselectivity. 

 

In 2005, the Ley group used proline derived N-acylsulfonamide catalysts for the reaction of 

acetone and cyclohexanone with 4-nitrobenzaldehyde, observing dichloromethane to be the 

optimum solvent.199 A number of ketones were examined for their reaction with 4-

nitrobenzaldehyde using 20 mol% of N-acylsulfonamide catalysts and excellent 

enantioselectivities were observed, however, relatively poor anti:syn ratios were reported in 

the case of cyclic ketones (entry 3, Table 3.12 and entry 1, Table 3.13).199 These catalysts 

gave significantly improved results compared to (S)-proline. The low N-acyl sulfonamide N-H 

pKa was suggested to facilitate strong H-bonding of the N-H proton to the electrophile, 

producing a more tightly bound transition state and higher ee values.  
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Table 3.12: Reaction of 4-nitrobenzaldehyde with acetone catalysed by proline sulfonamide catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) 

Solvent Additive % 
Yield 

ee Config 

1198 

199 
10 Rt DMSO - 91 95 R 

2198 

200 
30 Rt DMSO - 73 98 R 

3199 
N
H

O

HN S

O

O

R

 

R = CH3 20 20 CH2Cl2 - 78 79 R 

R = Ph 20 20 CH2Cl2 - 49 84 R 

4285 

201 
20 Rt DMF Et3N 63 90 R 

  

Later in 2005, Kokotos et al. studied proline derived N-acyl sulfonamide catalysts including 

some pyrrolidine ring 4-substituted derivatives285 in the reaction of 4-nitrobenzaldehyde with 

acetone. A hydroxyproline derived N-acyl sulfonamide catalyst 201 was the most successful 

catalyst using 1 equivalent of triethylamine and acetone as a co-solvent (entry 4, Table 3.12). 

In 2006, Wang et al. synthesised a number of chiral dendritic N-acyl sulfonamides and studied 

their activity in the reaction of cyclohexanone with 4-nitrobenzaldehyde in water (entry 2, 

Table 3.13).286 They proposed that their catalyst 202 bearing hydrophobic polyether dendritic 

groups enhanced the reaction in water through the hydrophobic effect.  

 

In 2009, Fu et al. synthesised a range of 4-tert-butyldimethylsiloxy pyrrolidine ring 

substituted N-acylsulfonamides as catalysts in the aldol reaction of 4-nitrobenzaldehyde with 

neat cyclohexanone (entry 3, Table 3.13).262 The authors ascribed the success of their catalysts 

to the hydrophobic effect of the TBS ether group. A detailed substrate scope gave successful 

results for cyclohexanone with a range of aldehydes and producing excellent yields, enantio 

and diastereoselectivities in many cases. Hua et al. considered a novel proline derived N-

acylsulfonamide catalyst 203 similar in structure to Berkessel’s and Ley’s catalyst, however it 

contained a non-polar group at the para- position of the aromatic ring of the sulfonamide to 

improve solubility.287 They obtained high yields, enantio and diastereoselectivities in the aldol 

reaction of cyclohexanone with 4-nitrobenzaldehyde (entry 4, Table 3.13). They later 
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successfully conducted this reaction in an industrially useful solvent 2-methyl-tetrahydrofuran 

and also under neat reaction conditions (entry 4, Table 3.13).288 The Hua catalyst 203 gave 

improved performance over other catalysts tested, its success ascribed to high solubility in 

non-polar solvents.  

 

Table 3.13: Reaction of 4-nitrobenzaldehyde with cyclohexanone catalysed by proline derived N-acyl 
sulfonamide catalysts. 

 
Entry Catalyst Loading 

(mol%) 
Temp 
(°C) Solvent Additive Anti:syn 

% 
Yield ee Config 

1267 

 

R = 
CH3 

20 20 CH2Cl2 - 51:29 80 78 R 

R = Ph 20 20 CH2Cl2 - 53:35 88 90 R 

2286 

202 

5 Rt 
1 mL 
H2O 

- 99:1 99 99 R 

3262 
 

3 Rt 
0.5 mL 
H2O 

- 97:3 >99 99 R 

4287,288 
203 

20 4 C2H4Cl2 
1 equiv 

H2O 
>99:1 95 99 R 

2 Rt Neat 
1 equiv 

H2O 
>99:1 96 96 R 

20 Rt 
2-Me-
THF 

1 equiv 
H2O 

30:1 85 94 R 

 

3.5 Intermolecular Ketone:Ketone Aldol Reactions 

The number and variety of aldol acceptors is quite extraordinary however the number of aldol 

donors remains more limited. Ketones are known to be less reactive than aldehydes and may 

have less steric discrimination compared to an aldehyde. Despite these challenges, there has 

been significant progress on this type of aldol reaction driven by the valuable nature of the 

aldol adducts as building blocks for biologically active compounds.228,289  

 

In 2005, Wen et al. were the first to report an enantioselective aldol addition of methyl 

ketones such as acetone to aryl ketones containing CF3 groups catalysed by (S)-proline 

(Scheme 3.18).290 They used acetone in large excess, therefore acting as the solvent and the 
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nucleophilic source in combination with 10 mol% (S)-proline to give the product in moderate 

enantioselectivity (Scheme 3.18). 

 
Scheme 3.18: Reaction of 1-aryl-2,2,2-trifluoroethanones with methyl ketones catalysed by (S)-proline reported 
by Wen et al.290 
 

In 2006, Gong et al. reported a catalytic system for the reaction of α-keto acids with acetone 

Scheme 3.19.176 This work was based on original findings by Hamilton et al. that the 

prolinamide catalyst 139 derived from 2-aminopyridine group was a highly efficient artificial 

molecular recognition receptor which could bind strongly to a carboxyl group.53 Gong et al. 

developed a number of relatively simple (S)-prolinamide catalysts containing the 

aminopyridine moiety and found the catalyst 139 derived from proline with 2-aminopyridine 

to be optimal producing high yield and up to 98% ee. Experimental investigations showed the 

importance of the H-bonding interactions between the 2-pyridyl prolinamide catalyst and the 

both the keto and carboxyl groups of the keto-acid substrate. These H-bonding interactions 

activated the keto functionality for controlled attack by the closely located enamine 

nucleophile to form the product in high ee. 

 

Scheme 3.19: Reaction of α-keto acids with acetone catalysed by a 2-pyridyl prolinamide catalyst 139.176,291   
 

Feng et al. used a C2-symmetric bis-prolinamide catalyst 189 for the reaction of α-keto esters 

with acetone.292 The chiral tertiary alcohol product was obtained in high yield and up to 94% 

ee (Scheme 3.20). The authors also tested this reaction using the mono-prolinamide equivalent 

of their catalyst and obtained a yield of 32% and 11% ee, confirming the importance of the 

cooperative effects of the two pyrrolidine amide units.251 Theoretical calculations showed that 

one pyrrole ring was involved in enamine formation while the α-keto ester H-bonded with the 
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second amide and protonated pyrrolidine amine group in the presence of an acid. As a result, 

the Re face was more prone to nucleophilic attack, resulting in stereoselective catalysis as 

shown in the proposed transiton states in Scheme 3.20. 

 

Scheme 3.20: Asymmetric aldol reaction of α-keto esters with acetone using bis-prolinamide catalyst 189.292 
Proposed transition states leading to enantioselectivity of the catalyst obtained based on theoretical calculations 
by the authors.  
 

In 2011, Nakamura applied their previously successful N-(heteroarenesulfonyl)prolinamide 

catalysts for the reaction of 2,2,2-trifluoro-1-phenylethanone with acetone and determined the 

N-(8-quinolinesulfonyl)prolinamide catalyst 204 to be optimal (Scheme 3.21).293 The product 

was obtained in 92% yield and 89% ee. This catalyst was also efficient using a range of 

fluoroalkyl ketones and trichloroalkyl ketones with acetone. The authors proposed that the 

transition state leading to the (R)-product was disfavoured due to steric repulsion between the 

trifluoromethyl groups and the 8-quinolyl groups (Scheme 3.21). 

 
Scheme 3.21: Reaction of trihaloketones with acetone catalysed by optimum N-(8-quinolinesulfonyl)prolinamide 
catalyst 204. Transition states proposed to explain preference for (S)-product also shown.293 
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3.5.1 Ketone: Ketone Aldol Reactions towards Natura l Products 

The enantioselective synthesis of natural products is of continuing interest. Compounds based 

on the indole substructure appear in many natural products and drug molecules. For example, 

oxindoles, which possess a carbonyl group at the 2-position of the 5-membered ring and a 

quaternary carbon centre at the 3-position of this ring (Figure 3.13) are present in many 

biologically active alkaloids and pharmacological agents.294-300 Structure-activity relationships 

have shown the absolute configuration and substitution pattern at the C-3 position control the 

biological activities of these groups,301 creating a need to develop methods to 

enantioselectively synthesise these compounds.  

 
Figure 3.13: General structure of 3-substituted-3-hydroxyindoline-2-ones. 
 

Oxindoles are present in convolutamydines A-E, maremycin, dioxibrassinine and 3-

cycloalkanone-3-hydroxy-2-oxindoles (Figure 3.14).294-300,302-305 One other notable example is 

3-acetonyl-3-hydroxyoxindole which has been shown to be a chemical inducer of systemic 

acquired resistance, an inducible defence mechanism against microbial pathogen attack in 

tobacco plants against the tobacco mosaic virus.306 The potential applications of oxindoles has 

led to much interest in their synthesis.307-311 The aldol addition of ketones to substituted and 

unsubstituted isatins would appear to be a simple and route towards these important biological 

compounds.312-315 This method can be rather challenging due to the relatively poor 

electrophilicity of ketones for the aldol reaction.313,316,317 

 
Figure 3.14: Structure of some biologically active compounds based on 3-substituted-3-hydroxyindolin-2-one 
substructure. 
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In 2005, Tomasini et al. reported the first enantioselective addition of isatin and N-alkylated 

isatins to acetone using organocatalysis.318 In the reaction of isatin with acetone, they tested a 

library of prolinamide based dipeptides and found the optimal dipeptide H-D-Pro-L-β3-hPhg-

OBn catalyst 205 gave the (R)-aldol product in 73% ee at -15 °C, much improved compared to 

(S)-proline which produced 33% ee of (S)-product. They also reported ee of the order of 73-

77% for a number of substituted isatin derivatives with acetone (Scheme 3.22). Interestingly, a 

degree of enantiomeric enrichment was observed during chromatographic purification. 

 
Scheme 3.22: Reaction of isatins with acetone catalysed by optimum proline dipeptide catalyst 205 reported by 
Tomasini et al.318 
 

Chen et al. evaluated the (S)-proline catalysed reaction of several isatins with acetone, 

observed faster reactions and higher ee values where N-substituted isatins were used and 

postulated a mechanism to account for the relatively poor ee values for the reaction with 

unsubstituted isatin (Scheme 3.23).313 Isatin may exist in a more active form A’ , which 

facilitates intramolecular H-bond formation between the carbonyl oxygen and enol hydrogen 

atom. Meanwhile, enamine formation occurs with proline and acetone to form D which would 

combine with A’  via transition state E. In this transition state, H-bonding between A’ and the 

carboxylic acid of enamine D is proposed to ensure that reaction occurs at only one face of the 

pyrrolidine ring while this H-bonding also lowers the reaction energy barrier through charge 

stabilisation. Based on this proposed mechanism, the intermolecular H-bond in A’  would 

hinder this H-bonding. In the case of N-substituted isatins, tautomerisation and intramolecular 

H-bond formation is not possible and in the comparable transition state E, the proline 

carboxylic acid group binds tightly to both carbonyl groups of the isatin, resulting in much 

higher ee compared to unsubstituted isatin.   
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Scheme 3.23: Mechanism of (S)-proline catalysed aldol reaction of isatin with acetone as proposed by Chen et 
al.313 
 

In 2006, Tomasini et al. reported the synthesis of (R)-Convolutamydine A through the 

reaction of 4,6-dibromoisatin with acetone catalysed by (R)-proline and also a number of 

dipeptide prolinamide organocatalysts (Table 3.14).312 The (R)-proline catalysed reaction was 

very sensitive to temperature producing 3.5% ee of (R)-product at room temperature compared 

to 55% ee of (S)-product at -20°C, the opposite configuration compared to when unsubstituted 

isatin was used as the aldol substrate. The reaction was less efficient in anhydrous acetone 

suggesting involvement of water in the mechanism. Their previously determined optimum 

catalyst 205 for the reaction of isatin with acetone318 was also found to be optimal for the 

synthesis of (R)-Convolutamydine A. The product was obtained in 97% ee through initial 

removal of catalyst by filtration followed by recrystallisation (entry 2, Table 3.14).  

 

 

 

 

 

 



161 

 

Table 3.14: Reaction of 4,6-dibromoisatin with isatin catalysed by (S)-proline and prolinamide dipeptide studied 
by Tomasini et al.312 

 
Entry  Catalyst Yield ee Config 

1319 

 

86 55 S 

2319 

 

Quant 68 R 

50a 97a R 

aAfter recrystallisation. 
  

Xiao et al. tested a range of (S)-proline derived bifunctional bisamide catalysts for the reaction 

of isatin with acetone and 2-butanone.314 Their most successful catalyst 207 resulted in 

product 208 with an ee of 88% for the reaction using acetone, 20 mol% AcOH and 10 mol% 

catalyst loading at -50°C. High ee values were also obtained using catalyst 207 with a number 

of other substrates (Scheme 3.24). They confirmed the product had the (S)-configuration 

through X-ray crystallography. Based on this, they suggested a possible transition state model 

where the catalyst controlled the enamine geometry and also orientation of the isatin substrate 

with both amide N-H groups involved in binding the substrate (Scheme 3.24).  

 
Scheme 3.24: Reaction of isatin with acetone using bifunctional bisamide catalyst 207. Their proposed transition 
state is also shown.314 
 

In 2008, Nakamura et al. reported the enantioselective synthesis of (R)-Convolutamydine A  

using a novel sulfonyl prolinamide organocatalyst 209 and in 2009, they also reported the 

synthesis of (R)-Convolutamydines B and E using the same catalyst.320,321 The TFA salt of N-

(2-thienylsulfonyl)prolinamide catalyst 209 in the presence of 10 equivalents H2O was found 

to be optimal in the reaction of 4,6-dibromoisatin with acetone to obtained (R)-
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Convolutamydine A (Scheme 3.25a).320 Catalyst loading could be reduced to 0.5 mol% 

without significant loss of enantioselectivity. For the reaction of unsubstituted and substituted 

isatins with acetone, good yields and high enantioselectivites were obtained in all cases. They 

subsequently applied this catalyst to the reaction of isatin derivatives with acetaldehyde 

followed by reduction to give Convolutamydine B and E (Scheme 3.25b). The authors 

postulated that intramolecular hydrogen bonding between the amide N-H and the sulfur 

heteroatom as the mode of activation, such an interaction leading to two potential transition 

states (Scheme 3.25c). The syn-trans transition state was proposed to be disfavoured due to 

steric interactions between the Br substituents and the catalyst thienyl ring, thus preferentially 

giving the anti-trans transition state, leading to high product ee.  

 
Scheme 3.25: (a) Enantioselective synthesis of (R)-convolutamydine B and E using N-(2-
thenylsulfonyl)prolinamide catalyst 209 (b) Enantioselective synthesis of (R)-convolutamydine B & E using 
catalyst 209. (c) Proposed transition states favouring the (R)-product.320 
 

In 2008, Tomasini et al. conducted detailed mechanistic investigations into the (S)-proline 

catalysed reactions of isatin and 4,6-dibromoisatin  with acetone using DFT calculations.322 

DFT results for the isatin reaction with acetone produced two low energy transition states 

anti-S-cis and anti-R-trans, consistent with the experimental formation of the (S)-product 

(Figure 3.15). However, the energy gap between these two transition states predicted a higher 

preference for the (S)-product than the experimental finding and this difference was initially 
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suggested to be due to solvation effects decreasing the energy difference between the states in 

solution. Calculations suggested that oxazolidinone intermediates, steric interactions, dipole 

moment and charge distribution had no effect on the enantioselectivity of the reaction. Further 

analysis showed that the bonds in the anti-S-cis and anti-R-trans states were equivalent but a 

greater degree of proton transfer from the carboxylic acid to the forming alkoxide ion in the 

lower energy transition state (anti-S-cis) was observed.  

 

They also found that water preferentially formed H-bonds to the outside lone pair electrons of 

the ketone carbonyl group. This H-bonding avoids unfavourable electrostatic interactions 

between the electronegative amide oxygen and proline carboxylic acid oxygen and also 

creates a structure which only needs to rotate clockwise around the H-bond to give a 

conformation similar to the lowest energy anti-S-cis transition state (Figure 3.15). A large 

rotation anticlockwise and through a higher energy conformation would lead to the second 

lowest transition state anti-R-trans. These results explained the preferential formation of the 

(S)-product in the (S)-proline catalysed reaction of isatin with acetone with water as additive. 

 
Figure 3.15: Newman projections showing the two lowest energy transition states proposed by Tomasini based 
on calculations on the reaction of isatin with acetone.322  
 

In 2009, Tomasini et al. further studied the effects of water on the (R)-proline and prolinamide 

catalysed reaction of acetone with isatin.319 Initial results showed that when too little or too 

much water was used as additive in the (R)-proline or the previously successful dipeptide 205 

catalysed reaction, the ee of product decreased.318 In the case of both reactions, the authors 

defined an optimum level of water and found a small increase in ee as the reaction proceeded 

which was attributed to the formation of diastereomeric complexes between the catalyst and 

the aldol adduct product, a process which was not observed in the presence of large excess of 

water or solvent. Overall, the effects of water were explained by including water molecules in 

DFT calculations of transition states. These calculations showed that a water molecule could 
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either actively or passively participate in the transition state (Figure 3.16) and calculations 

suggested there was a larger energy gap between the hydrated diastereomeric transition states 

than the unhydrated states. A number of the lowest energy transition states were also more 

stable in the presence of water, producing a higher ee and shorter reaction time in wet 

conditions. 

 
Figure 3.16: Proposed water/isatin hydrogen bonded structures where a and p represent a H-bonding site for the 
acid group of acetone-(S)-proline enamine where water may actively or passively participate. 
 

In 2009 and 2010, two groups independently investigated the reaction of acetaldehyde with a 

range of isatin derivatives using 4-hydroxydiaryprolinol catalyst 210 to produce important 

intermediates for 3-hydroxyalkaloid synthesis.323,324 Hayashi et al. used catalyst 210 in the 

reaction of isatin derivatives with acetaldehyde to yield the product in high enantioselectivities 

in excess of 82% (entries 1-4, Table 3.15).323 Yuan et al. also used a wide range of isatins with 

acetaldehyde in the 210 catalysed aldol reaction and did obtained successful results without 

the need for an acid additive.324 In this work, they obtained products in good yield and ee 

values of the order 80-99% and (R)-Convolutamydine E in 97% ee (entry 6, Table 3.15). They 

also reported the synthesis of (R)-Convolutamydine B in 50% yield and 97% ee. 

 

Table 3.15: Reaction of isatin and isatin derivatives with ketones using a number of proline derived catalysts.  

 
Entry Isatin 

substrate Conditions Yield ee Config 

1323 R = H; Y = Bn 

30 mol% catalyst, 20 mol% ClCH2CO2H, 4°C, 48 hours. 
Followed by NaBH4 reduction 

55 85 R 

2323 R = H; Y = H <5 - - 

3323 R = H, Y = CH2OTIPS 73 85 R 

4323 R = Br, Y = CH2OTIPS 86 82 S 

5324 R = H Y = H 0.5 mL DME, 20 mol% catalyst, -20°C, 72 hours. Followed by 
NaBH4 reduction 

25 75 R 

6324 R = Br Y = H 73 97 R 
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3.6 Conclusions 

This Chapter has detailed a selection of proline and proline derivatised organocatalysts in the 

intermolecular ketone:aldehyde and ketone:ketone aldol reaction. In addition, several 

examples of the useful application of these reactions towards natural products have been given 

such as enantioselective oxindole synthesis. Chapter 4 will describe experimental work 

involving the application of novel pyrrolidine based organocatalysts with a focus on 

enantioselective synthesis of oxindoles. 
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4 Chapter 4 
 

 

 

 

 

 

Screening of Simple N-aryl and N-heteroaryl Pyrrolidine Amide 

Organocatalysts for the Enantioselective Aldol Reaction of Acetone with 

Isatin. 
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4.1 Background 

As discussed previously, the synthesis of enantiomerically pure compounds is a significant 

challenge for the organic chemist. Enantiomers differ only in spatial orientation of atoms 

around a chiral centre while mainly possessing identical physical and chemical 

properties.221,228 One of the most efficient and widely used techniques for enantioselective 

synthesis is chiral catalysis.9 The vast growth in the area of organocatalysis prompted the 

experimental work described in this Chapter which focuses on the development of novel chiral 

organocatalysts employing suitable characteristics of supramolecular binding systems for the 

highly useful aldol reaction towards natural products was considered.  

 

Compounds based on the indole substructure appear in many natural products and drug 

molecules. For example, oxindoles, which possess a carbonyl group at the 2-position of the 5-

membered ring and a quaternary carbon centre at the 3-position of this ring (Figure 4.1) are 

present in many biologically active alkaloids and pharmacological agents.294-300 Structure-

Activity Relationships have shown the substitution pattern and absolute configuration at the 

C-3 position of these compounds control their biological activities,301 creating a need to 

develop methods towards their stereoselective synthesis. The work described in this Chapter 

focuses on the aldol addition of ketones to substituted and unsubstituted isatins towards these 

important biological compounds.312-315 

 
Figure 4.1:General structure of 3-substituted-3-hydroxyindoline-2-one natural products. 
 

4.1.1 Hydroxyindole Synthesis – Proline Based Catal ysts 

Isatin and isatin based molecules belong to an important class of 3-substituted-3-

hydroxyindolin-2-one substituted molecules which have applications as hair dyes, in the 

development of colour photographic materials and inhibition of corrosion in some metals.325 
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As described in Chapter 3, several authors have enantioselectively synthesised hydroxyindole 

based molecules using proline and prolinamide based catalysts and a summary of this work is 

given in (Scheme 4.1).312,314,318  

 
Scheme 4.1: Summary of literature examples of reaction of isatin and 4,6-dibromoisatin with acetone. 312,314,318 
 

4.1.2 Oxindoles from Non-proline Derived Organocata lysts 

The enantioselective synthesis of oxindoles through the aldol reaction has also been achieved 

using non-proline derived H-bonding catalysts. In 2007, Malkov and co-workers studied the 

reaction of a number of substituted and unsubstituted isatins with acetone using novel amino 

alcohol organocatalysts derived from leucine and valine containing primary amino and 

terminal hydroxyl groups.311 They produced high yields and ee values up to 95% in the 

reaction of N-methylisatin with acetone (Scheme 4.2a). The reaction was thought to proceed 

via equilibration of an oxazolidinone by-product which consumed the catalyst, avoided the 

build up of a stable imine and acted as a stable resting state (Scheme 4.2b).  

 
Scheme 4.2: (a) Reaction of isatin and isatin derivatives catalysed by leucinol.311 (b) Proposed equilibrium 
between acetone and leucinol to form the oxazolidine stable resting state. 
 

The enantioselective synthesis of 3-cycloalkanone-3-hydroxy-2-oxindoles has been reported 

including the aldol reaction of isatin with cyclohexanone to give a product with known anti-
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convulsant properties.317,326 The primary-tertiary diamine based catalyst 211 enhanced the 

reaction with impressive results (Scheme 4.3a). The catalytic ability was ascribed to formation 

of a hydrophobic cavity by the catalyst aromatic group in an aqueous medium with TFA as 

additive facilitating the reaction within the cleft. Yields of up to 90%, ee values up to 98% of 

(S)-product and dr up to 97:3 syn:anti were achieved in water, slightly inferior to DMF. 

Recently, Chen et al. reported a number of carbohydrate derived amino alcohol catalysts for 

the asymmetric reaction of isatin with acetone (Scheme 4.3b).327 They observed a high 

dependence on solvent with optimum results in CH2Cl2 (91% yield; 67% ee) but racemic 

product in MeOH. Their catalysts were not significantly affected by a protecting group on 

isatin but obtained greater yields and enantioselectivites for isatin substrates with electron 

withdrawing substituents.  

 
Scheme 4.3: (a) Reaction of cyclohexanone with isatin using primary-tertiary diamine catalyst 211 conducted by 
Raj et al.317 (b) Successful carbohydrate derived amino alcohol catalyst 212 reported by Chen et al.327 
 

Recently in 2011, Wang et al. reported the first enantioselective synthesis of biologically 

important 3-hydroxy-phospho substituted oxindoles through the reaction of isatin derivatives 

with phospho-nucleophiles.328 The authors incorporated a tertiary amino group and hydroxyl 

or thiourea functionality into the scaffold of a cinchona alkaloid to activate the phosphate and 

isatin through H-bonding. A quinine derived catalyst 213 gave 99% yield and 67% ee under 

optimised conditions in the reaction of 1-methylisatin with diphenyl phosphate (Scheme 4.4). 

A transition state based on a ternary complex between the catalyst, 1-methylisatin and 

diphenyl phosphite was proposed (Scheme 4.4). The carbonyl group in 1-methylisatin was 

activated by H-bonding to the catalyst OH and the phosphite hydrogen was activated through 

a separate H-bonding effect with the tertiary amine. Synergistic cooperation allowed attack of 

the phosphite group on 1-methylisatin. 
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Scheme 4.4: Reaction of diphenyl phosphite with substituted isatins catalysed by quinine based catalyst 213 
studied by Wang et al.328 Proposed transition state model also shown. 
 

4.1.3 Baylis-Hillman Reaction of Isatin Derivatives  

The previous section described the organocatalytic enantioselective synthesis of 3-substituted-

3-hydroxy-2-oxindoles through addition of carbonyl compounds to isatins. An alternative 

synthetic route to these compounds involves the Morita-Baylis-Hillman reaction, a reaction 

which was reviewed in detail in Chapter 2. The chiral variant of this reaction has been 

extensively examined using either chiral amine, urea or phosphine catalysts.329 In general, 

aldehyde or imine electrophiles are used in this reaction; however in 2002, Garden et al. 

reported that the isatin  keto-carbonyl carbon at the 3-position was sufficiently electrophilic 

for the Morita-Baylis-Hillman (MBH) reaction with acrylate esters or acryonitrile.330 

Following this report, Shanmugam et al. developed a synthetic protocol towards 2-

spirocyclopropane-2-indolones, biologically active compounds and also important starting 

materials for alkaloid synthesis.331  

 

A number of groups reported the successful application of β-isocupreidine 214 in the 

asymmetric MBH reaction using isatin derivatives.301,332,333 In 2010, Zhou et al. used acrolein 

as the nucleophile to give the corresponding 3-hydroxy-2-oxindole in excellent 

enantioselectivity (Scheme 4.5).332 Also in 2010, Shi et al. obtained product in good yields 

and ee from the using catalyst 214 in the reaction of isatin derivatives with electron deficient 

alkenes.301 The most successful substrates were 1-naphthyl acrylate with unsubstituted isatins 

(Scheme 4.5). The proposed mechanism suggested that repulsion between the ester group and 

N-substituents of isatin disfavoured the transition state leading to the (R)-product, producing 

an excess of (S)-product. 
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Scheme 4.5: Use of β-isocupreidine in Morita Baylis-Hillman reaction of isatin derivatives with acrolein332 and 
also with 1-naphthyl acrylate by Shi et al.301 
    

In 2011, Lu et al. used β-isocupreidine 214 in the MBH reaction of isatins with acrylates to 

give the products in excellent yields and enantioselectivities at ambient temperatures (83% 

yield, 96% ee) with protected isatins.333 A mechanism was proposed where the enolate A 

generated by nucleophilic addition of catalyst 124 to the acrylate was stabilised by 

intermolecular H-bonding with the C6’-OH group. Following synthesis of Zwitterionic B 

through aldol reaction of enolate A with isatin, the key proton transfer step was facilitated by 

the C6’-OH group which acted as a proton shuttle allowing intramolecular proton transfer 

which selectively lead to isomer C (Scheme 4.6). 

 
Scheme 4.6: Proposed mechanism of MBH reaction of tert-butyl acrylate with N-benzylisatin catalysed by β-
isocupreidine 214 as outlined by Lu et al.333 
 

4.2 Project Scope 

The aldol addition of ketones to substituted and unsubstituted isatins has been shown to be an 

effective synthetic route towards important natural products such as Convolutamydines as 

discussed in the previous section and in Chapter 3. Significant work has been conducted by a 
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number of research groups towards successful organocatalytic enantioselective reactions of 

isatin and isatin derivatives with ketones such as acetone.311,313,314,318,334 Overall, this has 

produced varied results and there still existed a need to develop new, successful 

enantioselective catalytic systems for this reaction. A large number of research groups have 

studied organocatalysts for the ketone:aldehyde aldol reaction221 however the inherently more 

challenging ketone:ketone reaction has attracted significantly less attention. This reaction has 

the potential to create useful products and as a result, was chosen for this project with the 

ultimate aim of developing novel catalysts towards biologically interesting intermediates. 

With this goal in mind, a library of catalysts was designed and tested in the aldol reaction of 

isatin with acetone. This reaction was chosen as a model for other more complex syntheses 

due to the commercial availability of the starting materials and the challenging nature of the 

ketone/ketone aldol reaction. 

 

4.2.1 Catalyst Design  

In order to design potential catalysts for the aldol reaction of isatin and acetone, natural 

enzymatic processes were considered as optimum systems. Many enzymatic processes 

function through molecular recognition between enzymes and substrates and artificial systems 

have been developed based on the enzyme-substrate model, for example the use of 

organocatalysts as enzyme mimics for the aldol reactions where synthetic catalysts function in 

a similar way to aldolase enzymes.118 In particular, it was highly desirable to draw key 

information from supramolecular systems and design catalysts capable of forming suitable 

non-covalent interactions with reaction intermediates. The close relationship between 

supramolecular interactions and catalysis has been reported19 and this work endeavoured to 

provide more insight on this relationship. One notable application of supramolecular 

interactions in the design of chiral catalysis systems for the aldol reaction was conducted by 

Gong et al. as described in Chapter 3.176,291 The basis of their work came from Hamilton et al. 

who found that a bis-N-aminopyridyl carboxamide group could successfully form H-bonds 

with a dicarboxylic acid as illustrated for adipic acid and a bis-picolinamide molecule.53 
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Hamilton’s initial finding led to a significant amount of work utilising the binding properties 

of the N-aminopyridyl carboxamide functionality for a number of applications including self 

assembly335 and organocatalysis.176,291 The experimental work detailed in this Chapter was 

inspired by the findings of Hamilton, the constantly evolving inter-relationships between 

molecular recognition, active site considerations in enzyme catalysis and organocatalysis19 

and also previous results detailing the successful application of molecular receptors as 

catalysts (Chapter 1).336 It aimed to apply a similar strategy to the aldol reaction of isatin with 

acetone by designing a number of chiral amide based catalysts incorporating N-pyridyl and N-

quinolinyl groups. It was hoped to exploit cooperatively the H-bond donating and accepting 

properties of such catalysts. It was envisioned that the H-bond donating amide N-H group in 

the catalyst would bind to and activate the isatin ketone group and also possibly bind to the 

isatin amide carbonyl group while the H-bond accepting pyridine moiety could simultaneously 

form hydrogen bonds with the isatin amide N-H group (Figure 4.2). A cooperative effect was 

expected to enhance binding effects and hence improve reaction rate and enantioselectivity. 

 
Figure 4.2: Design considerations for use of isatin as an aldol substrate (aldol acceptor). 
 

To this end, a number of chiral amide based catalysts incorporating N-pyridyl and N-

quinolinyl groups were considered. It was decided to initially generate ‘reverse amide’ 

catalysts 215-218 incorporating methyl pyrrolidine as the chiral unit in order to promote 

enamine formation whilst the amide H-bonding to the isatin substrate (Figure 4.3). This class 

of catalysts is referred to as ‘reverse amides’ due to the fact that they incorporate an amide 

group in the reverse order compared to a prolinamide (the amide N-H group resides adjacent 

to the pyrrolidine ring for ‘reverse amide’ compounds but is adjacent to the aryl ring for 

conventional prolinamides). ‘Reverse amides’ were expected to be of suitable size and have 

H-bond donating and accepting groups located at appropriate positions for efficient binding. 

This moiety also possessed an extra degree of flexibility compared to ‘traditional’ prolinamide 

catalysts due to the CH2 group between the pyrrolidine ring and the H-bonding groups, 

potentially allowing the catalyst to orient itself around the substrate.  
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Figure 4.3: Structure of ‘reverse amide’ catalysts 215-218. 
 

Various interactions between catalyst and substrate were deemed possible (Figure 4.4). One 

possibility was H-bonding between the pyridine nitrogen of the catalyst and the isatin amide 

N-H group with concurrent H-bonding between the isatin amide carbonyl group and the 

catalyst amide N-H group. Alternatively, another possible but less efficient mode of binding 

involves one point H-bonding between the catalyst amide group and the isatin ketone 

functionality (Figure 4.4). In both cases, H-bonding could activate the electrophilic isatin 

ketone group and hold it in close proximity to the incoming enamine nucleophile. The 

aromatic pyridine group present could also possibly form π-π stacking interactions with the 

isatin substrate, leading to enhanced enantioselectivity.  

 
Figure 4.4: Potential H-bonding interactions between enamine modified reverse amide catalysts and isatin. 
Possible π-π interactions between aromatic groups also shown. 
 

A bifunctional catalyst was also considered incorporating a ‘reverse amide’ group and an 

aminopyridine moiety separated by an achiral spacer group. Previous results obtained (see 

Chapters 1 & 2) showed that an isophthalamide successfully bound anions through H-bonding 

using complementary N-H groups in a cleft-like structure. Hamilton reported the catalysis of a 

phosphoryl transfer reaction172 and also a Diels alder reaction174 using isophthaloyl derived 

compounds following verification of their binding ability to reaction intermediates.  

 

The bifunctional catalyst 218 consisted of a chiral methylpyrrolidine ring bound to one amide 

unit of an isophthaloyl skeleton and a substituted pyridyl group bound to the other amide unit. 

Isophthalamides are known to exist in their syn-anti lowest energy conformation but adopt the 
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syn-syn conformation in the presence of an anionic guest forming a cleft-like structure for 

binding and in this case could bind to one or both carbonyl groups.56 This could activate isatin 

towards attack and hold it close to the enamine on the pyrrolidine ring with possible 

cooperative additional interactions between the pyridyl nitrogen and isatin amide N-H group 

(Figure 4.5).  

 
Figure 4.5: Proposed binding of bifunctional enamine modified catalyst 218 to isatin. 
 

4.2.2 Development of Synthetic Protocol 

The common intermediate for the synthesis of the ‘reverse amide’ catalysts was the N-

protected methyl pyrrolidine amine 219 (Scheme 4.7) and two possible routes for this 

synthesis from (S)-proline were identified from several published routes.337,338 One procedure 

conducted by Adolfsson et al.337 involved a five step reaction starting from N-Boc-proline 

(Scheme 4.7). However, this method was deemed to be time-consuming, relatively inefficient 

and produced a low yield of amine product.339 

 
Scheme 4.7: Synthetic route towards methyl pyrrolidine amine 219 conducted by Adolfsson et al.337 
 

An alternative more efficient methodology was also considered. Wang et al. synthesised the 

Cbz-protected methyl pyrrolidine amine starting from the commercially available (S)-2-

carbamoyl-1-N-Cbz-pyrrolidine via a selective reduction reaction338 based on a method 

previously reported by Brown and Curran.340 The amide reduction step used borane-THF as 

reducing agent without loss of the carbamoyl ptotecting group (Scheme 4.8). However, Cbz 

removal can prove troublesome at the end of the synthetic sequence. The possibility of 

adapting the procedure to use the easily attachable and removable, Boc group in place of the 

CBz group was considered as part of an overall scheme to the amine.341   
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Scheme 4.8: Reaction towards methyl pyrrolidine amine by borane reduction of Cbz-protected prolinamides.338 
 

Traditionally, amide reduction using Borane-THF is accompanied by a strong acid product 

work-up in order to cleave the intermediate Borane-amine complex but a modification of this 

procedure was essential to retain the acid labile Boc protecting group.342 This involved the 

addition of chilled methanol to a cooled solution of reaction mixture followed by heating to 

reflux for 1 hour.343 In this way, the borane amine complex was broken by complexation to 

methanol leading to formation of trimethylborate. Trimethylborate forms an azeotrope with 

methanol with evaporation of the salt at approximately 60°C in vacuo (Scheme 4.9). 

 
Scheme 4.9: Synthetic protocol undertaken including reduction of amide to methyl pyrrolidine amine 219 using 
Borane-THF followed by azeotrope distillation to cleave the borane-amine complex. 
 

4.2.3 Methyl-Pyrrolidine Catalyst Synthesis 

The complete synthetic route to N-Boc protected methyl-pyrrolidine amine 219 involved an 

initial N-Boc-protection of L-proline using Boc-anhydride (Scheme 4.10) in a procedure 

detailed by Chang et al.341 This reaction mixture was stirred in dichloromethane for 48 hours. 

N-Boc-protected proline was obtained in 99% yield after extractive work-up and flash 

chromatography and its identity was confirmed by GC-MS, LC-MS and 1H NMR 

spectroscopy. The tert-butyl signal integrating for 9 protons at approximately 1.45 ppm and 

loss of the N-H signal from the 1H NMR confirmed the presence of the Boc protecting group 

on the secondary amine. Additionally, fragmentation of the molecular ion (m/z 215) was 

observed by GC-MS via loss of the tert-butyl group from the Boc group with protonation of 
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the oxygen atom to give an ion at m/z 160 in a McLafferty type rearrangement, a common 

fragment for Boc groups (Scheme 4.10).344  

 
Scheme 4.10: Synthesis of Boc-proline and subsequent ethyl chloroformate coupling to form, Boc-170. 
McLafferty fragment ion of Boc-proline also shown. 
 

Boc-proline was subsequently converted into the corresponding primary amide Boc-170 

through ethyl chloroformate coupling176 with ammonia in THF (Scheme 4.10). Following 

extractive work-up and purification by flash chromatography, the white solid product amide 

was isolated in 70% yield. The identity of the product was confirmed by GC-MS, LC-MS and 
1H NMR spectroscopy with evidence of amide rotation observed by broad N-H peaks between 

5.4-6.9 ppm in 1H NMR spectroscopy observed due to cis and trans isomers as previously 

reported.345 Additionally, t-Bu protons were observed at 1.46 ppm and all characterisation data 

corresponded to previous literature synthesis of this compound.345 This amide displayed 

similar fragmentation patterns to Boc-proline by GC-MS with McLafferty rearrangement of 

the Boc group producing an ion at m/z 159 and the peak at m/z 115 corresponded to loss of 

the Boc group from the molecule.344  

 

As discussed earlier, the reduction step was subsequently necessary to convert the amide 

group to an amine, a reaction which proved to be the most challenging step of the synthetic 

sequence. In particular, hydrolysis of borane amide salt initially proved difficult. The 

reduction was eventually achieved using 4 equivalents of 1M solution of borane in THF. 

Initially, the reaction was cooled to 0°C for 2 hours, stirred at room temperature for 24 hours 

and heated gently to approximately 50 °C for a number of hours with the progression of the 

reduction monitored by GC-MS and LC-MS. Reaction time was a critical factor for the 

success of this reaction due to the formation of a byproduct with m/z 384 with increasing 

reaction times and temperatures which was tentatively identified to be a dimer complex of the 

amine product by high resolution mass spectrometry. This was minimised using mild 
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conditions and use of reaction time not exceeding 6 hours at 50 °C despite the presence of a 

fraction of unreacted amide at this reaction time.  

 
Scheme 4.11: Reduction of Boc-prolinamide  to its amine counterpart Boc-219 using BH3-THF. 
 

After the 6 hour reaction time, the mixture was quenched with methanol at 0°C and stirred for 

1 hour, heated to 50°C for 1 hour after solvent removal in vacuo. This step was repeated in 

order to eliminate the borate salts by azeotropic distillation (Scheme 4.11).343 This Boc 

protected amine was used without further purification due to the difficulties with 

chromatographic purification. The amine Boc-219 was estimated as approximately 66% pure 

based on relative peak areas of the product versus the starting Boc-170 by GC-MS. Mass 

spectral evidence along with NMR spectroscopic characterisation of the crude product 

confirmed the presence of the amine product; specifically evidence of diastereotopic 

methylene protons from 2.6-2.7 ppm and 3.3-3.5 ppm in the 1H NMR spectrum due to the 

reduction of the carbonyl group verified the success of the reaction. Mass spectral data 

showed the molecular ion (MH+) at m/z 201 and a McLafferty fragment ion at m/z 145.345 

 
Catalyst Ar % Yield Boc protected % Yield over 2 steps (αD) 

215 2-Py 45 43 (+27.6, CH2Cl2) 

216 6-Me-2-Py 36 32 (+26.6, CH2Cl2) 

217 3-Py 62 53 (+22.6, CH2Cl2) 

Scheme 4.12: Coupling of methyl pyrrolidine amine Boc-219 to pyridine carboxylic acids and Boc-deprotection 
to give 215-217. 

 

This amine Boc-219 was an important intermediate for the synthesis of each of the ‘reverse 

amide’ catalysts. In each case, the required amide catalyst was formed by EDCI coupling of 

the amine with the appropriate pyridine-carboxylic acid. The Boc-protected ‘reverse amide’ 

catalysts 215-217 were obtained in moderate yields (up to 65% yield) following 

chromatographic purification (Scheme 4.12). Structural confirmation was carried out by NMR 
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spectroscopy and LC-MS. LC-MS analysis produced identical results for Boc-215 and Boc-

217 as expected with both the Na adducts at m/z 328 and the MH+ ion detected at m/z 306 

with McLafferty rearrangement and cleavage of the Boc-group also observed while GC-MS 

produced the M+ ion at m/z 320 for Boc-216. 1H NMR spectroscopic evidence for the identity 

of the compounds included amide N-H peaks in the range of 8.2-8.8 ppm along with the 

relevant pyridyl and aliphatic pyrrolidine ring peaks. Boc-215 and Boc-216 possessed very 

similar 1H NMR spectra with an additional methyl group at 2.56 ppm present in the case of 

the latter. The aromatic NMR spectroscopic resonances of Boc-217 were altered due to the 

different substitution of the pyridyl ring with the main difference being the H-2 signal at 9.08 

ppm, ortho to the amide group and pyridine nitrogen in the ring.  

 

Boc-deprotection was conducted by adding trifluoroacetic acid to a chilled solution of the 

protected catalyst in dichloromethane and stirring at room temperature for 2 hours. After 

removal of solvent and TFA salts in vacuo, the residue was dissolved in dichloromethane, 

neutralized with NaOH, extracted with dichloromethane and dried with MgSO4 to give the 

‘reverse amide’ catalysts in moderate yields over both steps (Scheme 4.12). The purity and 

structures were confirmed using 1H & 13C NMR spectroscopy and GC-MS or LC-MS.  

 

Table 4.1: List of HMQC correlations and 1H & 13C NMR spectroscopic peak assignments of 215. 
Catalyst Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

148.5 8.56 (d, J = 4.58 Hz, 1H) C-6 & H-6 

137.4 7.81-7.87 (m, 1H) C-4 & H-4 

126.6 7.39-7.44 (m, 1H) C-5 & H-5 

122.5 8.18 (d, J = 8.39 Hz, 1H) C-3 & H-3 

59.9 3.59-3.66 (m, 1H) C-2’ & H-2’ 

24.3, 27.9 1.45-2.0 (m, br, 4H) C-4’ & H-4’; C-3’ & H-3’  

41.0 3.31-3.49 (m, br, 2H)  CONH-CH2 

 

The 13C and 1H NMR signals of 215 and 217 were assigned through DEPT and HMQC 

experiments (Table 4.1 & Table 4.2) as well as COSY experiments to aid peak assignment in 
1H NMR spectroscopy (Table 4.3). Catalyst 216 was characterised using similar these 

techniques and showed an extra methyl group signal at 2.53 ppm and one less aromatic proton 

compared to catalyst 215. In the cases of catalysts 215 & 217, purification of the deprotected 
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catalyst was achieved by preparative TLC in 100% ethyl acetate. High resolution mass 

spectral analysis confirmed the approporiate MH+ in each case. 

 

Table 4.2: List of HMQC correlations and 1H & 13C NMR spectropscoic resonance assignments of 217. 
Catalyst Structure 13C NMR  δ (ppm) 1H NMR δ (ppm) Assignment 

2

N
H

HN

O

N

5'

6

4

5

4'
2'

3'

 

151.9 8.61 (dd, J = 3.05 & 1.53 Hz, 1H) C-6 & H-6 

148.3 8.99 (d, J = 1.53 Hz, 1H) C-2 & H-2 

135.3 8.05-8.09 (m, 1H) C-4 & H-4 

123.3 7.27-7.30 (m, 1H) C-5 & H-5 

59.0 3.31-3.72 (m, 1H) C-2’ & H-2’ 

42.1 3.31-3.72 (m, 2H) CONH-CH2 

24.7, 28.4 1.50-2.05 (m, 4H) C-4’ & H-4’; C-3’ & H-3’) 

 

Table 4.3: COSY interactions of 217. 
Catalyst Structure Proton δ (ppm) Correlated With δ (ppm) Correlated With 

2

N
H

HN

O

N

5'

6

4

5

4'
2'

3'

 

H-5 7.27-7.20 (m, 1H) 8.05-8.09 (m, 1H) & 8.61 (dd, J = 

3.05 & 1.53 Hz, 1H) 

H-4 & H-6 

CONH-CH2 3.40 (m, 1H) 3.70 (m, 1H) CONH-CH2 

 

In all cases for 215-217 in the 1H NMR spectra, the presence of diastereotopic methylene 

protons from approximately 3.3 – 3.7 ppm for the CONHCH2 group and 1.3 – 2.1 ppm for the 

ring diastereotopic protons (H-3’) along with the pyrrolidine N-H, amide N-H and pyridyl 

signals confirmed the reverse amide structure. The 1H NMR spectra of all catalysts differed 

from their Boc-protected forms only by the substitution of the tert-butyl signal for the 

secondary amine proton.  

 

A number of additional steps were necessary to synthesise the pyridine-carboxylic acid 

portion of the bifunctional catalyst 219 (Scheme 4.13). The methyl pyrrolidine amine portion 

was synthesised as described previously in Scheme 4.9. The acid portion was synthesised in 2 

steps using an initial EDCI coupling of 2-amino-6-picoline with mono-methyl isophthalate 

(Scheme 4.13). The corresponding ester product 220 was obtained in 97% yield after 

purification by flash chromatography. The structure and purity of this bifunctional ester/amide 

intermediate was confirmed by 1H and 13C NMR spectroscopy and LC-MS. In the case of 1H 

NMR, two separate sets of signals corresponding to aromatic and pyridyl protons, the amide 
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N-H signal at 8.63 ppm and ester methoxy protons at 3.95 ppm were identified. LC-MS 

showed the MH+ ion at m/z 271. 

 
Scheme 4.13: Synthesis of ‘reverse amide’ bifunctional catalyst 218  
 

Subsequent ester hydrolysis of 220 using NaOH in methanol yielded the acid intermediate 

220a in 96% yield as a white solid. The 1H NMR spectrum showed the loss of methoxy 

signals at 3.95 ppm compared to ester 220 and FTIR analysis showed a broad OH signal 

consistent with carboxylic acid formation. All 1H NMR spectroscopic resonances were 

assigned with the aid of COSY analysis (Table 4.4). LC-MS showed a molecular ion at m/z 

257 (MH+)  

 

Table 4.4: COSY data and associated 1H NMR spectroscopic resonance assignments for acid 220a 
Structure Protons δ (ppm) Correlated with δ (ppm) Correlated 

with 

 

H-5 7.62 (app t) 8.11 (d, J = 7.63 Hz, 1H) &  8.26 (d, J = 7.63 Hz, 

1H) 

H-4, H-6 

H-4’ 7.85 (app t) 8.04 (d, J = 8.39 Hz, 1H)  7.85 (app t, J = 8.39 Hz, 

1H) 

H-3’, H-5’ 

 

This acid 220a was coupled with the chiral methylpyrrolidine amine Boc-219 to give the Boc- 

protected bifunctional catalyst Boc-218 in 64% yield as a colourless oil following 

chromatographic purification. Boc-deprotection using TFA produced the catalyst in 48% 

overall yield over the four steps and its structure was confirmed through 1H & 13C NMR 

spectroscopy and LC-MS. The 1H & 13C NMR spectroscopic resonances of this catalyst were 

assigned based on analysis of 13C, HMQC and DEPT experiments (Table 4.5). 1H NMR 

analysis identified key diastereotopic protons CONHCH2 from 3.37 – 3.68 ppm, H-3’’ from 

1.35 – 1.70 ppm and 1.85 – 2.12 ppm. In addition to these, the catalyst contained two sets of 
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aromatic signals including one set of pyridyl ring protons, two amide N-H signals at 8.89 and 

6.08 ppm and a CH3 signal at 2.30 ppm which were all used to verify the success of the 

coupling reaction and deprotection. LC-MS analysis showed the protonated parent ion at m/z 

339 and High Resolution Mass Spectroscopy further identified the product.  

 

Table 4.5: List of HMQC correlations and assignment of 1H & 13C NMR spectroscopic resonances for 219.   
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

6

3'

O

N

O

H

2

4

5

N

NH

5'

4'

NH

4'' 5''

3''

2''
b

a

 

138.8 7.48-7.54 (m, 1H) C-5 & H-5 

131.0 & 131.2 7.87-7.93 (m, 2H) C-6 & H-6; C-3’ & H-3’ 

129.1 7.29-7.34 (m, 1H) C-4’ & H-4’ 

126.0 8.34 (s, 1H) C-2 & H-2 

119.7 6.78-6.82 (m, 1H) C-5’ & H-5’ 

111.6 7.93-7.98 (m, 1H) C-4 & H-4 

59.9 3.67-3.76 (m, 1H) C-2’’ & H-2’’ 

41.5 3.37-3.68, (m, 2H ) CONH-CH2 

45.2 3.03-3.23 (m, 2H) C-5’’ & H-5’’ 

28.1 1.85-2.12 (m, 1H), 1.35-1.70 (m, 1H) C-3’’ & H-3’’ 

24.1 1.70-2.02 (m, 2H) C-4’’ & H-4’’ 

23.9 2.30 (s, 3H) Ar-CH3 

 

4.2.4 Catalytic Performance of Methylpyrrolidine Ca talysts 

As a control catalyst, (S)-proline was tested at 10 mol% loading at room temperature in the 

aldol reaction of isatin with acetone in order to develop chiral HPLC conditions and replicate 

published results.318 The expected product was synthesised in quantitative yield after 16 hours 

with 25% ee of the (S)-product, consistent with previous results (Scheme 4.14).313,314,318 The 

ee was determined on the crude reaction mixture using chiral HPLC with a Chiralpak AD-H 

column and isocratic elution consisting of 70:30 hexane: iso-propanol with UV detection at 

254 nm. The 3-substituted-3-hydroxy-indolin-2-one reaction product 208 was isolated after 

removal of solvent in vacuo and purification by flash chromatography. The product was 

verified by LC-MS where its Na-adduct was found when analysed in positive mode (m/z 228) 

and also by NMR spectroscopy with its 1H & 13C NMR signals corresponding to previous 

reports (Table 4.6).314,318 The presence of diastereotopic methylene 1H NMR spectroscopic 
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resonances at 3.36 and 3.15 ppm and methyl peaks at 2.04 ppm confirmed the aldol reaction 

had successfully occurred.  

 
Scheme 4.14: Reaction of isatin with acetone catalysed by (S)-proline. 
 

Table 4.6: List of HMQC correlations and assignment of 1H & 13C NMR spectroscopic resonances for product of 
reaction of isatin with acetone.   

Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

N
H

O

HO

O

4

6

5

7  

123.5 7.29 (d, J = 7.33 Hz, 1H) C-4 & H-4 

129.4 7.21 (dt, J = 7.63 & 1.53 Hz, 1H) C-6 & H-6 

122.1 6.98 (t, J = 7.63 Hz, 1H) C-5 & H-5 

109.9 6.86 (m, 1H) C-7 & H-7 

49.8 3.36 (d, J = 16.78 Hz, 1H,) & 3.15 (d, J = 16.78 Hz, 1H) CH2 

29.3 2.04 (s, 3H) CH3 

 

The ‘reverse amide’ catalysts 215-218 (Figure 4.1) were tested in the aldol reaction of isatin 

with acetone under a variety of conditions including temperature, catalyst loading and 

additive. All reactions were monitored by TLC and HPLC and reactions were stopped once 

the reaction was deemed to be at or near completion. The ee of product was obtained on the 

crude reaction mixture and also on the purified product and no obvious differences were 

observed, contrary to some previous contradictory reports of enantiomeric enrichment318 and 

partial racemisation311 during chromatographic purification.  

 

Catalyst 215 was tested using 10 mol% catalyst loading at room temperature and at -20 °C 

with the use of acetic acid (AcOH) as an aldol additive also investigated. The effect of added 

AcOH was investigated at room temperature and -20°C and in all cases, a high yield of 

product was obtained with reaction times varying from 15 to 60 hours. The use of AcOH 

additive resulted in a 75% reduction in reaction times, presumably due to the enhanced rate of 

enamine formation in the presence of AcOH. However, at room temperature the ee reduced by 

4% through use of 20 mol% AcOH additive while at the lower temperature (-20 °C), a 4% 

improvement to 30% ee was observed (entries 3 & 5, Table 4.7) with the (R)-enantiomer 
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favoured in all cases. The configuration of the product was assigned through comparison of 

reports using the same HPLC chiral phases314,318 and specific optical rotation data.  

 

Table 4.7: Reaction of isatin with acetone catalysed by ‘reverse amide’ catalyst 215 under a number of 
conditions. Performance of (S)-proline also shown. 

 
Entry Catalyst 

Catalyst 
Loading Solvent Additive 

Temp 
(°C) 

Time 
(h) 

Yieldb 

(%) eec (%) Config 

1 

 10 Acetone - Rt 16 95 24 S 

2 

 

10 Acetone - Rt 44 85 22 R 

3 10 Acetone AcOH Rt 16.5 70 18 R 

4 10 Acetone - -20 63 95 26 R 

5 10 Acetone AcOH -20 15 98 30 R 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. In cases where additive was 
employed, 20 mol% AcOH was used. TLC and HPLC were used to monitor the progression of reaction bIsolated 
yield. cDetermined by chiral HPLC. 
 

The presence of an electron donating methyl group at the 6-position of the pyridyl ring in 

catalyst 216 was expected to release electron density to the pyridine nitrogen and was 

therefore expected to enhance its H-bond accepting properties. Catalyst 216 was tested with a 

10 mol% loading with and without a number of additives favouring the (R)-product in all 

cases. Use of 20 mol% AcOH additive gave a more successful result compared to no additive, 

32% ee of (R)-product after 18 hours at -20°C compared to 19% ee when no additive was used 

(entry 1 vs 6, Table 4.8). A number of acids including TFA, p-toluenesulfonic acid and 

benzoic acid were subsequently tested and AcOH was found to be the most successful 

additive for this catalyst. In addition, the concentration of acetone was found to have a 

negligible affect on yield and only a slight reduction in ee in the more concentrated systems of 

0.5 M and 1M was observed (entries 6-8, Table 4.8). 
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Table 4.8: Results of the variation of additive in the 216 catalysed aldol reaction of isatin with acetone.. 

 
Entry Catalyst Catalyst 

Loading Solvent Additive Temp 
(°C) 

Time 
(h) 

Yieldb 
(%) eec (%) Config 

1 

 

10 Acetone - Rt 15 Quant 19 R 

2 10 Acetone AcOH Rt 15 93 20 R 

3 10 Acetone TFA Rt 120 52 10 R 

4 10 Acetone p-TSA Rt 120 <10 8 R 

5 10 Acetone AcOH 4 11 93 25 R 

6 10 Acetone AcOH -20 18 95 32 R 

7d 10 Acetone AcOH -20 11 93 31 R 

8e 10 Acetone AcOH -20 11 97 31 R 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. In cases where additive was 
employed, 20 mol% of additive was used. TLC and HPLC were used to monitor the progression of reaction 
bIsolated yield. cDetermined by chiral HPLC. d0.6 mL acetone used. e0.3 mL acetone used. 
 

The ‘reverse amide’ catalyst 217 derived from pyridine-3-carboxylic acid (nicotinic acid) 

coupled to the pyrrolidine ring was subsequently tested. Upon initial study, the extremely 

active catalyst brought the reaction to completion after approximately 6 hours at -20 °C with a 

disappointing ee of less than 10% ee of (R)-product. In systems using no additive at room 

temperature and using AcOH at -20°C, a slight excess of the (S)-product was obtained but in 

general, the reaction was almost racemic (entries 1-5, Table 4.9). Several experiments were 

undertaken in an attempt to improve the enantioselectivity of the 217 catalysed reaction of 

isatin with acetone including the variation of solvents, temperatures, additives, catalyst 

loading and concentrations. The use of water as an additive was investigated due to previous 

reports of its ability to enhance the ee of aldol reactions including the aldol reaction of isatin 

with acetone.319 For the solvent study, a wide range of solvent polarities was studied including 

non-polar hexane and toluene and also polar solvents such as DMF, dioxane and brine. The 

(S)-enantiomer was consistently preferentially formed in toluene co-solvent regardless of 

additive used (entries 6-8, Table 4.9) In this solvent, the ee values varied considerably 

depending on the additive used; 7% ee without additive, 2.5% ee with 40 equiv H2O additive 

but an encouraging 18% ee of (S)-product was obtained through the use of 20 mol% AcOH. In 

the case of DMF, 21% ee of the (R)-product was obtained when using either 20 mol% AcOH 
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or 40 equiv H2O as additive with 20 mol% catalyst loading (entries 11 & 12, Table 4.9). All 

other solvents tested produced inferior ee values (entries 9, 10 & 13-15, Table 4.9), therefore 

toluene and DMF were considered to be the optimal solvents for catalyst 217 in this reaction. 

 

With the optimum solvents in hand (toluene to generate an excess of (S)-product and DMF for 

excess of (R)-product), a number of other variables were modified in an attempt to further 

enhance the enantioselectivity. Initially, the concentration of acetone was reduced in order to 

possibly decrease the overall rate of reaction and thereby possibly impart improved 

enantioselectivity. The concentration of acetone was reduced from 2 mL to 5 equiv and also 2 

equiv with respect to isatin for the reaction with 20 mol% AcOH additive in toluene and 

DMF. As expected, the reaction rates were reduced considerably; in the case of DMF, a 3% 

increase in ee to 24% ee of (R)-product was obtained when 2 equiv of acetone was used, albeit 

with a low yield of 31% (entry 17, Table 4.9). For toluene, use of 5 equiv acetone gave a very 

low yield of product after 284 hours and a disappointing ee of 7% in favour of the (S)-product 

(entry 18, Table 4.9). As a result of this unacceptably slow reaction using 5 equiv acetone, the 

corresponding system using 2 equiv acetone in toluene as reaction medium was not tested.  

 

Finally, reaction temperature was further reduced in an attempt to increase enantioselectivity. 

Reactions comprising 1 mL acetone, 20 mol% AcOH and 20 mol% catalyst loading at -42°C 

for DMF and also at -80°C for toluene and DMF were tested. In the case of toluene at -80°C, a 

disappointing ee of 10% in favour of the (S)-product was obtained while in DMF, ee values of 

22% and 18% of (R)-product at -42 °C and -80 °C were obtained respectively (entries 19-21, 

Table 4.9). Therefore, this catalyst was most significantly affected by solvent; use of non-

polar toluene solvent and the polar aprotic DMF solvent produced the (S) and (R) isomers of 

product respectively, albeit in low selectivity but with high catalytic activity. 
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Table 4.9: Testing of catalyst 217 under a number of conditions including varying solvent, temperature, catalyst 
loading, and concentration of acetone used. Catalystic properties of catalyst 218 also presented 

 

Entry Catalyst 
Catalyst 
Loading 
(mol%) 

Solvent Additive Temp 
(°C) 

Time 
(h) 

Yieldb 

(%) 
eec 

(%) Config 

1 

 

10 Acetone AcOH Rt 14 Quant 5 R 

2 20 Acetone - -20 48 Quant 7 R 

3 20 Acetone AcOH -20 14 Quant 7 S 

4 30 Acetone H2O -20 13 Quant 8 R 

5 10 Acetone - Rt 44 84 6 S 

6 20 Toluene - -20 20 80 7 S 

7 20 Toluene H2O -20 12 72 2.5 S 

8 20 Toluene AcOH -20 18 85 18 S 

9 20 Hexane - -20 19 83 2 R 

10 20 Hexane AcOH -20 19 86 2 S 

11 20 DMF AcOH -20 16 87 21 R 

12 20 DMF H2O -20 22 87 21 R 

13 20 THF AcOH -20 16 85 1 S 

14 20 Dioxane AcOH -20 24 90 3 S 

15 20 Brine AcOH -20  
No 

Reaction   

16d 20 DMF AcOH -20 40 94 23 R 

17e 20 DMF AcOH -20 135 31 24 R 

18d 20 Toluene AcOH -20 284 28 7 S 

19 20 DMF AcOH -42 10 72 22 R 

20 20 DMF AcOH -80 165 <20 18 R 

21 20 Toluene AcOH -80 165 <10 10 S 

22  10 Acetone - Rt 44 84 6 S 

aAll reactions in neat acetone were conducted with 0.3 mmol of isatin and 2 mL of acetone unless stated 
otherwise. Where the reaction was conducted in an alternative solvent, 2 mL of solvent and 1 mL acetone were 
used. In cases where additive was employed, 20 mol% AcOH or 40 equiv H2O was used. TLC and HPLC were 
used to monitor the progression of reaction bIsolated yield. cDetermined by chiral HPLC.d5 equivalents (0.11 mL) 
acetone used. e2 equivalents (0.044 mL) acetone used. 
 

The bifunctional reverse amide based catalyst 218 based on the isophthalamide substructure 

was finally evaluated. This catalyst produced a disappointing result of 6% ee in favour of the 
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(S)-product at room temperature after 44 hours reaction time (entry 22, Table 4.9). The poor 

performance of this catalyst may have been due to the chiral binding pocket of the catalyst 

being too small and inaccessible for efficient binding of isatin aldol intermediates. 

Alternatively, the isophthalamide may have existed in a conformation which where binding 

may have occurred at the exterior of the molecule rather than in the cleft.  

 

4.2.5 Summary of ‘Reverse Amide’ Catalyst performan ce 

Overall, disappointingly the ‘reverse amide’ pyrrolidine catalysts proved catalytically active 

but lacked a significant degree of enantioselectivity. Although catalyst flexibility was desired 

to bind the intermediates efficiently, the flexibility of the binding cleft due to the methyl 

pyrrolidine functionality may have been too great for high enantioselectivity. The enhanced 

flexibility of the catalyst was thought to have a negative impact on enantioselectivity with 

similar likelihood of Re and Si attack of the enamine on the isatin ketone (Figure 4.6). The 

high catalytic activity may have been due to a very small degree of steric strain for enamine 

attack on the isatin ketone. Also, the flexibility of the catalyst may have provided unrestricted 

access for the isatin substrate to efficiently bind to the catalyst via H-bonding which may have 

been facilitated by π-π stacking interactions between the aromatic rings of the catalyst and 

substrate. These factors combined were suggested to explain the high reactivity and low 

enantioselectivity of these catalysts.  

 
Figure 4.6: Suggested binding modes of explanation of poor enantioselectivity of reverse amide catalysts – due to 
enhanced flexibility and ease of attack on both the Re and Si faces of isatin ketone.   
 

The negative effects of catalyst flexibility were previously observed in the aldol reaction of 4-

nitrobenzaldehyde with acetone in water conducted by Chimni et al.253 They compared the 

catalytic properties of a prolinamide catalyst derived from aniline with a benzyl amine derived 

prolinamide. The extra flexibility associated with the latter catalyst afforded significantly 

higher activity but lower enantioselectivity compared to the more rigid aniline analogue.  
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Solvation may have played a key role in the enantioselectivity of the ‘reverse amide’ catalysed 

reaction with the formation of opposite enantiomers in solvents of varying polarities. The 

catalyst may have existed in different conformations in non-polar versus polar solvents, 

although we do not have any direct evidence of this. In addition, in non-polar toluene, H-

bonding effects would be enhanced due to less competitive solvent binding while polar 

solvents would compete with the catalyst for H-bonding to isatin, altering binding modes. 

Similar reversal of enantioselectivites depending on reaction solvent was recently reported by 

Wennemers et al. for their proline dipeptide catalysts in the aldol reaction of benzaldehyde 

and acetone. They proposed the difference in enantiomers was caused by different catalyst 

conformations in methanol compared to methanol/water mixtures.346 

 

4.3 Prolinamide Catalysts 

With the limited success of the ‘reverse amide’ catalysts, a series of prolinamide catalysts 

derived from aminopyridines and aminoquinolines were designed and synthesised. While 

some N-pyridyl prolinamides had previously been successful for ketone-aldehyde253 and 

ketone-ketone aldol reactions via H-bonding,176,291 none had been applied to the isatin/acetone 

aldol reaction. 

 

In 2006, Chimni et al. tested N-pyridyl prolinamide catalysts in their protonated form for the 

aldol reaction of acetone with 4-nitrobenzaldehyde in water.253 Using 20 mol% catalyst 

loading, the 2- and 4-aminopyridine derivatives proved unsuccessful while the 3-aminopyridyl 

derivative showed modest success; 52% yield after 10 days to give (R)-product in 31% ee 

(Scheme 4.15). In 2007, Luo et al. developed asymmetric catalysts through combination of 

chiral N-pyridyl prolinamides and surfactant Brønsted acids via non-covalent acid-base 

interactions in water.265 The catalyst and reaction mixture formed colloidal dispersions in 

water, indicating the reaction occurred in micelles. Using p-dodecyl benzenesulfonic acid 

(DBSA) additive for the reaction of cyclohexanone with 4-nitrobenzaldehyde in water, they 

observed most success for the 3- and 4- aminopyridyl derivatives with varying yields and ee 

values depending on reaction media (Scheme 4.15). In 2006, Gong et al. reported the use of 

N-pyridyl prolinamide catalysts for the aldol reaction of acetone with α-keto acids and found 
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that a catalyst derived from proline and 2-aminopyridine to be in the optimum for transition 

state binding for this reaction while the 3-aminopyridine variant proved ineffective (Scheme 

4.15).    

 
Scheme 4.15: Aldol reactions conducted by Chimni253, Luo265 and Gong176 using N-pyridyl prolinamide catalysts. 
 

4.3.1 Prolinamide Catalysts in Isatin/Acetone Aldol  Reaction 

It was postulated that N-pyridyl prolinamide catalysts of this type may bind to isatin in a 

similar way to that of the N-pyridyl methylpyrrolidine catalysts via H-bonding. The N-pyridyl 

prolinamide catalysts contain a H-bond donating amide N-H group, a H-bond accepting 

pyridine nitrogen atom and also a chiral secondary amine ring at which enamine formation 

could occur in a more rigid structure when compared to ‘reverse amide’ catalysts 215-218. 

The increased rigidity may give rise to a larger energy gap between attack by the nucleophilic 

enamine on the Re and Si faces of the ketone, resulting in higher enantioselectivity. It was also 

postulated that N-quinolinyl prolinamides could rigidify the cleft further whilst providing H-

bonding and π-π stacking effects. 

  

Initially, catalysts 221 & 222 derived from 2-aminopyridine and 2-amino-6-picoline coupled 

to proline were considered. These catalysts were previously found to be the most successful 

catalysts for the aldol reaction of α-keto-acids with ketones and the mechanism of catalysis 

was suggested to originate from successful binding of the keto acid substrate to the 

aminopyridine functionality and the amide group.176 This binding enhanced nucleophilic 

attack by the enamine and it was hoped that similar binding and activation would be possible 
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in the case of isatin through a combination of H-bonding of the catalyst amide N-H to the 

ketone and amide carbonyl groups of isatin and H-bonding of pyridine nitrogen to isatin 

amide N-H group (Figure 4.7).   

 
Figure 4.7: Structure of N-pyridyl prolinamide catalysts 221 & 222 and potential alternative binding interactions 
of enamine modified catalysts with isatin. 
 

4.3.2 N-Pyridyl Prolinamide Catalyst Synthesis 

The N-pyridyl prolinamide catalysts were synthesised in a two step sequence as outlined in 

Scheme 4.16. The first step involved Boc protection of (S)-proline and was achieved in high 

yield followed by ethyl chloroformate coupling of Boc-proline to the appropriate 

aminopyridine (2-aminopyridine or 6-methyl-2-aminopyridine). The conditions for successful 

coupling required the N-protected amino acid to be dissolved in anhydrous solvent and tertiary 

amine base and the ethyl chloroformate was added dropwise at 0°C over 15 minutes to form 

an unsymmetrical anhydride. Following an activation period of approximately 30 minutes, the 

relevant amine was added which reacted with the anhydride generated to form the Boc-amide 

product. This method has been extensively used in the synthesis of peptides.347 

 
Catalyst R % Yield Boc protected % Yield over 2 steps (αD) 

221 H 48 43 (-56.2, EtOAc) 

222 CH3 73 66 (-40.2, EtOAc) 

Scheme 4.16: Synthesis of N-pyridyl prolinamide catalysts 221 & 222.  
 

The reaction mixture was left to stir at 0 °C for 1 hour, at room temperature for 16 hours and 

heated to reflux for up to 3 hours with reaction monitoring by TLC. After dilution with ethyl 

acetate, the triethylamine triethylamine hydrochloride salt by-product was filtered and the 
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organic layer washed with saturated aqueous ammonium chloride, dried over MgSO4 and 

solvent removed in vacuo. Chromatographic purification gave Boc protected 221 & 222 in 

48% and 73% yields respectively. Boc-deprotection was conducted using TFA in CH2Cl2 to 

give the N-pyridyl prolinamide catalysts 221 & 222 in good yields (Scheme 4.16).  

 

An enhanced yield from coupling of the 6-methyl substituted derivative 222 was observed 

possibly due to enhanced electron density on the amine group (73% yield compared to 48%). 

LC-MS analysis of Boc-221 & Boc-222 furnished MH+ ions at m/z 292 and m/z 306 

respectively. Typical fragmentation of these compounds was through the previously described 

fragmentation of the Boc group via McLafferty rearrangement (m/z 236 & 250) and also 

cleavage of the Boc group from MH+ ion (m/z 192 & 206). Following Boc-deprotection, 

catalysts 221 & 222 were obtained in 43% & 66% overall yields.  

 

Table 4.10: List of HMQC correlations and assignment of NMR spectroscopic resonances for 221.    
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

148.0 8.20-8.31 (m, 2H) C-6 & H-6; C-3 & H-3 

138.3 7.65-7.72 (m, 1H) C-4 & H-4 

119.7 6.99-7.04 (m, 1H) C-5 & H-5 

61.0 3.86-3.92 (m, 1H) C-2’ & H-2’ 

47.3 2.98-3.12 (m, 2H) C-5’ & H-5’ 

30.9 1.98-2.25 (m, 2H) C-3’ & H-3’  

26.1 1.71-1.81 (m, 2H) C-4’ & H-4’ 

 

GC-MS analysis showed peaks at m/z 191 & 205 respectively corresponding to the M+ ions of 

221 & 222. The structure of Boc-protected and deprotected catalysts were also confirmed by 
1H & 13C NMR spectroscopy using DEPT, HMQC and COSY experiments. Detailed 

assignment of signals was conducted for the deprotected catalysts and show that 221 & 222 

possessed very similar 1H & 13C NMR spectra. In 1H NMR spectroscopy, aromatic protons 

from the pyridyl ring appeared in the range 6.8 – 8.2 ppm and pyrrolidine ring protons ranged 

from 1.7 – 3.9 ppm with diastereotopic H-3’ protons from 1.95 – 2.30 ppm. In each case, 

amide N-H peaks appeared in the range 10.1-10.2 ppm and pyrrolidine N-H signals were 

present between 1.8 & 2.4 ppm (Table 4.10 & Table 4.11). 
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Table 4.11: COSY interactions and assignment of 1H NMR spectroscopic resonances for 222. 
Structure Protons δ (ppm) Correlated with δ (ppm) Correlated with 

 

H-3 8.04 (d, J = 8.2 Hz, 1H) 7.56 (t, J = 8.2 Hz, 1H) H-4 

H-4 7.56 (t, J = 8.2 Hz, 1H) 6.86-6.89 (m, 1H) H-5 

H-5 6.86-6.89 (m, 1H) 2.46 (s, 3H) Ar-CH3 

H-2’ 3.83-3.88 (m, 1H) 1.97-2.26 (m, 2H) H-3’ 

H-5’ 2.99-3.10 (m, 2H) 1.67-1.81 (m, 2H) H-4’ 

H-4’ 1.67-1.81 (m, 2H) 1.97-2.26 (m, 2H) H-3’ 

 

Catalysts 221 & 222 were tested in the reaction of isatin with acetone using a 20 mol% 

catalyst loading at room temperature without additives as an initial trial of catalytic 

performance. The 2-aminopyridine derivative 221 gave 11% ee of (R)-product with a long 

reaction time and its closely related methyl substituted analogue 222 gave a marginally better 

result yielding 15% ee of (R)-product under the same conditions (entries 1 & 2, Table 4.12). 

These results proved disappointing as catalysts 221 & 222 had previously been successful for 

reaction of α-keto acids with acetone.176 This lack of success may have been due to the 

relative positioning of the pyridyl and amide groups and this was subsequently investigated. 

 

Table 4.12: Aldol reaction of isatin with acetone catalysed by 2-aminopyridyl based catalysts 221 & 222. 

  
Entry Catalyst Catalyst Loading (mol%) Yieldb (%) eec (%) Config 

1 

 

20 80 11 R 

2 

 

20 74 15 R 

aAll reactions in neat acetone were conducted with 0.3 mmol of isatin and 2 mL of acetone. TLC and HPLC were 
used to monitor the progression of reaction bIsolated yield. cDetermined by chiral HPLC. 
 

4.3.3 Synthesis of N-Pyridyl Prolinamide Catalysts 223 & 224 

Next, the effect of relative position of the pyridyl nitrogen atom in the aromatic ring was 

varied. The 3- and 4- substituted versions of N-pyridyl prolinamides 223 & 224 were 

synthesised in the same manner as for 221 & 222 using 3-aminopyridine and 4-aminopyridine 
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as starting materials (Scheme 4.17). The Boc-protected versions of 223 & 224 were obtained 

in 46% and 35% yields. LC-MS analysis for both Boc-protected catalysts produced MH+ ions 

at m/z 292 and fragment ions at m/z 218 (fragmentation of the Boc group) and m/z 190 (loss 

of Boc group). Boc-deprotection using TFA afforded 223 & 224 in 40% and 31% overall 

yields over 2 steps respectively. LC-MS analysis of 223 gave the MH+ ion at m/z 192 and GC-

MS analysis of 224 gave the M+ ion at m/z 191. 

 
Catalyst X Y % Yield Boc protected % yield over 2 steps (αD) 

223 N CH 46 40 (-65.8, CHCl3) 

224 CH N 35 31 (-84.2 (CHCl3) 

Scheme 4.17: Synthesis of 3-aminopyridine and 4-aminopyridine derived N-pyridyl prolinamides 223 & 224. 
 

The structure of Boc-protected and deprotected catalysts 223 & 224 were also confirmed by 

NMR spectroscopy using 1H, 13C, DEPT, and COSY experiments. Detailed assignment of 

signals conducted for the deprotected catalysts showed that both catalysts had similar spectra 

but differences were present reflecting the differences in the pyridyl ring substitution pattern 

of both catalysts. 1H NMR spectra showed aromatic protons from the pyridyl ring appearing in 

the range 7.2 – 8.6 ppm and pyrrolidine ring protons ranging from 1.7 – 3.9 ppm with 

diastereotopic H-3’ protons in the range of 1.9 – 2.3 ppm. In each case, amide protons 

appeared at approximately 9.9 ppm and pyrrolidine N-H signals appeared within the range of 

1.7 -2.25 ppm (Table 4.13 & Table 4.14). 

 

Table 4.13: COSY interactions and 1H NMR spectroscopy assignments for 223.  
Structure Protons δ (ppm) Correlated with 

δ (ppm) 

Correlated with 

 

H-2 8.59 (d, J = 2.75 Hz, 1H) 8.28- 8.32 (m, 1H) H-4 

H-6 8.21-8.25 (m, 1H) 7.20-7.26 (m, 1H) H-5 

H-4 8.28- 8.32 (m, 1H) 7.20-7.26 (m, 1H) H-5 

H-2’ 3.83-3.89 (m, 1H) 1.97-2.25 (m, 2H) H-3’ 

H-5’ 2.92-3.12 (m, 2H) 1.70-1.81 (m, 2H) H-4’ 

H-4’ 1.70-1.81 (m, 2H) 1.97-2.25 (m, 2H) H-3’ 
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Table 4.14: COSY interactions and 1H NMR spectroscopy assignments for 224. 
Structure Protons  δ (ppm) Correlated with δ (ppm) Correlated with 

 

H-2 8.43-8.51 (m, 2H) 7.49-7.55 (m, 2H) H-3 

H-2’ 3.83-3.89 (m, 1H) 1.98-2.28 (m, 2H) H-3’ 

H-5’ 2.92-3.13 (m, 2H) 1.68-1.88 (m, 2H) H-4’ 

H-3’ 1.98-2.28 (m, 2H) 1.68-1.88 (m, 2H) H-4’ 

 

4.3.4 Catalytic Studies of 223 & 224 

Catalysts 223 & 224 were tested in the reaction of isatin with acetone with varying additives, 

temperatures and catalyst loadings. Initially, 223 was tested using 20 mol% catalyst loading at 

different temperatures in the presence and absence of additives. Interestingly, an excess of the 

(S)-product was formed, opposite to that observed from the 2-aminopyridine based catalysts 

221 & 222. Gratifyingly, the ee values obtained from catalyst 223 were of the order of 55 – 

69% ee. For the reaction without additives, temperature had a minor effect with a 2% 

improvement in ee value upon reduction of temperature to -20°C (entries 1 & 2, Table 4.15). 

A more significant 9% improvement in ee was obtained when 20 mol% AcOH additive was 

used at -20°C (entries 2 vs 4, Table 4.15). Addition of 40 mol% AcOH had no further effects 

on the enantioselectivity but decreased reaction rate compared to 20 mol% AcOH (entry 4 vs 

5, Table 4.15).  

 

The use of water as an aldol additive has been studied in a large number of aldehyde:ketone 

aldol reactions and was also studied by Tomasini et al. in 2009 for the aldol reaction of isatin 

with acetone.319 In this work, the authors found that a required quantity of water was 

beneficial when compared to reaction without additive. In the work reported in this Chapter, 

the use of 6.6 equiv of water gave in a small increase in ee but the reaction rate appeared 

slower when compared to the system without additive (entry 2 vs 6, Table 4.15). The highest 

ee of 69% in favour of the (S)-isomer was found at -20°C using 40 equiv of water (entry 7, 

Table 4.15). 
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Table 4.15: Testing of catalyst 223 & 224 in aldol reaction of isatin with acetone. 

 
Entry  Catalyst Additive Temp (°C) Time (h) Yieldb (%) eec (%) Config 

1 

N
H

O

HN
N223  

- Rt 17 98 55 S 

2 - -20 32 96 57 S 

3 AcOH Rt 15 92 60 S 

4 AcOH -20 30 95 66 S 

5d AcOHd -20 37 84 66 S 

6e H2O
e -20 37 76 58 S 

7 H2O -20 37 72 69 S 

8 

 

AcOHf Rt 22 95 58 S 

9 AcOH -20 22 89 65 S 

10 H2O -20 24 87 54 S 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone with 20 mol% of 223 or 224. In cases 
where additive was employed, 20 mol% additive or 40 equiv H2O was used unless otherwise specified. TLC and 
HPLC were used to monitor the progression of reaction bIsolated yield. cDetermined by chiral HPLC. d40 mol% 
AcOH used. e6.6 equiv H2O used. f10 mol% catalyst employed. 
 

The 4-aminopyridyl derivative 224 completed the study of the N-pyridyl prolinamide catalysts 

and produced good yields in reasonable reaction times with only slightly decreased ee values 

compared to 223. Interestingly, in the case of this catalyst, 20 mol% AcOH appeared more 

successful than 40 equiv H2O as an additive for the reaction (entries 8 – 10, Table 4.15). 

 

To summarise the performance of the N-pyridyl prolinamide catalysts 221 – 224, the 4-pyridyl 

derivative 224 proved slightly inferior to the 3-pyridyl derivative 223 in terms of both yield 

and ee in particular when H2O was used as an additive. Both 223 and 224 produced an excess 

of (S)-product and were far superior to the 2-pyridyl derivatives 221 & 222 which favoured 

the (R)-product in low enantioselectivities in extended reaction times. Similar work 

highlighting significant differences in reactivity between the structurally similar catalysts 221, 

223 & 224 in alternative aldol reactions has been previously reported. Differences appeared to 

be both substrate and reaction dependant; Gong et al. found that the 2-pyridyl 221 was more 

successful than the 3- or 4-pyridyl derivatives 222 or 223 in the aldol reaction of an α-keto 

acid and a ketone.176 In addition, Luo et al. compared the performance of 221, 223 &  224 in 

the aldol reaction of 4-nitrobenzaldehyde with cyclohexanone in water with the addition of a 
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surfactant.265 They found the 2-pyridyl derivative 221 to be catalytically inactive and the 4-

pyridyl 224 more successful than the 3-pyridyl 223, explained by basicity and geometrical 

differences.  

 

In the case of the aldol reaction with isatin, this work has shown the 3-pyridyl catalyst 223 to 

be most effective. The relative position of the pyridyl and amide groups appeared key to this 

success possibly due to suitable spatial fit for H-bonding interactions between isatin and 223. 

In addition, the acidity of the amide N-H may have played a role in efficient catalysis. This 

work further extends the scope and use of catalysts 221 – 224 to the aldol reaction of isatin 

with acetone. The results from this study were also affected by common aldol additives such 

as acid additives or water with enhancement in yield and/or enantioselectivity in many 

cases.221 In general, the inclusion of 20 mol% AcOH and conducting the reaction at -20°C 

resulted in improved yield and ee values.267,314 The addition of an appropriate quantity of H2O 

was also effective at improving ee (entries 6-7, Table 4.15), but it decreased the reaction rate 

as previously observed.319,320,334  

 

4.4 N-Quinolinyl Derived Prolinamide Catalysts 

Following the study of the N-pyridyl prolinamide catalysts, a number of N-quinolyl 

prolinamide catalysts were considered in the hope that the larger aromatic ring system might 

make the catalyst cleft more rigid and enantioselective. Three different N-quinolyl 

prolinamides were considered which were similar to the N-pyridyl prolinamides in terms of 

the relative position of heteroaromatic nitrogen and the amide group and were derived from 2-

aminoquinoline, 3-aminoquinoline and 8-aminoquinoline (catalysts 225-227; Scheme 4.18).  

 

4.4.1 N-Quinolinyl Catalyst Synthesis 

Synthesis of these catalysts was achieved in the same manner as for the N-pyridyl prolinamide 

catalysts through ethyl chloroformate coupling of the appropriate aminoquinoline to Boc-

proline to give the Boc-protected N-quinolinyl prolinamides in variable yields; 56% for the 2-

aminoquinoline derivative Boc-225, 28% for the 3-aminoquinoline derivative Boc-226 and 
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93% for the 8-aminoquinoline analogue Boc-227. As expected, LC-MS analysis of these 

isomers produced ions with m/z 342 corresponding to the protonated MH+ ion in each case.  

 
Catalyst Catalyst Structure % Yield Boc protected % Yield over 2 steps (αD) 
225 

 

56 49 (+7.4, CHCl3) 

226 

 

28 22 (-20, CHCl3) 

227 

 

93 84 (+18.6, CHCl3) 

Scheme 4.18: Synthesis of N-quinolinyl prolinamide based catalysts. 
 

Boc-deprotection was conducted using TFA in dichloromethane to give 225-227. Again, these 

isomers produced identical mass spectra with the MH+ ion at m/z 242 detected as the major 

LC-MS peak in each case. The structure of the Boc-protected and deprotected catalysts were 

also confirmed by NMR spectroscopy using 1H, 13C, DEPT and COSY experiments. The 1H & 
13C NMR spectra appeared similar for 225 – 227 with moderate differences due to relative 

arrangement of the quinolinyl aromatic peaks. Detailed assignment of signals was conducted 

for the deprotected catalysts using these NMR techniques (Table 4.16, Table 4.17 & Table 

4.18). The key 1H NMR spectroscopic resonances indentified included 6 aromatic protons in 

the range 7.6 – 8.9 ppm, aliphatic pyrrolidine protons including diastereotopic H-3’ protons 

from 2.0 – 2.3 ppm, pyrrolidine amine N-H group at 2.1 – 2.2 ppm and also the prolinamide 

N-H proton varying from 10.1 – 11.6 ppm. 
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Table 4.16: 1H NMR spectroscopic assignments and COSY interactions for 225 
Structure Protons δ (ppm) Correlated with δ (ppm) Correlated with 

 

H-3 8.48 (d, J = 8.70 Hz, 1H) 8.16 (d, J = 9.16 Hz) H-4 

H-8 7.86 (d, J = 8.70 Hz, 1H) 7.61-7.68 (m, 1H) H-7 

H-5 7.76 (d, J = 9.16 Hz, 1H) 7.40-7.46 (m, 1H) H-6 

H-7 7.61-7.68 (m, 1H) 7.40-7.46 (m, 1H) H-6 

H-2’ 3.88-3.95 (m, 1H) 2.01-2.30 (m, 2H) H-3’ 

H-5’ 3.04-3.15 (m, 2H) 1.73-1.85 (m, 2H) H-4’ 

H-3’ 2.01-2.30 (m, 2H) 1.73-1.85 (m, 2H) H-4’ 

 

Table 4.17: 1H NMR spectroscopic assignments and COSY interactions for 226 
Structure Protons δ (ppm) Correlated with δ (ppm) Correlated with 

 

H-2 8.83-8.85 (m, 1H) 8.75-8.77 (m, 1H) H-4 

H-5 8.0-8.04 (m, 1H) 7.57-7.62 (m, 1H) H-6 

H-7 7.77-7.81 (m, 1H) 7.49-7.53 (m, 1H) H-8 

H-2’ 3.91-3.97 (m, 1H) 2.01-2.31 (m, 2H) H-3’ 

H-5’ 3.0-3.20 (m, 2H) 1.75-1.85 (m, 2H) H-4’ 

H-3’ 2.01-2.31 (m, 2H) 1.75-1.85 (m, 2H) H-4’ 

 

Table 4.18: 1H NMR spectroscopic assignments and COSY interactions for 227 
Structure Protons δ (ppm) Correlated with δ (ppm) Correlated with 

 

H-2 & H-7 8.81-8.89 (m, 2H) 7.48-7.56 (m, 2H) H-5 & H-6 

H-4 8.12-8.16 (m, 1H) 7.41-7.45 (m, 1H) H-3 

H-2’ 3.98-4.05 (m, 1H) 2.08-2.33 (m, 2H) H-3’ 

H-5’ 3.11-3.21 (m, 2H) 1.71-1.90 (m, 2H) H-4’ 

H-3’ 2.08-2.33 (m, 2H) 1.71-1.90 (m, 2H) H-4’ 

 

4.4.2 Catalytic Properties of N-Quinolinyl Catalysts 

Catalysts 225 – 227 were tested in the aldol reaction of isatin with acetone and major 

variations in reactivity and enantioselectivity were observed between them; however 

interestingly their profiles followed a similar pattern to that of the N-pyridyl prolinamide 

isomers 221-224. The 2-aminoquinoline derivative catalyst 225 effected product in 17% ee of 

the (R)-isomer in an unacceptably low yield of less than 20% using 20 mol% catalyst loading 

with 20 mol% AcOH at -20°C (entry 2, Table 4.19). To try optimise this further, variation in 

reaction temperature and use of water as an additive were investigated but resulted in lower 

ee. Interestingly, when 225 was used in 20 mol% loading with 40 equiv water additive, a 



200 

 

slight excess of 7% ee of the (S)-product was observed, opposite to the system when AcOH 

was used as additive (entry 3, Table 4.19). 

 
Table 4.19: Testing of N-quinolinyl prolinamide catalysts 225-227. 

 

Entry Catalyst 
Catalyst 
Loading 
(mol%) 

Additive Temp 
(°C) Time (h) Yieldb 

(%) eec (%) Config 

1 

 

10 AcOH Rt 192 <10 2 R 

2 20 AcOH -20 504 <20 17 R 

3 20 H2O -20 312 <20 7 S 

4 

 

10 AcOH Rt 24 95 59 S 

5 20 AcOH -20 50 71 64 S 

6d 20 AcOH d -20 50 69 62 S 

7 20 H2O -20 44 89 66 S 

8 

 

10 - Rt 23 82 17 R 

9 10 AcOH Rt 21 94 18 R 

10 20 AcOH -20 44 76 13 R 

11d 20 AcOHd -20 44 86 13 R 

12 20 H2O -20 60 75 5 R 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. In cases where additive was 
employed, 20 mol% additive was used. TLC and HPLC were used to monitor the progression of reaction 
bIsolated yield. cDetermined by chiral HPLC. d40 mol% AcOH used. 
 

The 3-aminoquinoline derivative 226 was tested under a number of conditions and 

temperatures. Due to previous results showing that the reactions were more efficient in the 

presence of additives such as AcOH and H2O, these additives were used in this testing. For 

catalyst 226, enantioselectivities of the order 59-66% ee in favour of the (S)-product were 

obtained with the optimum ee of 66% observed with 20 mol% catalyst loading, 40 equiv H2O 

additive at -20°C to give a yield of 89% after 44 hours (entry 7, Table 4.19). In all instances, 

the (S)-product was favoured when using the 3-aminoquinoline derived catalysts as observed 

with the 3-aminopyridine derivative (catalyst 223).  

 

The 8-aminoquinoline derivative 227 was also examined under a variety of conditions varying 

reaction temperature, catalyst loading and additive type. In all cases, 227 preferentially formed 
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excess of (R)-product and provided good yields of product in poor enantioselectivities with 

reaction time up to 44 hours. Use of a 10 mol% catalyst loading with 20 mol% AcOH at room 

temperature gave the product in slightly better ee compared to use of a higher catalyst loading 

at lower temperatures (entries 8-12, Table 4.19). It is interesting to note that derivatives in 

which the heterocyclic nitrogen was in relatively close proximity to the amide group such as 

catalyst 221, 222, 225 & 227 tended to favour the (R)-product in low enantioselectivity but 

derivatives where the moieties are relatively separate afforded an excess of (S)-product.  

 

4.5 Bis-N-pyridyl Prolinamide 228 

A final C2 symmetric bis-N-pyridyl prolinamide was considered. Catalyst 228 derived from 

coupling of proline to 2,6-diaminopyridine represented a bis-prolinamide version of catalyst 

221 which could enhance possible binding effects. Synthesis of 228 was achieved in poor 

yield through ethyl chloroformate coupling of Boc-protected proline with 2,6-diaminopyridine 

to give Boc-228. LC-MS analysis of this product produced a Na adduct MNa+ at m/z 526 and 

MH+ ion at m/z 504. 

 
Scheme 4.19: Synthesis of C-2 symmetric bis-N-pyridyl prolinamide catalyst 228 
 

Boc-deprotection using TFA in dichloromethane completed the synthesis (Scheme 4.19). The 

structure and purity of the catalyst was assessed by LC-MS and 1H NMR spectroscopy. LC-

MS analysis gave the MNa+ ion at m/z 326 and the MH+ ion at m/z 304. Due to the 

symmetrical nature of the catalyst, the 1H NMR spectrum featured a relatively small number 

of peaks. Key peaks identified included pyrrolidine signals, in particular diastereotopic H-3’ 

protons in the range of 1.6 – 2.3 ppm and amide N-H signal at 9.97 ppm. The aromatic 

protons from the 2,6-pyridinedicarboxyl ring consisted of two signals with a doublet at 7.95 

ppm representing H-3 and a triplet at 7.70 ppm corresponding to H-4.  
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4.5.1 Catalytic Performance of Bis-Prolinamide Catalyst 228 

Various parameters were examined during catalyst testing including catalyst loading, level 

and type of acid additive and temperature. In all cases, an excess of the (S)-product was 

produced, opposite to that favoured with the 2-pyridyl mono-prolinamide (catalyst 221).  

 

Table 4.20: Testing of catalyst 228 under various conditions in the reaction of isatin with acetone. 

 
Entry Catalyst Catalyst Loading 

(mol%) Additive Temp 
(°C) 

Yieldb 
(%) 

eec 

(%) Config 

1 

 

10 - Rt 99 28 S 

2 10 - -20 77 45 S 

3 10  AcOH -20 81 47 S 

4 20 - -20 78 43 S 

5 20 AcOH -20 99 39 S 

6 20 20 eq H2O -20 99 36 S 

7 20 H2O -20 99 43 S 

8 20 60 mol% AcOH -20 95 39 S 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone using 88 hours reaction time. In cases 
where additive was employed, 20 mol% additive or 40 equiv H2O was used. TLC and HPLC were used to 
monitor the progression of reaction bIsolated yield. cDetermined by chiral HPLC. 
 

For reactions in the absence and presence of AcOH, decreasing the catalyst loading from 20 

mol% to 10 mol% and use of 20 mol% AcOH resulted in an increase in ee of up to 8% in 

some cases (entries 2-5, Table 4.20) The addition of 20 equiv water caused a slight reduction 

in ee (entry 4 vs 6, Table 4.20) while the use of 40 equiv water increased ee values equivalent 

to the system without additive (entry 4 vs 6 & 7, Table 4.20). The reaction using 60 mol% 

AcOH had no effect on enantioselectivity and only a slight yield reduction (entry 5 vs 8, Table 

4.20). The optimum result was achieved through the use of 10 mol% catalyst with 20 mol% 

AcOH at -20 °C for 88 hours to give 47% ee of (S)-product (entry 3, Table 4.20), a 

considerable increase and in opposite configuration compared to the mono-prolinamide 

equivalent 221. This increase in yield and selectivity may be due to more efficient binding of 

the substrate to the amide N-H groups of 228 potentially through H-bonding to both isatin 
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carbonyl groups. This could allow better spatial fit of the catalyst and isatin without 

interaction from the pyridine nitrogen. 

 

4.5.2 Summary of Performance of Catalysts 221-228 

From the results obtained from N-pyridyl prolinamide and also N-quinolinyl prolinamide 

catalysts, the best result was obtained using the 3-aminopyridine based catalyst 223 with a 20 

mol% loading of catalyst in the presence of 40 equiv H2O at -20°C for 37 hours, producing a 

yield of 72% and 69% ee of (S)-product (entry 7, Table 4.15). Geometrical differences and 

spatial effects appeared to have played a key role in binding and therefore catalytic 

performance. It appeared that having the amide group and pyridine nitrogen too close or too 

far from one another led to less efficient results with the 3-positioning of the pyridyl 

prolinamide having the optimal catalyst arrangement. The apparent size of the binding cleft 

for 223 may have been most suitable for this reaction with the smaller binding site in 221, 

222, 225 & 228 unsuitable and this will be discussed in more detail later.  

 

4.6 Hydroxyprolinamide & Ring Derivatised Catalysts  

There have been reports of the use of hydroxyproline and other pyrrolidine ring derivatised 

compounds as organic catalysts and in some cases, such catalysts perform better than the non-

derivatised versions.262 With this in mind, prolinamide catalysts starting from 4-hydroxyl-L-

proline were synthesised. These bifunctional ring-substituted prolinamide catalysts were based 

on the most successful catalyst to date (3-pyridyl prolinamide 223) and examined with respect 

to the effect of the additional chiral centre on the pyrrolidine ring and also the effect of 

protecting the additional OH group with a bulky benzyloxy group (catalyst 229) or leaving it 

unprotected (catalyst 230).  

 
Figure 4.8: Structure of hydroxyprolinamide and ring derivatised catalysts 229 & 230. 
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4.6.1 Synthesis of Benzyloxy-3-Pyridyl Prolinamide 229 

Catalyst 229 was synthesised in 4 steps with moderate yield starting with N-Boc-trans-4-

hydroxy-L-proline methyl ester (Scheme 4.20). To protect the commercially available ester 

hydroxyl group, it was stirred with benzyl bromide in anhydrous DMF with sodium hydride. 

After approximately 4 hours, the reaction was quenched with H2O and following mild acidic 

work up and chromatographic purification, the expected product 231 was obtained in 38% 

yield. LC-MS analysis produced an MNa+ adduct at m/z 358 and an MH+ adduct at m/z 326. 

The structure of this compound was also confirmed by 1H NMR spectroscopy with 13C, DEPT 

and COSY analysis used to aid peak assignment. The key 1H NMR spectroscopic resonances 

which confirmed the successful reaction and verified the protected intermediate were the 

benzyl methylene peaks from 4.27 – 4.52 ppm and the additional phenyl ring aromatic peaks 

from 7.23 – 7.36 ppm. 

 
Scheme 4.20: Protection of N-Boc-trans-4-hydroxy-L-proline methyl ester with benzyl bromide forming 231 
followed by hydrolysis to the corresponding carboxylic acid 232. 
 

Table 4.21: COSY analysis of benzyl protected intermediate 231. 
Structure Proton δ (ppm) Correlated with δ (ppm) Correlated with 

 

H-2’ 4.27-4.52 (m, 3H) 2.0-2.42 (m, 2H) H-3’ 

H-4’ 4.05-4.20 (m, 1H) 2.0-2.42 (m, 2H), 

3.48-3.70 (m, 2H, H-5’) 

H-3’ & H-5’ 

 

Ester 231 was hydrolysed to the corresponding acid using NaOH in methanol at room 

temperature. Upon completion, the reaction mixture was diluted with water and following a 

mild acid/base work-up, was extracted with ethyl acetate, dried with MgSO4 and solvent 

removed in vacuo to give a yield of 81% of the acid intermediate 232. LC-MS analysis 

produced the Na adduct at m/z 344. 1H NMR spectroscopic resonances were assigned through 

comparison with the previously synthesised ester intermediate with an extra broad signal at 

9.90 ppm ascribed to the carboxylic acid group and also the loss of the methoxy group, 

evident in both the 1H and 13C NMR spectroscopy. 
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This carboxylic acid 232 was subsequently reacted with 3-aminopyridine through ethyl 

chloroformate coupling in the same manner as the N-pyridyl and N-quinolinyl prolinamide 

catalysts (Scheme 4.21). This coupling appeared to be very sensitive to reaction concentration 

and also rate of addition of 3-aminopyridine, observed from the failure of the reaction at more 

concentrated levels than 122 mM and also with fast addition of 3-aminopyridine. A 

concentration of 58 mM of acid in THF was deemed to be optimal. The Boc-protected 4-

benzyloxyprolinamide version of catalyst 229 was synthesised in 45% yield following 

chromatographic purification using a mixture of petroleum ether and ethyl acetate and LC-MS 

analysis produced a peak at m/z 398 corresponding to MH+ and also at m/z 298 due to loss of 

the Boc group from the molecular ion. 

 
Scheme 4.21: Synthesis of catalyst 229. 
 

Table 4.22: List of HMQC correlations and assignment of NMR spectroscopic resonances for 229.    
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

145.1 8.28-8.31 (m, 1H) C-4 & H-4 

141.0 8.58-8.61 (m, 1H) C-2 & H-2 

126.6-128.7 7.20-7.38 (m, 5H) Ar-C & Ar-H 

126.5 8.19-8.23 (m, 1H) C-6 & H-6 

123.7 7.20-7.38 (m, 1H) C-5 & H-5 

80.5 4.12 (s, 1H) C-4’ & H-4’ 

70.8 4.41-4.52 (m, 2H) OCH2-Ph 

60.4 4.03-4.09 (s, 1H) C-2’ & H-2’ 

52.8 3.20-3.25 (m, 1H) & 2.76-2.82 (m, 1H) C-5’ & H-5’ 

36.3 2.47-2.56 (m, 1H) & 1.93-2.0 (m, 1H) C-3’ & H-3’ 

 

The protected catalyst Boc-229 was deprotected using TFA in dichloromethane at room 

temperature to give 229 in 96% yield from the deprotection and 14% overall from the 4-step 

synthetic sequence. LC-MS analysis gave an MH+ peak at m/z 298 and NMR spectroscopic 

analysis using 1H, 13C, DEPT & HMQC experiments were used to verify the catalyst and to 

assign all NMR signals (Table 4.22). The key 1H NMR spectroscopic resonances which 

confirmed the success of this synthesis included the amide N-H peak at 9.85 ppm, two 



206 

 

separate sets of aromatic protons, pyrrolidine ring protons in the range 1.9 – 4.1 ppm, the 

benzyl disatereotopic protons from 4.41-4.52 ppm and the  pyrrolidine N-H proton at 2.55 

ppm. 

 

4.7 Synthesis of Hydroxy-Prolinamide Catalyst 230 

The unprotected catalyst 230 possessing a free hydroxyl group trans to the amide group was 

synthesised as outlined in Scheme 4.22. Initial Boc protection of trans-4-hydroxy-L-proline 

was attained in 35% yield by reaction with di-tert-butyl-dicarbonate in a 1:1 mixture of water 

and dioxane in the presence of saturated aqueous sodium bicarbonate. After 16 hours reaction 

at room temperature, product extraction was conducted at pH 3 and following drying over 

MgSO4, removal of solvent in vacuo and flash chromatography, the pure N-Boc-protected 

acid was obtained. 1H NMR spectroscopic characterisation corresponded to previous synthetic 

reports of this compound with the presence of the t-Bu signal from 1.39 – 1.45 ppm 

confirming the success of the reaction.262  

 
Scheme 4.22: Synthesis of Boc-protected 4-hydroxy-L-proline followed by coupling and deprotection towards 
ring substituted catalyst 230. 
 

Ethyl choroformate coupling of the N-Boc-protected hydroxyproline with 3-aminopyridine 

produced Boc-230 in 59% yield. LC-MS analysis displayed a peak at m/z 308 corresponding 

to the MH+ ion and m/z 208 due to complete loss of the Boc group. Boc deprotection using 

TFA in dichloromethane at room temperature gave catalyst 230 in 87% yield and 18% yield 

overall. LC-MS analysis of 230 produced an ion at m/z 208 corresponding to the MH+ ion. 

NMR spectroscopic analysis was used to confirm 230 and 1H, 13C and HMQC experiments 

were used as an aid for peak assignment. Key 1H NMR spectroscopic resonances included the 

pyrrolidine diastereotopic H-3’ signals from 2.01 – 2.10 ppm and 2.36 – 2.43 ppm, H-5’ 

protons from 3.11 – 3.28 ppm, aromatic pyridyl signals and also the amide N-H peak at 6.93 

ppm. 
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Table 4.23: List of HMQC correlations and assignment of NMR spectroscopic resonances for 230.    
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

144.3 8.26-8.29 (m, 1H) C-4 & H-4 

140.8 8.77-8.81 (m, 1H) C-2 & H-2 

127.8 8.08-8.14 (m, 1H) C-6 & H-6 

124.0 7.37-7.42 (m, 1H) C-5 & H-5 

71.1 4.51 (s, 1H) C-4’ & H-4’ 

59.8 4.31-4.37 (m, 1H) C-2’ & H-2’ 

54.2 3.11-3.28 (m, 2H) C-5’ & H-5’ 

39.0 2.36-2.43 (m, 1H) & 2.01-2.10 (m, 1H) C-3’ & H-3’ 

 

4.7.1 Catalytic Properties of 229 & 230 

The trans-benzyl protected catalyst 229 was tested under a number of conditions including 

using AcOH and H2O as additives for the reaction. The most successful system employed 20 

mol% catalyst loading with 40 equiv H2O at -20 °C, in an extended reaction time of 70 hours 

resulting in 54 % ee of (S)-product (entry 2, Table 4.24). The unprotected trans-hydroxyl 

derivative 230 furnished product in up to 58% ee of (S)-product, again using 20 mol% catalyst 

loading and 40 equiv of H2O at -20 °C (entry 4, Table 4.24). These results showed that 

incorporation of a second bulky H-bond donating functionality and chiral centre trans to the 

amide in the pyrrolidine ring of the prolinamide catalyst resulted in a slight reduction in ee 

compared to the unsubstituted system. 

 

Table 4.24: Testing of pyrrolidine ring substituted prolinamide catalysts 229 & 230. 

 

Entry Catalyst 
Catalyst 
Loading 
(mol%) 

Additive Temp 
(°C) Time (h) Yieldb 

(%) eec (%) Config 

1 

 

20 AcOH -20 90 77 50 S 

2 20 H2O -20 90 79 54 S 

3 

 

20 AcOH -20 15 85 44 S 

4 20 H2O -20 17 87 58 S 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. In cases where additive was 
employed, 20 mol% additive or 40 equiv H2O was used. TLC and HPLC were used to monitor the progression of 
reaction bIsolated yield. cDetermined by chiral HPLC. 
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From the above series of catalysts (221-230); overall it was apparent that 223 possessed the 

most potential for the reaction. Work was subsequently conducted aiming to enhance further 

the yield and enantioselectivity of the reaction catalysed by 223 (Figure 4.9). 

 
Figure 4.9: Structure of most successful catalyst 223 based on 3-aminopyridine and prolinamide coupling. 
 

4.8 Effects of Acid Additives on Catalytic Performa nce 

Having observed the positive influence of AcOH as an additive on yield and 

enantioselectivity, the effect of strength of acid additive was then considered. Xiao et al. 

previously studied the isatin/acetone aldol reaction and conducted all reactions in the presence 

of AcOH.314 However, several other acid additives have also been used in aldol reactions with 

a number of these studies detailed in Chapter 3.267 A range of acid additives across a pKa 

range of -2 to 16 were examined for the 223 catalysed reaction of isatin and acetone and a 

correlation between pKa of acid additive and enantioselectivity was observed (Table 4.25). 

Interestingly, a plot of pKa versus enantioselectivity resembled a pH titration curve. The ee 

appeared to rise sharply and linearly between additive pKa of 2-6. A plateau was reached at 

pKa 7 after which point an essentially constant ee value was obtained regardless of the pKa of 

the additive (Figure 4.10). 

 

 A relationship between pKa of additive and reaction yield was also observed. It was noted 

that the reaction proceeded at a slower rate when using additives with pKa values >6 (entry 6 

vs entries 8 and 9, Table 4.25). Additionally, an increase in ee was observed to be obtained at 

the expense of product yield and it could therefore be stated that the optimum acid additive for 

yield and enantioselectivity should possess a pKa value of approximately 4.0-6.0.  

 

 

 

 

 



 

Table 4.25: Variation of acid additive & relationship between pK
223.a 

Entry Additive

1 p-TSA

2 TFA

3 ClCH2COOH

4 HCOOH

5 PhCOOH

6 AcOH

7 4-NO2-Phenol

8 4-Cl-Phenol

9 Phenol

10 Methanol

11 Water

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. In cases where additive was 
employed, 20 mol% additive. TLC and HPLC were used to monitor the progression of reaction 
cDetermined by chiral HPLC.
 

Figure 4.10: Relationship between pK
mol% additive. 
 

Water as an additive was found to be an exception to the aforementioned trends producing 

product with lower ee and higher yield than expected based on its pK

mol% levels (entry 11,

present in the medium has been demonstrated to be critical to the level of enantioselectivity.

A quantity of 40 equiv (4000 mol%) has been found to be optimal by Tomasini 
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: Variation of acid additive & relationship between pKa of additive and 

Additive Additive pK a Time (h) Yield

TSA -1.34 88 

TFA 0.26 12 

COOH 2.85 6 

HCOOH 3.75 14 

PhCOOH 4.21 14 

AcOH 4.76 65 

Phenol 7.14 78 

Phenol 9.38 89 

Phenol 9.94 89 

Methanol 15 89 

Water 15.7 32 

All reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. In cases where additive was 
employed, 20 mol% additive. TLC and HPLC were used to monitor the progression of reaction 
Determined by chiral HPLC. Literature pKa data as measured in water.348 

 
: Relationship between pKa of acid additive and ee of product using 20 mol% catalyst 

Water as an additive was found to be an exception to the aforementioned trends producing 

with lower ee and higher yield than expected based on its pK

mol% levels (entry 11, Table 4.25). It must be noted however that

present in the medium has been demonstrated to be critical to the level of enantioselectivity.

ty of 40 equiv (4000 mol%) has been found to be optimal by Tomasini 

of additive and ee of (S)-product catalysed ny 

 
Yieldb (%) eec (%) 

52 13 

97 12 

98 37 

94 58 

90 63 

95 66 

84 69 

85 70.5 

80 71 

77 69 

96 57 

All reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. In cases where additive was 
employed, 20 mol% additive. TLC and HPLC were used to monitor the progression of reaction bIsolated yield. 

of acid additive and ee of product using 20 mol% catalyst 232 and 20 

Water as an additive was found to be an exception to the aforementioned trends producing 

with lower ee and higher yield than expected based on its pKa of 15.7 when used at 20 

). It must be noted however that the quantity of water 

present in the medium has been demonstrated to be critical to the level of enantioselectivity.319 

ty of 40 equiv (4000 mol%) has been found to be optimal by Tomasini et al. for a 
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dipeptide catalyst and above this level, a decrease in ee occurred with increasing water 

concentrations.319 This was also observed in this work for N-pyridyl prolinamide catalyst 223.  

 

4.9 Role of Solvent in 223 Catalysed Reaction 

A detailed solvent study was undertaken investigating the effects of reaction solvent (Table 

4.26). Due to the similar performance of 223 using AcOH or 40 equiv H2O as additive, the 

study was undertaken for both additives independently. Solvents of varying polarities were 

examined and in the case of AcOH additive, toluene produced 91% yield of product in 66% ee 

with a reaction time of 22 hours compared to 65 hours reaction time in neat acetone. This 

faster reaction in non-polar toluene may have been due to potentially more efficient catalyst-

substrate H-bonding in a non-polar solvent with less H-bonding competition from the solvent. 

A marginally higher ee value could be obtained when the reaction with AcOH additive was 

conducted in relatively non-polar CHCl3 or CH2Cl2 (entries 7 & 8, Table 4.26) but this came 

at the expense of reaction yield.  

 

When using H2O as additive, the reaction in acetone was found to be marginally superior in 

terms of ee compared to the use of alternative reaction solvents and this reaction gave the 

most successful results overall. When relatively non polar co-solvents such as hexane or 

CHCl3 were used, an increase in reaction yield was observed but longer reaction times were 

required (entries 9-16, Table 4.26). 
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Table 4.26: Variation of solvent in reaction catalysed by 223.a 

 
Entry Solvent Additive Time (h) Yieldb (%) eec (%) 

1 Acetone AcOH 65 95 66 

2 Toluene AcOH 22 91 66 

3 DMF AcOH 61 78 54 

4 Dioxane AcOH 42 85 64 

5 THF AcOH 48 78 64 

6 Hexane AcOH 38 96 58 

7 CH2Cl2 AcOH 46 82 68.5 

8 CHCl3 AcOH 40 80 69 

9 Acetone H2O 37 72 69 

10 Toluene H2O 108 72 63 

11 DMF H2O 108 85 61 

12 Dioxane H2O 13.5 97 50 

13 THF H2O 41 92 63 

14 Hexane H2O 88 98 68 

15 CH2Cl2 H2O 108 68 66 

16 CHCl3 H2O 90 85 68 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of co-solvent and 1 mL acetone using 20 mol% 
of 223 at -20°C with either 20 mol% AcOH or 40 equiv H2O. An excess of the (S)-product was obtained in all 
cases. TLC and HPLC were used to monitor the progression of reaction bIsolated yield. cDetermined by chiral 
HPLC. 
 

4.10 Study of Conditions for Optimal Enantioselecti vity using 223 

The catalytic conditions were optimised further for the most successful catalyst 223. The 

effects of catalyst loading, temperature additive and additive loading were examined in turn. 

As close values yield and ee values were obtained for chloroform, hexane and acetone as 

solvents with H2O additive, these were examined at a loading of 30 mol%. The reaction in 

neat acetone with H2O was the most efficient in terms of ee giving the product in 72% ee 

compared to 68% ee for both chloroform and hexane. Interestingly, the concentration at which 

the acetone reaction was conducted did not have any effect on yield or enantioselectivity with 

no difference in results between the reaction at 0.15 M and 0.3 M of isatin in acetone (entry 5 
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vs 8, Table 4.27). A further increased loading of 40 mol% produced a slightly reduced ee 

value of 69%, indicating that 30 mol% was the optimum catalyst loading (entry 5 vs 9, Table 

4.27). The use of AcOH additive prodced slightly inferior enantioselectivities compared to 

water as an additive. Overall, the best result was obtained using 30 mol% loading of catalyst 

in the presence of 40 equiv H2O at -20°C for 37 hours, producing a yield of 88% and 72% ee 

of (S)-product (entry 5, Table 4.27).319  

 

Table 4.27: Variation of conditions and additives in reaction of isatin and acetone catalysed by 7.a 

 
Entry Loading Additive Temp (°C) Time (h) Yield (%)  ee (%) 

1 30 AcOH Rt 15 95 60 

2 30 AcOH -20 37 95 63 

3 30 AcOHb -20 37 84 69 

4 20 H2O
c -20 37 76 58 

5 30 H2O -20 37 88 72 

6 30 H2O/Hexane -20 37 90 68 

7 30 H2O/CHCl3 -20 37 67 68 

8 30d H2O -20 37 87d 72d 

9 40 H2O -20 33 68 69 

 aUnless otherwise noted, all reactions for catalyst optimisation study  were conducted using 30 mol% catalyst 
loading of 223 with either 20 mol% AcOH or 40 equiv H2O additive to yield and excess of  (S)-product. TLC and 
HPLC were used to monitor the progression of the reaction. b40 mol% AcOH used. c6.6 equiv H2O used. d1 mL 
acetone used to give a concentration of 0.3 M isatin in acetone. 

 

4.11 Structural Considerations 

Overall, this study identified several key structural design parameters critical to yield and 

enantioselectivity. Firstly, the results indicate that the relative position of the pyridyl nitrogen 

with the amide in the prolinamide catalyst was most important to achieve high yield and 

enantioselectivity. The loss of yield and enantioselectivity in the 2-pyridyl catalysts 221 & 

222 and 2- and 8-quinolyl catalysts 225 &  227 was possibly due to electron repulsion between 

the lone pair of electrons in the pyridine nitrogen and the non H-bonded carbonyl group of 

isatin upon H bonding of the reactive carbonyl with the amide N-H.  This repulsion may not 
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arise when the N lies at position 3 or 4 in the pyridyl ring or 8-positon in the quinolyl 

analogue. The pKa of acid additive was also key to yield and enantioselectivity. Loss in 

enantioselectivity appeared to occur when an additive with a pKa lower than 4 was employed. 

Using acid with a lower pKa could lead to possible protonation of the pyridine nitrogen with 

disruption of H-bonding and/or acceleration of the direct reaction of acetone with isatin which 

could account for loss of selectivity.  Water may alternatively be used as an additive, with 40 

eq at -20 °C giving the high yield and best enantioselectivity (entry 5, Table 4.27). It can be 

envisaged that water may bind the isatin substrate in an active/passive model similar to that 

proposed by Tomasini et al. and discussed previously.319 

 
Figure 4.11: Structure of the two most successful catalysts; 3-pyridyl and 3-quinolinyl catalysts 223 & 226. 
 

In order to further probe the impact of the pyridine N in the ring and hence determine the 

potential mode of action of 223, catalyst 233, in which a phenyl ring replaced the pyridine 

ring was prepared. The synthesis of this catalyst began with Boc-protection of L-proline 

followed by ethyl chloroformate coupling of the purified Boc-proline with aniline to give 33% 

yield of the white solid Boc-233 following chromatographic purification (Scheme 4.23). LC-

MS analysis of this compound showed a peak at m/z 321 corresponding to the MNa+ adduct.  

 
Scheme 4.23: Synthesis of catalyst 233 derived from N-Boc proline and aniline. 
 

Boc deprotection was conducted using TFA in dichloromethane to give 97% yield of 233 and 

32% yield over 2 steps. GC-MS analysis showed an ion at m/z 191 corresponding to the MH+ 

ion. 1H & 13C NMR spectroscopic analysis were used to confirm the product and HMQC, 

COSY & DEPT experiments were used to aid peak assignment. Key 1H NMR spectroscopic 

resonances verifying 233 and the success of the coupling included the amide N-H signal at 

9.72 ppm, pyrrolidine N-H signal in the range of 1.97 – 2.2 ppm, diastereotopic H-3’ protons 

from 1.97 – 2.23 ppm and aromatic protons from 7.0 – 7.6 ppm. 
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Table 4.28: List of HMQC correlations and assignment of 1H & 13C NMR spectroscopic resonances for 233.    
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

129.0 7.30 (t, J = 7.79 Hz, 2H) C-3 & H-3 

124.0 7.04-7.10 (m, 1H) C-4 & H-4 

119.3 7.59 (d, J = 7.79 Hz, 2H) C-2 & H-2 

61.1 3.80-3.85 (m, 1H) C-2’ & H-2’ 

47.4 2.92-3.10 (m, 2H) C-5’ & H-5’ 

30.8 1.97-2.23 (m, 2H) C-3’ & H-3’ 

26.4 1.69-1.80 (m, 2H) C-4’ & H-4’ 

 

Catalyst 233 was tested under a number of conditions in the reaction of isatin with acetone 

and surprisingly, product with high ee values was obtained when a 30 mol% loading with 40 

equiv water additive at -20°C was used. The reaction appeared considerably slower with 

catalyst 233 compared to 223 which furnished a yield of 88% with 72% ee after 37 hours. 

This showed a 7% reduction in ee in the absence of the pyridyl nitrogen with an increase in 

reaction time of 54 hours. Therefore, it can be stated that the pyridyl nitrogen played a role in 

enhancing the ee of product. 

 

Table 4.29: Reaction of isatin with acetone catalysed by aniline prolinamide catalyst 233. 

 
Entry Catalyst Cat loading (mol %) Additive Time (h) Yieldb (%) eec (%) 

1 

 

20 - 91 90 58 

2 20 AcOH 91 92 61 

3 30 H2O 91 89 65 

aAll reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone. An excess of the (S)-product was 
obtained in each case. TLC and HPLC were used to monitor the progression of reaction bIsolated yield. 
cDetermined by chiral HPLC. 
 

4.12 N-Methylated Catalysts 234 & 235 

In order to assess the role of the amide N-H proton, prolinamides 234 and 235 were 

synthesised from proline coupled to the appropriate methyl amine. In the case of 4-

methylaminopyridine derivative 234, Boc protected catalyst was obtained in 33% yield after 
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work-up and chromatographic purification. LC-MS analysis produced an ion at m/z 306 

corresponding to the MH+ ion. Boc-234 derived from coupling Boc-proline with N-methyl 

aniline was obtained in 29% yield following purification by flash chromatography. GC-MS 

analysis gave an ion at m/z 304 corresponding to the M+ ion and LC-MS analysis produced a 

peak at m/z 327 due to the Na adduct of the molecular ion. 

 
Catalyst Catalyst Structure % Yield Boc protected Overall Yield over 2 steps (αD) 

234 

 

33 29 (-90.0, CHCl3) 

235 

 

29 22 (+18.2 (CHCl3) 

Scheme 4.24: Synthesis of N-methylated prolinamide catalysts 234 & 235. 
 

Boc-deprotection using TFA in dichloromethane of both the Boc protected versions of 234 & 

235 and gave product in good yields; 88% for 234 giving a 29% yield over 2 steps and 76% 

yield for 235 corresponding to 22% over 2 steps. LC-MS analysis of 234 produced an ion at 

m/z 206 due to the MH+ ion while an ion at m/z 204 by GC-MS corresponded to the M+ ion 

for 235. 1H NMR spectroscopy and the use of 13C, DEPT, COSY and HMQC experiments 

were used to confirm the identity of 234 & 235 and assign the relevant peaks (Table 4.30, 

Table 4.31 & Table 4.32). Key 1H NMR spectroscopic resonances in the case of 234 included 

the N-CH3 group at 2.70 ppm, pyrrolidine ring protons including the diastereotopic H-3’ 

signals from 2.14 – 2.21 ppm and pyridyl ring protons at 6.0 ppm and 8.0 ppm with no amide 

N-H peak visible as expected. The pyrrolidine N-H signal was present as a broad signal at 

6.75 ppm. For 17, key peaks included the N-CH3 signal at 3.15 ppm, pyrrolidine ring protons 

in particular diastereotopic protons in the range 1.50 – 1.78 ppm and aromatic peaks from 7.1 

– 7.4 ppm while as expected, there was no amide N-H peak observed. 
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Table 4.30: List of HMQC correlations and assignment of 1H & 13C NMR spectroscopic resonances for 234. 
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

149.8 8.07-8.10 (m, 2H) C-3 & H-3 

108.1 6.31-6.34 (m, 2H) C-2 & H-2 

63.1 3.99-4.02 (m, 1H) C-2’ & H-2’ 

48.6 3.50-3.56 (m, 1H) & 
3.16-3.23 (m, 1H) 

C-5’ & H-5’ 

31.3 2.14-2.21 (m, 2H) C-3’ & H-3’ 

26.3 2.68-2.71 (m, 3H) N-CH3 

23.8 1.87-2.03 (m, 2H) C-4’ & H-4’ 

 

Table 4.31: 1H NMR spectroscopy peak assignment and COSY interactions of 234. 
Structure Proton δ (ppm) Correlated with 

δ (ppm) Correlated with 

 

H-3 8.07-8.10 6.31-6.34 H-2 

H-2’ 3.99-4.02 2.14-2.21 H-3’ 

H-3’ 2.14-2.21 1.87-2.03 H-4’ 

 

Table 4.32: List of HMQC correlations and assignment of 1H & 13C NMR spectroscopic peaks for 235.  
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

130.1 7.28-7.34 (m, 2H) C-3 & H-3 

127.7 7.13-7.18 (m, 2H) C-2 & H-2 

58.4 3.86-3.93 (m, 1H) C-2’ & H-2’ 

46.7 2.90-3.29 (m, 2H) C-5’ & H-5’ 

38.0 3.15 (s, 3H) N-CH3 

30.4 1.50-1.78 (m, 2H) C-3’ & H-3’ 

25.4 1.50-1.78 (m, 2H) C-4’ & H-4’ 

 

The N-methylated catalysts 234 & 235 were tested in the aldol reaction of acetone with isatin 

in order to investigate the effects of the removal of the amide N-H group. The N-methylated 4-

methylaminopyridine derived prolinamide catalyst 234 failed to catalyse the reaction with 

only a trace quantity of product formed after a long reaction time (entry 1, Table 4.33). In the 

case of the N-methylaniline prolinamide derivative 235, product was obtained in high yield 

using both AcOH and also H2O additives. In this case, significantly lower enantioselectivity 

compared to 223 was obtained and in favour of the (R)-product, the opposite enantiomer to 

that obtained from 223 & 224 (entries 2 & 3, Table 4.33). The most successful result for 235 

was 46% ee after 12 hours while 224, the non-methylated version of 235 gave a yield of 89% 

in 65% ee of (S)-product after 22 hours. These results show that the amide N-H had a 

significant effect on the enantioselectivity and the substitution of the N-H group for a N-CH3 
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moiety significantly affected the binding properties of the reaction resulting in preferential 

formation of the (R)-product. 

       

Table 4.33: Aldol reaction of isatin and acetone catalysed by methylated catalysts 234 & 235. 

 
Entry Catalyst Cat loading (mol %) Additive Time (h) Yieldb (%) eec (%) 

1 

 

20 AcOH 336 Trace - 

2d 

 

20 AcOH 12 99 46d 

3d 30 H2O 12 96 37d 

aUnless otherwise noted all reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone at -20°C to 
yield an excess of (S)-product. 20 mol% AcOH or 40 equiv H2O additives were used. TLC and HPLC were 
employed to monitor the progression of the reaction. bIsolated yield. cdetermined by chiral HPLC. d(R)-product 
was obtained as major enantiomer. 

 

Therefore, it appears that in the case of N-pyridyl prolinamide and N-quinolinyl prolinamide 

catalysts, the pyridine nitrogen atom was important to achieve high enantioselectivity as 

shown by the lower enantioselectivity of product obtained for catalyst 233. Also, the amide N-

H group played a significant role. Loss of the amide N-H in catalysts 234 & 235 resulted in 

complete loss of enantioselectivity for 234 and reduction in ee with preferential formation of 

the opposite enantiomer for 234. There was also a significant difference in reactivity and 

enantioselectivity for the 2-aminopyridyl catalysts 221 & 222 compared to its 3-aminopyridyl 

analogue 223. Collectively, these results display the importance of the heteroaromatic nitrogen 

atom, the amide N-H group and in particular the relative position of the amide group and the 

heteroaromatic nitrogen atom in imparting good enantioselectivity to this ketone-ketone aldol 

reaction. 

 

4.13 Synthesis of Catalysts with Enhanced N-H Bindi ng Ability 

Due to the relatively high ee obtained using the aniline derived catalyst 233 and the 

demonstration of the importance of the N-H in the binding of both 223 and 233, compounds 

236 & 237 with enhanced N-H acidities compared to 233 were considered as a final probe into 
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the catalyst design. Catalyst 236 was derived from proline coupled to 3,5-bis(trifluoromethyl) 

aniline and 19 derived from 3,5-bis(trifluoromethyl)benzenesulfonamide (154).260,262,285,349 

The application of acidic amides and N-acyl sulfonamides as successful anion receptors and 

organocatalysts for the Baylis-Hillman reaction was detailed in Chapter 2 and therefore it was 

interesting to also monitor the effects of increased N-H acidity on the ee and yield in the 

isatin/acetone aldol reaction.336  

 

Catalyst 236 was synthesised through ethyl chloroformate coupling of Boc-proline with 3,5-

bis(trifluoromethyl)aniline and Boc-236 was obtained in 20% yield as a white solid following 

an acidic and basic work-up and chromatographic purification. LC-MS analysis in positive 

mode produced a peak at m/z 327 corresponding to the MH+ ion following loss of the Boc-

protecting group by fragmentation in the MS. LC-MS in negative mode produced an ion at 

m/z 425 due to the M-H ion.  

 
Scheme 4.25: Synthesis of acidic catalyst 236 derived from 3,5-bis(trifluoromethyl)aniline. 
 

Subsequent Boc-deprotection using TFA in dichloromethane proceeded with a yield of 85% 

corresponding to a yield of 17% over 2 steps. LC-MS analysis produced a peak at m/z 327 due 

to the MH+ ion. 1H & 13C NMR spectroscopic analysis were used to confirm the identity and 

purity of 236. Key 1H NMR spectroscopic resonances include the amide N-H signal at 10.10 

ppm, aromatic C-H signals at 7.54 & 8.12 ppm, aliphatic diastereotopic pyrrolidine protons H-

3’ and pyrrolidine N-H signals in the range 1.95 – 2.27 ppm. 

 

Table 4.34: HMQC correlations for catalyst 236. 
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

119.2 8.10 (s, 2H) H-2 & C-2 

117.1 7.54 (s, 1H) H-4 & C-4 

61.0 3.84-3.90 (m, 1H) H-2’ & C-2’ 

47.4 2.94-3.13 (m, 2H) H-5’ & C-5’ 

30.8 1.95-2.27 (m, 2H) H-3’ & C-3’ 

26.4 1.71-1.79 (m, 2H) H-4’ & C-4’ 
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Catalyst 237 incorporated the highly acidic 3,5-bis(trifluoromethyl)benzene sulfonamide 

group with a pyrrolidine ring and the synthetic route towards this catalyst was modified when 

compared to other prolinamide catalysts. In this case, commercially available 3,5-

bis(trifluoromethyl)benzene sulfonyl chloride was reacted with aqueous ammonia as described 

in Chapter 2 to synthesise sulfonamide 154 in 98% yield as a white solid. The synthesis of 237 

was subsequently achieved through EDCI coupling of Boc-proline with this sulfonamide 154. 

In this reaction, Boc-proline was dissolved in a mixture of 1:1 dichloroethane: tert-butanol 

and an excess of DMAP and EDCI were added. Following this mixing, the previously 

synthesised sulfonamide compound was added and the reaction mixture was stirred for 16 

hours. After addition of Amberlyst 15 anion exchange resin and dilution of the mixture with 

ethyl acetate, solvent was removed in vacuo, the residue was reconstituted in 

dichloromethane, washed with sodium bicarbonate and dried to give 38% of the white solid 

product. LC-MS analysis in negative mode produced a peak at m/z 489 corresponding to the 

(M-H)- ion. 

 
Scheme 4.26: Synthesis of catalyst 237 from Boc-protected L-proline. 
 

Boc-deprotection was conducted using TFA in dichloromethane and during the neutralisation 

step, it was very difficult to achieve a pH where the compound existed in its neutral state and 

was soluble in dichloromethane. This was ascribed to deprotonation of the acidic sulfonamide 

N-H group in basic conditions and protonation of the pyrrolidine N-H group under acidic 

conditions resulting in 237 acting as a Zwitterionic molecule. The catalyst was isolated as a 

zwitterion in 27% overall yield over 2 steps. LC-MS analysis in negative mode showed a peak 

at m/z 389 corresponding to the (M-H)- ion and 1H & 13C NMR spectroscopic analysis was 

used to confirm the product with HMQC experiments confirming peak assignments. Key 1H 

NMR spectroscopic resonances included the aliphatic diastereopic H-3’ protons from 2.06 – 

2.12 ppm and 1.62 – 1.83 ppm and 2 separate aromatic signals integrating for 1 and 2 protons 

at 8.24 and 8.30 ppm. The pyrrolidine N-H and sulfonamide N-H groups were not visible by 
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1H NMR spectroscopy. 13C NMR spectroscopy showed the correct number of signals for the 

free amine including only the  amide C=O signal at 173 ppm, confirming that the TFA salt of 

237 was not isolated. 

  

Table 4.35: HMQC correlations for catalyst 237. 
Structure 13C NMR δ (ppm) 1H NMR δ (ppm) Assignment 

 

128.2 8.30 (s, 2H) H-2 & C-2 

124.9 8.24 (s, 1H) H-4 & C-4 

62.4 3.86 (t, J = 6.9 Hz, 1H) H-2’ & C-2’ 

45.8 2.94-3.13 (m, 2H) H-5’ & C-5’ 

29.4 2.06-2.12 (m, 1H), 1.62-1.83 (m, 1H) H-3’ & C-3’ 

24.2 1.62-1.83 (m, 2H) H-4’ & C-4’ 

 

4.13.1 Catalytic Activity of Acidic Catalysts 236 &  237  

The catalytic results for these acidic catalysts, in particular 237 whose acidity is expected to 

be similar or less than proline,198,350 were quite surprising (Table 4.36). Catalyst 236 furnished 

the aldol product in high yield and up to 71% ee of the (S)-product (entry 2, Table 4.36). This 

result is very similar to the optimum catalyst 223 under the same conditions however 223 

produced a higher yield and slightly enhanced ee of 72% (entry 5, Table 4.27).  Catalyst 237 

was observed to give the opposite enantiomer (R-product) in 92% yield and 68% ee using 20 

mol% catalyst loading with 20 mol% AcOH (entry 3, Table 4.36). Interestingly, this catalyst 

was inactive using H2O as additive or in the absence of acid additive. In a less acidic 

environment, the sulfonamide N-H group of 237 may be deprotonated, making it unavailable 

for H-bonding interactions. Further catalyst optimisation studies were beyond the scope of this 

work due to time constraints.  
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Table 4.36: Aldol reaction of isatin and acetone catalysed by 236 &237.a 

 
Entry Catalyst Cat loading (mol %) Additive Time (h) Yieldb (%) eec (%) 

1 

 

20 AcOH 39 85 69 

2 30 H2O 39 71 71 

3e 

 

20 AcOH 37 92 68e 

4d,e 20 AcOH 37 87 68e 

5e 20 H2O 37 32 3e 
aUnless otherwise noted all reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone at -20°C to 
yield an excess of S-product. Unless otherwise stated, 20 mol% AcOH or 40 equiv H2O was used. TLC and 
HPLC were used to monitor the progression of the reaction. bIsolated yield. cdetermined by chiral HPLC.d40 
mol% AcOH used. e(R)-product was obtained as major enantiomer. 

 

4.14 Substrate and Further Mechanistic Studies 

The final study undertaken was a substrate scope of the 223 catalysed isatin/acetone aldol 

reaction to obtain further mechanistic information regarding variation of the substrates and the 

effects on the reaction outcome. A number of substrates were examined using catalyst 223 and 

the optimum catalyst conditions as obtained from previously described studies. In terms of 

isatin derivatives, the use of N-benzylisatin and N-methylisatin were considered as alternative 

substrates to the unprotected isatin (Scheme 4.27). These substrates demonstrate possible H-

bonding between the isatin N-H and pyridine nitrogen atom of catalyst 223. Substitution of the 

isatin N-H group with an alkyl group would interfere with this H-bonding and additionally, 

the steric effects of CH3 compared to the benzyl group on the enantioselectivity of the aldol 

reaction would be determined. 

 
Scheme 4.27: Synthesis of N-benzyl isatin and structure of N-methyl isatin. 
 

N-methylisatin was commercially sourced while N-benzylisatin was synthesised through the 

reaction of isatin with benzyl bromide using NaH in anhydrous DMF. Benzyl bromide was 

added to a cooled suspension of isatin and NaH in DMF and the reaction was stirred for 15 
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minutes. After the addition of water, filtration of the product and washing with hexane, a 92% 

yield of N-benzylisatin was obtained. LC-MS analysis produced ions at m/z 237.9, 259.9 & 

275.9 corresponding to MH+, MNa+ and MK+ adducts respectively. NMR spectroscopic 

analysis using COSY experiments was used to confirm the product and assign signals (Table 

4.37). Key 1H NMR spectroscopic peaks included the presence of benzyl CH2 protons at 4.94 

ppm and aromatic protons from 7.27 – 7.38 ppm along with the absence of the isatin N-H 

signal. 

 

Table 4.37: COSY analysis and 1H NMR assignment of N-benzyl isatin. 
Structure Protons δ (ppm) Correlated with δ (ppm) Correlated with 

 

H-4 7.61 (dd, J = 6.0 & 1.4 Hz, 

1H) 

7.05-7.10 (m, 1H) H-5 

H-6 7.48 (dt, J = 6.0 & 1.4 Hz, 

1H) 

6.74-6.77 (m, 1H) H-7 

CH2-Ph 4.94 (s, 2H) 6.74-6.77 (m, 1H) & 7.27-7.38 (m, 

5H) 

H-7 & Bz aryl 

protons 

 

The reaction of N-benzylisatin with acetone produced a 61% ee 238 after 44 hours (entry 1, 

Table 4.38) with the (S) enantiomer assigned based on previous literature reports of this 

compound.314 This result has implications for the binding to the N-H of isatin which will be 

discussed below and shows that substitution of the amide N-H in isatin with an N-benzyl 

group resulted in a significant decrease in ee from 72% ee for isatin to 61% for N-benzylisatin. 

The reaction of isatin with N-methylisatin proceeded to give 85% conversion after 99 hours 

but it was not possible to measure the ee of this product due to the failure of the available 

chiral stationary phases to successfully separate these enantiomers (Chiralpak AD-H, AS-H, 

IA and Chromtech AGP).  

 

Following chromatographic purification, the presence and purity of the N-benzylated aldol 

product 238 was verified by LC-MS with MH+ ion detected at m/z 296 and 1H & 13C NMR 

spectroscopy. Key 1H NMR spectroscopic resonances included the benzyl protons from 7.37-

7.41 ppm, 7.29-7.35 & 4.77 – 4.91 ppm, methylene C-H protons at 3.40 & 3.20 ppm and also 

the CH3 group at 2.0 ppm. 
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Scheme 4.28: Substrate scope varying isatin derivative for most successful catalyst 223. 
 

The reaction of isatin with a number of alternative ketones was also considered. Reaction of 2-

butanone with isatin was studied to monitor the generality of the catalyst for linear acyclic 

ketones and with cyclohexanone to monitor the performance with cyclic ketones. The reaction 

of isatin with 2-butanone gave product 239 in 72% yield, 91% regioselectivity in favour of C-

C bond formation at the less substituted methyl group and 52% ee of the major regioisomer 

(entry 3, Table 4.38) with the enantiomer and regioisomer identified through literature 

comparisons.351   

 

The reaction mixture was purified by flash chromatography and LC-MS analysis showed the 

presence of an ion at m/z 242 corresponding to the Na adduct of the product. 1H and 13C NMR 

spectroscopy were used to confirm the product with key 1H NMR spectroscopic resonances 

detected including CH2 protons at 3.25 & 2.97 ppm, methylene group alpha to the methyl 

group from 2.24 – 2.42 ppm and also the methyl group at 0.74 ppm. 1H & 13C NMR 

spectroscopy were used to determine the major regioisomer and regioisomeric ratio, the major 

OH signal present at 5.96 ppm and minor at 6.1 ppm with the ratio of integration traces of 9:1 

respectively, comparable to a previous synthesis of this compound.314 Additionally, a second 

minor set of 13C NMR spectroscopic signals compared to the main signals were identified. 

The reaction of isatin with cyclohexanone was unsuccessful due to the formation of many 

products which proved inseparable from the desired and biologically active product (entry 4, 

Table 4.38).317  

 
Scheme 4.29: Reaction of isatin with acetone catalysed by 223 under the optimal conditions. 
 
 



224 

 

Table 4.38: Substrate scope of catalyst 223 varying each component of the reaction. 
Entry Isatin Ketone Time (h) Yield (%) ee (%) 

1 N-benzyl Acetone 44 62 61 

2 N-methyl Acetone 99 85d -e 

3 Isatin 2-butanone 23 72f 52 

4 Isatin cyclohexanone >100 -g -g 
aUnless otherwise noted, all reactions for substrate scope study were conducted using 30 mol% catalyst loading 
of 223 with 40 equiv H2O additive at -20°C to give excess of (S)-product. bIsolated yield. cDetermined by chiral 
HPLC d % Conversion. eCould not be determined from the available chiral HPLC columns. fRegioselectivity of 
90:10 in favour of reaction at less substituted methyl group of 2-butanone.  gMultiple products formed. 

 

The reaction of isatin and N-benzylisatin with acetaldehyde was also studied in order to 

investigate the performance of catalyst 223 for the reaction of isatins with aldehyde substrates 

(entries 1 & 2 Table 4.39). In this case, the established optimum conditions were not used 

rather a previously reported method for this reaction.323 This procedure used 30 mol% of 

catalyst, 0.3 mmol of isatin or N-benzylisatin, 5 equivalents of acetaldehyde and 0.06 mmol of 

chloroacetic acid at room temperature. After 48 hours reaction time, a small volume of 

methanol and NaBH4 was added and the reaction was stirred for 1 hour at -20°C. The reaction 

mixture was quenched with phosphate buffer, extracted into organic solvent, dried and 

purified by flash chromatography. The latter reduction step was conducted as this was 

previously conducted in literature reports of these reactions and also to faciliatate ee 

measurement. 

 

Table 4.39: Substrate scope of catalyst 223 in reactions of isatin and N-benzylisatin with acetaldehyde followed 
by NaBH4 reduction  

 
Entry Isatin Ketone Time (h) Yield (%) ee (%) 

1a Isatin Acetaldehydea 48 85 39 

2a N-benzyl Acetaldehydea 48 28 32 
aReaction conducted using 30 mol% 223, 0.3 mmol isatin/ N-benzylisatin, 5 equivalents CH3CHO, 17 mg 
chloroacetic acid at r.t. and reduced (NaBH4 reduction) to the alcohol product prior to analysis with excess of 
(R)-product. Absolute configurations were assigned through comparison of optical rotations and chiral 
chromatography with literature data. 

 

The reaction of isatin with acetaldehyde gave 85% of reduced product in the presence of 223 

with 39% ee of the (R)-product 240 while the reaction of N-benzylisatin under the same 
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conditions gave a yield of 28% in 32% ee of (R)-product 241. It is interesting to note that the 

highly successful 4-hydroxydiarylprolinol catalyst was previously unsuccessful at catalysing 

the reaction of isatin with acetaldehyde.323 LC-MS produced ions at m/z 216 and 306 

corresponding to MNa+ ions of products 240 & 241 respectively. 1H NMR spectroscopic 

analysis of the 240 identified key peaks including CH2 protons from 1.95 – 2.09 ppm, the 

methylene group close to the OH moiety at 3.53 – 3.59 ppm and OH signals at 2.98 & 4.30 

ppm. For 241, key 1H NMR spectroscopic resonances included benzyl protons from 7.24 – 

7.33 ppm and 4.77 ppm, methylene protons from 2.26 – 2.34 ppm, methylene group close to 

the OH group from 3.92 – 4.04 and OH signals at 4.43 and 2.99 ppm. In addition, high 

resolution mass spectroscopy was used to confirm the catalytic products. 

 

4.15 Mechanistic Considerations 

Results from earlier mechanistic studies and substrate scope studies suggest a combination of 

H-bonding and π−π stacking of the aromatic rings of catalysts with isatin may be responsible 

for the observed catalytic activity and enantioselectivity of 223. Initially, the acid additive 

may promote the reaction of the catalyst with acetone to form a reactive enamine intermediate. 

 
Figure 4.12: Proposed binding cleft of acetone enamine of 223 & 237 binding to isatin showing the origin of 
differences in configuration. 
 

With catalyst 223, π-stacking of isatin in the enamine modified catalyst cleft could allow H-

bonding of the isatin C=O with the catalyst N-H. This would facilitate enamine attack on the 

Re face of the isatin C=O leading to the (S)-product and is illustrated in Figure 4.12. An 

additional H-bond is possible between isatin and the pyridyl N-atom but clearly it is not as 

important as shown with results using the aniline derived catalyst 233 albeit with lower 

enantioselectivity and longer reaction time. The relatively high ee found for N-benzylisatin 
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with 223 (entry 1, Table 4.38) also suggests that binding to the amide N-H of isatin may not 

play a significant role in the mechanism of addition.  Similar interactions to 223 are expected 

to be possible with the structurally related aminoquinoline based catalyst 226. 

 

The proposed interactions shown in Figure 4.12 are consistent with the results for the 

pyrrolidine ring-substituted catalysts 229 and 230 where the added chiral centre had only 

minor effects as the added groups point away from the cleft. Furthermore, the importance, in 

the proposed model, of H-bonding to the amide group in 223, is supported by the reduced 

activity and enantioselectivity of the N-methylated catalysts 234 and 235 and the good results 

found for the activated amide in catalyst 236. 

 

The sulfonamide catalyst 237 gave high enantioselectivity towards the (R)-product. With this 

catalyst, π-stacking of isatin in the catalyst cleft could allow formation of two H-bonds, one 

between the C=O on isatin and the sulfonamide N-H and the other between the N-H on isatin 

and the S=O of the catalyst, facilitating attack on the Si face leading to the (R)-product (Figure 

4.12). In addition, when catalyst 237 was tested in the reaction of N-benzylisatin with acetone, 

the (R)-product was formed with a slightly lower ee compared to the reaction catalysed by 223 

(78% yield and 55% ee of (R)-product after 39 hours). It is interesting to note the low yield 

and enantioselectivity when water was used as an additive instead of AcOH; this may be due 

to the sulfonamide group of Zwitterionic 237 in its deprotonated state in water. 

 

With the ‘reverse amide catalysts’, while the catalytic activity was high, the enantioselectivity 

was poor and more variable between (R) and (S)-selectivity. With these catalysts the extra 

carbon can be expected to impart greater flexibility to the cleft site and the high observed 

catalytic activity may be related to the reduced steric strain involved during the enamine 

attack with these more flexible catalysts. Considering catalyst 217, it is possible to envisage π-

stacking of the isatin in the catalyst cleft which facilitates two H-bonds between the isatin and 

the amide group of the catalyst. Because of the greater flexibility of the reverse amide, similar 

complexes are possible by conformational change leading to either the (R) or (S)-product 

(Figure 4.13). The results for 217 also highlight the likely importance of solvation in all these 

catalytic processes.  
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Figure 4.13: Proposed catalyst-substrate complexes for ‘reverse amide’ catalysts showing extra flexibility and 
ease of reaction at both faces, giving rise to low enantioselectivities.  
 

 

4.15.1 Mechanistic Addendum 

Following discussions with the external examiner at the viva-voce, a number of additional 

potential mechanistic models based on the Houk-List model were proposed to rationalise the 

stereochemical results obtained. In the case of the most successful catalyst 223, the bulky 

amide group may favour a conformation where it is directed away from the pyridyl ring, 

resulting in preferential Re-attack of the enamine leading to an excess of the (S)-product 

(Figure 4.14a). H-bonding could occur between the isatin ketone group and the amide N-H, 

activating the electrophile. In the case of the 2-pyridyl prolinamide catalyst 221, H-bonding 

between the amide N-H group of isatin and the pyridyl nitrogen atom may have resulted in 

preferential Si-attack leading to a slight excess of the (R)-product (Figure 4.14b (i)). However, 

in this case, electrophile activation effects may be in competition with H-bonding effects 

between the amide carbonyl group and the catalyst amide N-H group, explaining the 

significantly longer reaction time required using this catalyst. 

 

For the N-acyl sulfonamide catalyst 237, favourable H-bonding interactions between the isatin 

amide N-H group and the sulfonyl group may have favoured Si-attack giving the (R)-product 

while potential steric repulsion between the catalyst sulfonyl group and the isatin aromatic 

ring may have disfavoured Re-attack of the enamine (Figure 4.14c (ii)). Both of these factors 

combined would be expected to favour the (R)-product. 
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Figure 4.14: Alternative mechanistic proposals to rationalise the stereochemical results of the isatin/acetone aldol 
reaction. 
 

In conclusion, a range of simple organocatalysts for the synthetically useful reaction of isatin 

with acetone were designed and tested. The ‘reverse amide’ N-pyridyl pyrrolidinylmethyl 

amide catalysts produced disappointing enantioselectivities but were highly catalytically 

active. More success was achieved with the N-pyridyl prolinamide and N-quinolinyl 

prolinamide catalysts 221-230 obtaining product up to 72% ee of (S)-isomer. Conditions were 

optimised and in particular an additive screen showed a link between the pKa of the acid 

additive used and yield and enantioselectivity. A small substrate screen was carried out. 

Investigations into the mode of action of the most successful catalyst 223 also provided 

interesting results and led to the discovery of two other catalysts which may be applied to the 

reaction; the acidic prolinamides 236 and 237. Thus one can choose the catalyst to use based 

on the desired configuration of the product. Structural modifications were made to catalysts 

and substrate to probe the catalytic action and mechanisms are proposed for catalytic action 

based on π-stacking and H-bonding of the substrate in the catalyst cleft. 
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5.1 Conclusions from Chapters 1 & 2 

The work described in this thesis is concerned with the use of molecular recognition 

phenomena in the of design successful organocatalysts. Chapters 1 & 2 considers the rational 

design, synthesis and analysis of minimally pre-organised, acylic amide based molecules 

which can act as receptors for anionic species and also organocatalysts for the Morita-Baylis-

Hillman (MBH) reaction. More specifically, 6 relatively acidic amide based molecules were 

designed for binding anions such as halides and carboxylates. The strength of binding 

interactions were assessed through calculation of association constants based on 1H NMR 

titration data, monitoring the amide N-H signals and a number of aromatic C-H signals in 

close proximity to the receptor binding cleft.  

 

Significantly enhanced Kass values were observed for all receptors compared to a non-acidic 

control molecule with up to a 70-fold enhancement in binding strength achieved. JOB plot 

analysis confirmed 1:1 binding stoichiometry in most cases, however where some 2:1 

receptor:anion interactions were also observed including the hybrid amide/N-acyl sulfonamide 

151, both 1:1 and 2:1 receptor:anion Kass values were calculated. Strong binding combined 

with proton transfer phenomena were observed for highly acidic thioamide and N-acyl 

sulfonamide derived receptors with basic carboxylate anions which prevented the calculation 

of Kass values, however the data pointed towards significant association followed by proton 

transfer and possibly accompanying conformational changes.  

 

X-ray diffraction and NOESY NMR interactions were used to probe the conformational 

properties of a number of receptors both in the absence and presence of anion. X-ray crystal 

structure of thioamide 149 showed an unexpected level of pre-organisation within the flexible 

thioamide motif, which existed in the syn-syn conformation optimal for anion binding. In 

solution, NOE interactions suggested that the conformations of 149 and a number of other 

isophthalamide based receptors were in equilibrium but preferentially adopted the syn-syn 

configuration upon addition of an anionic guest.      

 

These successful anion receptors were subsequently applied as organocatalysts in the DABCO 

promoted MBH reaction of benzaldehyde with methyl acrylate with catalytic activity assessed 
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by product yield and kinetic measurements. These results showed considerable yield and rate 

constant enhancement using the H-bond donating receptors 146-151 compared to the 

uncatalysed reaction. In particular, the the hybrid amide/N-acyl sulfonamide catalyst 151 

produced a 2.2-fold increase in product yield along with a 3.9-fold increase in rate constant. 
1H NMR spectroscopy catalyst-substrate and product binding studies were used in an attempt 

to probe the catalytic mechanism and pointed towards substrate binding and activation in the 

case of a number of catalysts while the acidity of 151 was also suggested to aid in its catalytic 

activity. This may have been achieved through promotion of the proton transfer step, thus 

reducing the energy barrier associated with this step. This suggestion is supported by literature 

mechanistic studies which state that the RDS of the uncatalysed reaction may be the proton 

transfer step. A substrate scope study showed that 151 produced significant product yield 

enhancement in all cases, in particular where deactivated aldehydes were employed, for 

example a 9.2-fold increase in yield for the 4-substituted methoxybenzaldehyde. 

 

Based on the success of the newly designed diamide receptors/catalysts 146-151 and the 

known proclivity of urea and thiourea groups in organocatalysis and anion recognition, these 

groups were incorporated into the structure of bifunctional receptors producing hybrid 

urea/amide and thiourea/amide receptors 157 & 158. Extremely strong binding to halides and 

carboxylates was observed with dominant binding to the (thio)urea N-H protons with Kass 

values of the order of 104 M-1 observed in many cases. Proton transfer events prevented the 

calculation of Kass values in the case of basic carboxylate anions, however strong binding was 

also evidenced in these cases. Binding studies of urea/amide hybrid 157 in DMSO-d6 showed 

a particular selectivity for AcO- in this medium producing high Kass values, only slightly 

reduced compared to binding in less competitive CD3CN. Proton transfer events were also 

evident in DMSO-d6 but may have been less significant than those in CD3CN, possibly as a 

result of solvent competition for the acidic receptor binding site. X-ray crystallography of the 

thiourea/amide 158 displayed intermolecular interactions between the amide carbonyl and 

thiourea N-H groups while NMR NOESY interactions of this receptor showed it existed with 

the amide in the syn-conformation with respect to the thiourea group in the presence of anion.  
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Hybrid molecules 157 & 158 also proved successful organocatalysts in the MBH reaction; 

catalyst 157 produced a 7.2 fold increase in rate constant but a disappointing yield of 63%, 

ascribed to possible product inhibition. Catalyst 158 produced a 79% yield and a 5.5-fold 

increase in reaction rate. Based on the known anion binding proclivity of thiourea N-H groups 

and its previously observed participation in proton transfer events, a catalytic mechanism was 

proposed in an attempt to rationalise the significant catalytic ability where binding and proton 

shuttling effects were proposed to result in the significant catalytic activity. 

 

Overall, this work showed that a cooperative view can be taken between the ability of a 

receptor to bind anions and to act as an organocatalyst while the anion binding properties of 

the receptors with increasing hydrogen bond donating capability provided a useful tool to 

probe the catalytic activity of these receptors.  

 

5.2 Future Work Arising from Chapters 1 & 2 

Possible future work arising from the results described in these Chapters would include the 

substitution of amide or (thio)urea groups with alternative H-bonding motifs. Quite recently, 

squaramide groups have emerged as molecules which possess comparable halide binding 

properties and increased acidities compared to equivalent ureas.41 They can be easily 

synthesised starting from commercially available diethyl squarate. In addition, the synthesis of 

bifunctional squaramide molecules can also be conveniently achieved through reaction of 1 

equivalent amine with one ester group followed by further reaction with a different amine. 

 
Figure 5.1: Structure of potentially successful squaramide based anion receptors/organocatalysts 
 

Some possibly successful bifunctional squaramide based catalysts could include those shown 

in Figure 5.1 which include various combinations of receptor motifs. Such molecules may 

have the ability to cooperatively bind anions and potentially bind multiple anionic reaction 

transition states, therefore catalysing the MBH reaction.  
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An additional future work section would be the development of chiral organocatalysts based 

on the successful amide and amide/(thio)urea scaffold (Figure 5.2). A chiral trans-2-

aminocyclohexanecarboxylic acid could be used as a substitute for the aromatic ring in hybrid 

(thio)urea/amide catalyst 158 to form a potentially useful chiral variant. Alternatively, the aryl 

side group of the (thio)urea could be replaced with a cyclohexane ring bearing either a tertiary 

amine or phosphine group. Chiral squaramide catalysts incorporating (thio)urea or N-acyl 

sulfonamide groups could also be successful catalysts in the chiral MBH reaction. 

 
Figure 5.2: Structure of potential chiral catalysts for application in the intermolecular MBH reaction.  
 

5.3 Conclusions from Chapters 3 & 4 

Similar to Chapters 1 & 2, the work described in Chapters 3 & 4 also exploited molecular 

recognition phenomena which are commonly observed in natural processes such as 

enzyme:substrate interactions to create a series of successful organocatalysts. A number of 

proline-derived chiral amide catalysts incorporating N-pyridyl and N-quinolinyl groups were 

designed in the hope of cooperatively exploiting the H-bond donating and accepting properties 

of such molecules. It was envisaged that the amide N-H group would bind to and activate 

electrophilic species while concurrently the H-bond accepting pyridine moiety could form H-

bonds to a donor molecule on the substrate. A cooperative effect of both was expected to 

enhance binding interactions and improve reaction rate and enantioselectivity. 

 

Initially, a number of ‘reverse amide’ N-pyridyl pyrrolidinylmethyl amide catalysts were 

synthesised in four steps and tested for their catalytic activity in the model aldol reaction of 

acetone to isatin. Catalyst performance was assessed by isolated yield of product following 
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chromatographic purification and enantioselectivity was measured by chiral HPLC. The 

‘reverse amide’ catalysts proved highly catalytically active but produced disappointing 

enantioselectivities. Attempts at optimisation of the most active ‘reverse amide’ catalyst 

showed a significant effect of solvent on the outcome of the reaction. When the reaction was 

conducted in non-polar toluene, the (S)-product was obtained while the (R)-enantiomer was 

preferentially formed in polar aprotic DMF with low enantioselectivities in both cases. 

 

The N-pyridyl prolinamide and N-quinolinyl prolinamide catalysts were synthesised in 2 steps 

from N-Boc-proline. These catalysts proved more successful producting the (S)-isomer of 

product in up to 72% ee under optimised conditions using catalyst 223. An additive screen 

showed a relationship between the pKa of acid additive and yield and enantioselectivity 

obtained while water was identified to be the optimum additive producing the highest 

enantioselectivities. A small substrate screen was conducted which led to good yields and 

moderate enantioselectivities in many cases. Interestingly, the optimum N-pyridyl prolinamide 

was an effective catalyst for the reaction of isatin with acetaldehyde, a reaction which was 

previously unsuccessful using 4-hydroxydiarylprolinol as a catalyst.323  

 

Investigations into the mode of action of the most successful catalyst 223 provided interesting 

results and led to the discovery of two successful acidic prolinamide catalysts including the 

proline derived N-acyl-sulfonamide catalyst 237 which produced an excess of the (R)-

enantiomer. Thus one can choose the catalyst to use based on the desired configuration of the 

product. Structural modifications were made to the catalysts and substrates to study the 

catalytic action and mechanisms are proposed for the catalytic activity and enantioselectivity 

based on π-stacking and H-bonding of the substrate in the catalyst cleft. 

 

5.4 Future Work Arising from Chapters 3 & 4     

Possible future work based on the results obtained in Chapters 3 & 4 include further 

optimisation of the proline based N-acyl sulfonamide catalyst 237, perhaps varying the 

reaction solvent and additives for the reaction of isatin with acetone in an attempt to increase 

the excess of (R)-product. Once optimum conditions for this catalyst have been identified, a 
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substrate scope study could be undertaken to include catalysis of the reaction of 

cyclohexanone with isatin, useful due to the anti-convulsant properties of the aldol product 

from this reaction.317 In addition, catalyst 237 could be applied to the enantioselective 

synthesis of Convolutamydine A, B and E through the reactions of 4,6-dibromoisatin with 

acetone and also with acetaldehyde. It is reasonable to suggest that catalysts 223 & 237 could 

produce good yields and enantioselectivites of opposite enantiomers of Convolutamydines. 

 

In addition, the successful catalysts 223 & 237 could be applied to alternative aldol reactions 

such as 4-nitrobenzaldehyde with acetone and cyclohexanone with acetone. 

 
Figure 5.3: Structure of potential chiral catalysts for application in the intermolecular MBH reaction. 
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6.1 General Experimental Conditions 

All commercial chemicals were obtained from Sigma and were used as received unless 

otherwise stated. Nuclear magnetic resonance spectroscopy (NMR) spectra were recorded 

on either a Joel ECX-400 spectrometer operating at 400 MHz, or a Varian NMR 

spectrometer operating at 500 MHz, using deuterochloroform as the solvent with 

tetramethylsilane as an internal reference (δ TMS = 0.0) unless otherwise stated. Coupling 

constants quoted are considered accurate to ±0.2 Hz. The following abbreviations (and 

combinations thereof) have been used to describe the signal multiplicity: b-broad, s-

singlet, d-doublet, t-triplet, q-quartet, and m-multiplet. 

 

All Infra-red spectra were recorded on a Shimadzu FTIR-8400s, melting points were 

determined using a Stuart Scientific melting point apparatus smp3, compounds were 

weighed out on an Explorer OHAUS analytical balance, GC-MS analysis was carried out 

on a Varian Saturn 2000 GC/MS/MS. Optical rotations were measured on an AA series 

polar 20 automatic polarimeter. High resolution mass spectrometry was conducted using a 

Waters Qevo G2 Q-TOF with leucine enkephalin used as an accurate mass reference. 

  

Thin layer chromatography was performed using silica coated plastic plates (60 F254) 

supplied by Merck. They were visualised using ultra-violet radiation or developed in 

potassium permanganate solution or iodine. Flash column chromatography was performed 

using flash silica 60 (230-400 mesh) 9385 supplied by Merck. 

 

Preparative TLC was carried out on glass plates pre-coated with silica 60 Pf254 (1.07748) 

supplied by Merck, activated by heating for several hours at 50 ºC and cooled prior to use. 

 

The organic layers were routinely dried over anhydrous magnesium sulphate and they 

were concentrated by rotary evaporation. The last traces of solvent were removed on a 

high vacuum pump. Solvents were purchased pre-dried. Benzaldehyde was distilled prior 

to use; methyl acrylate was dried over 4-Å sieves prior to use. 

 

Chiral HPLC was conducted on a HP 1050 HPLC using a chiral column (Daicel Chiralpak 

AD-H or IA columns). 
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6.2 Achiral MBH Catalyst Synthesis 

N1, N3-bis(n-butyl)-1,3-dicarboxamide (145)204 

 

Dry DMF (30 mL) was added to n-butylamine (0.72 g, 9.9 mmol) and the resulting 

solution cooled to 0°C.  To this, isophthaloyl dichloride (1.0 g, 4.9 mmol) was added in 

small portions over 4-5 minutes while ensuring the temperature did not increase 

significantly. The mixture was allowed to stir for 1 hour at room temperature with reaction 

monitoring by TLC, then poured into 300 mL of cold water, causing the product to 

precipitate out of solution as a white solid. The crude product was recrystallised from 

50:50 ethanol: water to give the title product as a white solid (1.11 g, 82%), m.p. = 126-

127 °C. 
1H NMR (400 MHz, CDCl3) δ = 8.16 (s, 1H, H-2), 7.89 (dd, J = 7.7 & 1.6 Hz, 2H, 

H-4), 7.46-7.51 (t, J = 7.7 Hz, 1H, H-5), 6.35 (s, 2H, N-H), 3.46 (m, 4H, H-1’), 

1.56-1.64 (m, 4H, H-2’), 1.36-1.46 (m, 4H, H-3’), 0.96 (t, J = 7.3 Hz, 6H, H-4’). 

13C NMR (100 MHz, CD3CN) δ = 166.2 (C=O), 135.1 (C-1), 130.7 (C-4), 128.5 

(C-5), 125.5 (C-2), 39.5 (C-1’), 31.5 (C-2’), 20.3 (C-3’), 13.5 (C-4’). 

IR (KBr disc) 3286, 3075, 2957, 2930, 1633, 1543, 1297 and 714 cm-1. 

ESI-MS, low res, 277(M.H+) HRMS (ESI); MH+, found 277.1909, C16H25N2O2 

requires 277.1916.  

N1,N3-bis(4-(trifluoromethyl)phenyl)isophthalamide (146) 

 
To a solution of 4-trifluoromethylaniline (1.60 g, 9.9 mmol) in DMF (30 mL) were added 

triethylamine (1.52 g, 15 mmol) and DMAP (1.21 g, 9.9 mmol). The reaction mixture was 

cooled to 0 °C in an ice bath and isophthaloyl dichloride (1.00 g, 4.9 mmol) was added 

slowly in small portions over 2-3 minutes with constant stirring. The solution was 

subsequently stirred at 90 °C for 20 hours. After this time the dark brown coloured 
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reaction mixture was added to water (300 mL) and extracted with ethyl acetate (3 x 50 

mL). The combined organic layers were washed with 5% lithium chloride solution (2 x 80 

mL) and deionised water (2 x 100 mL) to remove DMF. The product was dried with 

MgSO4 and solvent removed in vacuo. The crude was purified by column 

chromatography, eluting with 80:20 hexane:ethyl acetate to give the title compound as a 

white solid (1.20 g, 54%), m.p. = 256-258 °C.  

1H NMR (400 MHz, CD3CN) δ =  9.17 (s, 2H, N-H), 8.53 (t, J = 1.5 Hz, 1H, H-2), 

8.15 (dd, J = 8.4 & 1.5 Hz, 2H, H-2’), 7.97 (d, J = 8.4 Hz, 2H,  H-3’), 7.76 (d, J = 

7.6 Hz, 2H, H-4), 7.69 (t, J = 7.6 Hz, 1H,  H-5).  

13C NMR (100 MHz, CD3CN) δ = 166.1 (C=O), 143.7 (C-1’), 135.8 (C-1), 132.7 

(C-4’), 129.5 (C-4), 128.6 (C-5), 126.5 (C-3’), 126.2 (C-2), 124.2 (CF3) JC-F = 

31.63 Hz, 121.8 (C-2’).  

IR (KBr disc) 3296, 3144, 1651, 1605, 1537, 1321, 1258, 837 and 715 cm-1. 

ESI-MS, low res, 453 (M.H)+. HRMS (ESI); MH+, found 453.1026, C22H15N2O2F6 

requires 453.1038. 

N1,N3-bis(3,5-bis(trifluoromethyl)phenyl)benzene-1,3-dicarboxamide (147) 

 

To a solution of 3,5-bis(trifluoromethyl)aniline (2.27 g, 9.9 mmol) in DMF (30 mL) was 

added triethylamine (1.52 g, 15 mmol) and  4-dimethylaminopyridine (DMAP) (1.21g, 9.9 

mmol). The reaction mixture cooled to 0 °C in an ice bath and isophthaloyl dichloride 

(1.00 g, 4.9 mmol) was added slowly in small portions over 2-3 minutes with constant 

stirring. The yellow solution was stirred at 75 °C for 20 hours. After this time the dark 

brown coloured reaction mixture was added to water (300 mL) and back extracted with 

ethyl acetate (3 x 50 mL). The combined organic layers were washed with 5% lithium 

chloride solution (2 x 80 mL) and deionised water (2 x 100 mL) to remove DMF. The 

product was dried with MgSO4 and solvent removed in vacuo. The crude was purified by 

column chromatography, eluting with 80/20 hexane/ethyl acetate to give the title product 

as a white solid (1.502 g, 52%), m.p. = 251-253 °C.  
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1H NMR (400 MHz, CD3CN) δ = 9.33 (s, 2H, N-H), 8.58 (t, J = 1.5 Hz, 1H, H-2), 

8.38 (s, 4H, H-2’), 8.19 (dd,  J = 7.6 & 1.5 Hz, 2H, H-4), 7.77 (s, 2H, H-4’), 7.73 

(t, J = 7.6 Hz, 1H, H-5).  

13C NMR (CD3CN, 125 MHz): δ = 165.2 (C=O), 141.3 (C-1’), 134.5 (C-1), 132.7 

(C-3’), 131.7 (C-4), 131.3 (C-5), 129.5 (C-2’), 127.5 (C-2), 125.3 (CF3) JC-F = 35.5 

Hz, 120.1 (C-4’). 

IR (KBr disc) 3250, 3120, 1659, 1568, 1383, 1276, 1137 and 1186 cm-1.  

ESI-MS, low res, 589 (M.H+). HRMS (ESI); MH+, found 589.0791, C24H13N2O2F12 

requires 589.0785. 

N1,N3-bis(3,5-bis(trifluoromethylphenyl)benzene-1,3-dicarboxamide (148) 

4'
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To a solution of 3,5-bis(trifluoromethyl)aniline (2.27 g, 9.9 mmol) in DMF (30 mL) was 

added  triethylamine (1.52 g, 15 mmol) and DMAP (1.21g, 9.9 mmol). The mixture was 

cooled to 0 °C and pyridine-2,6-dicarboxyl chloride (0.99 g, 1 mmol) was added slowly in 

small portions with constant stirring over 4-5 minutes ensuring that the temperature in the 

flask did not increase. The reaction was held at 75-80 °C for 18 hours and subsequently 

poured into water (300 mL). The resulting white solid product was isolated from the 

solvent by filtration. The crude was purified by trituration using ethyl acetate to give the 

title product as a white solid (0.96 g, 34%), m.p. = 341-342 °C. 

1H NMR (400 MHz, CD3CN) δ = 10.51 (s, 2H, N-H), 8.60 (s, 4H, H-2’), 8.50 (d, J 

= 8.2 Hz, 2H, H-4), 8.29 (t, J = 8.2 Hz, 1H, H-5), 7.82 (s, 2H, H-4’).  

13C NMR (100 MHz, CD3CN): δ = 164.4 (C=O), 149.6 (C-2), 141.1 (C-5), 137.2 

(C-1’), 133.8 (C-3’), 132.6 (C-4’), 125.7 (C-2’), 123.0 (CF3) JC-F = 35.7 Hz, 121.4 

(C-4).  

IR (KBr disc) 3284, 3101, 1686, 1550, 1572, 1472, 1437, 1383, 1279, 1175, 1146, 

1068, 1001, 936, 889, 840 and 683 cm-1 

ESI-MS, low res, 590 (MH+). HRMS (ESI); MH+, found 590.0716, C23H12N3O2F12 

requires 590.0738. 



241 

 

N1,N3-bis(3,5-bis(trifluoromethylphenyl)benzene-1,3-dicarbothioamide (149)  

 

Amide 147 (0.456 g, 0.775 mmol), Lawessons reagent (0.846 g, 2.092 mmol) and 30 mL 

dry toluene were heated to reflux under nitrogen for 16 hours. The yellow coloured 

reaction mixture was allowed to cool and loaded directly onto a column of silica gel pre-

packed with 50:50 dichloromethane: hexane solvent system. The column was eluted using 

gradient elution (100% dichloromethane followed by 5% methanol: 95% dichloromethane. 

Solvent was removed in vacuo to give the yellow solid title compound (0.46 g, 96%), m.p. 

= 78.5-79.4 °C, lit m.p. = 79-81 °C.352     

1H NMR (600 MHz, CD3CN) δ = 10.77 (s, 2H, N-H), 8.53 (s, 4H, H-2’), 8.36 (s, 

1H, H-2), 8.04 (d, J = 7.6 Hz, 2H, H-4), 7.91 (s, 2H, H-4’), 7.57 (t, J = 7.6 Hz, 1H, 

H-5).  

13C NMR (125 MHz, CD3CN): δ = 200.4 (C=S), 143.5 (C-1), 142.4 (C-1’), 133.2 

(C-2’), 132.8 (C-3’), 131.7 (C-2), 127.3 (C-4), 125.8 (C-5), 124.1 (CF3) JC-F = 36.7 

Hz, 121.2 (C-4’)  

IR (KBr disc) 3208, 3058, 1601, 1549, 1466, 1373, 1278, 1189, 1138 and 895 cm-1. 

ESI-MS, low res, 621 (MH+). HRMS (ESI); MH+, found 621.0337, C24H13N2S2F12 

requires 621.0329. 

N1,N3-bis(3,5-bis(trifluormethylphenyl)-5-nitrobenzene-1,3-dicarboxamide (150) 

 
To dry dichloromethane (30 mL) was added 5-nitroisophthalic acid (1g, 4.74 mmol) and 

the solution was maintained under a nitrogen atmosphere. To this solution was added 

DMAP (1.16 g, 9.47 mmol), EDCI (1.82 g, 9.47 mmol) and 3,5-bis 

(trifluoromethyl)aniline (2.17 g, 9.47 mmol) and the off-white coloured suspension was 

stirred at room temperature for 16 hours. The yellow reaction mixture was washed with 1 

M HCl, 10% aqueous sodium bicarbonate, saturated NaCl, and the product dried with 
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MgSO4. The solvent was removed in vacuo and the crude was purified by flash 

chromatography (85% hexane: 15% ethyl acetate) to give the title compound as a white 

solid (1.523 g, 51%), m.p. = 310-312 °C.  

1H NMR (400 MHz, CD3CN) δ = 9.53 (s, 2H, N-H), 8.99 (d, J = 1.5 Hz, 2H, H-4), 

8.94 (t, J = 1.5 Hz, 1H, H-2), 8.38 (s, 4H, H-2’), 7.81 (s, 2H, H-4’).  

13C NMR (125 MHz, CD3CN): δ = 163.8 (C=O), 148.5 (C-5), 140.7 (C-1’), 136.3 

(C-1), 132.5 (C-3’), 131.5 (C-2), 125.5 (C-2’), 124.5 (CF3) JC-F = 35.5 Hz, 122.8 

(C-4), 120.6 (C-4’). 

IR (KBr disc) 3245, 3084, 1659, 1549, 1381, 1280, 1179, 1136 and 893 cm-1.  

ESI-MS, low res, 634 (MH+). HRMS (ESI) M-H-, found 632.0497, C24H10N3O4F12 

requires 632.0480. 

Methyl-N3-(3,5-bis(trifluoromethyl)phenylcarbamoyl)-1-benzoate (152) 

 

To a solution of mono-methyl isophthalate (1.0 g, 5.55 mmol) in dichloromethane (30 mL) 

was added DMAP (0.68 g, 5.55 mmol), EDCI (1.06 g, 5.55 mmol) and 3,5-

bis(trifluoromethyl)aniline (1.27 g, 5.55 mmol) and the white suspension was stirred at 

room temperature for 16 hours. The reaction mixture was then washed with water and 1 M 

HCl. The white solid precipitate was collected by filtration and purified by flash 

chromatography (80% Hexane: 20% ethyl acetate) to give the title product as a white solid 

(2.0 g, 92%), m.p. = 293-295 °C. 

1H NMR (400 MHz, CDCl3) δ = 8.51 (s, 1H, H-2),  8.32 (s, 1H, N-H), 8.26 (d, J = 

7.6 Hz, 1 H, H-6), 8.23 (s, 2 H, H-2’), 8.17 (d, J = 7.6 Hz, 1H, H-4), 7.68 (s, 1H, 

H-4’), 7.64 ( app t, 1H, H-5), 3.98 (s, 3H, OCH3)  

13C NMR (100 MHz, DMSO-d6): δ = 166.1 (COOCH3), 165.6 (H-N-C=O), 141.4 

(C-1‘), 134.8 (C-3), 133.1 (C-4), 133.0 (C-6), 130.5 (C-3), 129.7 (C-5), 128.8 (C-

2), 125.1 (CF3) JC-F = 35.8 Hz, 122.4 (C-1), 120.5 (C-2‘), 117.0 (C-4‘), 52.9 (O-

CH3).  
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IR (KBr disc) 3416, 3271, 3104, 3003, 2958, 1717, 1661, 1569, 1471, 1443, 1382, 

1278, 1258, 1172, 1123, 943, 891, 720 and 686 cm-1.  

ESI-MS, low res, 392 (MH+). GC-MS; m/z 392, 372, 360, 163, 135, 103, 76. 

HRMS (ESI) M-H-, found 390.0562, C17H10NO3F6 requires 390.0565. 

N3-(3,5-bis(trifluoromethyl)phenylcarbamoyl)-1-benzoic acid (153) 

 

The ester 152 (1.67g, 4.26 mmol) was dissolved in hot methanol (40 mL). To this solution 

was added 1 M NaOH, (20 ml, 20 mmol) and the mixture heated to reflux for one hour. 

Distilled water (100 mL) was subsequently added and the mixture was acidified to pH 3 

using concentrated HCl. The mixture was cooled and filtered to give the title product as a 

white solid of sufficient purity for further synthesis (1.24 g, 77%), m.p. = 194-196 °C.   

1H NMR (400 MHz, DMSO-d6) δ = 13.3 (s, br, 1H, OH), 11.02 (s, 1H, N-H), 8.57 

(s, 1H, H-2), 8.51 (s, 2H, H-2’), 8.21 (d, J = 7.6 Hz, 1H, H-6), 8.15, (d, J = 7.6 Hz, 

1H, H-4), 7.80 (s, 1H, H-4’), 7.67 (app t, 1H, H-5). 

13C NMR (100 MHz, DMSO-d6) δ = 166.7 (COOH), 165.4 (CONH), 141.5 (C-1‘), 

134.7 (C-3), 133.3 (C-4), 132.7 (C-6), 131.7 (C-3), 129.5 (C-5), 129.0 (C-2), 125.1 

(CF3) JC-F = 31.6 Hz, 122.5 (C-1), 120.5 (C-2‘), 116.8 (C-4‘).  

IR (KBr disc) 3292, 3092, 2662, 2551, 1690, 1651, 1562, 1470, 1441, 1381, 1305, 

1279, 1175, 1146, 943, 893, 728 and 683 cm-1. 

ESI-MS, low res, 378 (MH+). HRMS (ESI); MH+, found 376.0423, C16H8NO3F6 

(M-) requires 376.0484. 

3,5-bis(trifluoromethylaniline)-benzene-1-sulfonamide (154) 

 

Aqueous ammonia (2 mL) and triethylamine (3.64 mmol, 0.5 mL) were added to DMF (20 

mL), the reaction mixture cooled to 0 °C. To this mixture was added 3,5-

bis(trifluoromethyl)benzene sulfonyl chloride (0.5 g, 1.6 mmol) in small portions over 5-



244 

 

10 minutes and the reaction mixture was stirred at room temperature for 16 hours followed 

by addition of distilled water (300 mL). The basic reaction mixture was acidified to pH 2 

by addition of concentrated HCl causing the product to precipitate out of solution. The off-

white precipitate was collected by filtration (0.46 g, 98%), m.p. = 145.9-146.7 °C, lit m.p. 

= 146-147 °C.353  

1H NMR (400 MHz, DMSO-d6) δ = 8.46 (s, 1H, H-4), 8.40 (s, 2H, H-2), 7.79 (s, 

1H, NH2) 

13C NMR (100 MHz, DMSO-d6) δ = 147.1 (C-1), 131.1 (C-3), 127.6 (C-4), 124.6 

(CF3) JC-F = 35.5 Hz, 121.9 (C-2).   

IR (KBr disc) 3356, 3262, 3097, 3067, 1862, 1833, 1626, 1531, 1197 and 907 cm-1. 

ESI-MS, low res, 294 (MH+).  GC-MS; m/z 294, 277, 261, 229, 213, 163, 131, 99, 

69. HRMS (ESI); M-H- , found 291.9864, C8H4NO2F6S, requires 291.9867. 

N1-(3,5-bis(trifluoromethyl)phenyl)- N3-(3,5-bis(trifluoromethyl)phenylsulfonyl)-

benzene 1,3-dicarboxamide (151) 

 

Acid 153 (0.371g, 0.983 mmol) was dissolved in a 50:50 mixture of dichloroethane:t-

butanol (20 mL) and to this stirred suspension was added DMAP (0.360 g, 2.949 mmol), 

EDCI (0.472 g, 2.457 mmol) and sulfonamide 154 (0.200 g, 0.683 mmol). The reaction 

mixture was stirred for 72 hours at room temperature and after this time Amberlyst 15 

anion exchange resin (2 g) was added and the mixture was diluted with ethyl acetate (10 

mL). This mixture was stirred for a further 2 hours and subsequently passed through a plug 

of silica gel and washed with ethyl acetate. The filtrate was collected and solvent removed 

in vacuo. The mixture was purified by flash chromatography (98% dichloromethane: 2% 

methanol) to give the title product as an off white solid (0.187 g, 43%), m.p. = 241.5-242.3 

°C.   

1H NMR (400 MHz, DMSO-d6) δ = 10.92 (s, 1H, Amide N-H), 8.50 (s, 1H, H-2), 

8.49 (s, 2H, H-2’’), 8.39 (s, 2H, H-2’), 8.21 (s, 1H, H-4’’), 8.11 (d, J = 7.6 Hz, 1H, 

H-4), 7.97 (d, J = 7.6 Hz, 1H, H-6), 7.77 (s, 1H, H-4’), 7.49 (app t, 1H, H-5). 
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13C NMR (100 MHz, DMSO-d6) δ = 169.1 (CONH-SO2), 166.3 (CONH), 148.2 

(C-1‘‘), 141.1 (C-1‘), 138.5 (C-3‘‘), 133.6 (C-3‘), 132.7 (C-1), 130.1 (C-3), 128.6 

(C-6), 127.9 (C-4), 127.6 (C-2‘), 124.7 (C-5), 124.4 (C-2‘‘), 123.9 (C-2), 122.7 

(CF3‘‘), 121.7 (CF3‘) JC-F = 35.5 Hz, 116.6 (C-4‘). 

IR (KBr disc) 3450, 3318, 3093, 2927, 1667, 1608, 1553, 1380, 1179 and 888 cm-1. 

ESI-MS, low res, 651 (M-). HRMS (ESI); M-H-, found 651.0242, C24H11N2O4F12S 

requires 651.0248. 

N1,N3-bis(3,5-bis(trifluoromethyl)phenylsulfonyl)isophthalamide (156) 

 

Isophthalic acid (0.113 g, 0.683 mmol) was dissolved in a 50:50 mixture of 

dichloroethane:t-butanol (20 mL) and to this stirred suspension was added DMAP (0.292 

g, 2.389 mmol), EDCI (0.529 g, 3.412 mmol) and sulfonamide 154 (0.500 g, 1.706 mmol). 

The reaction mixture was stirred for 16 hours at room temperature and after this time 

Amberlyst 15 anion exchange resin (2 g) was added and the mixture was diluted with ethyl 

acetate (10 mL). This mixture was stirred for a further 2 hours and subsequently passed 

through a plug of silica gel and washed with 95:5 ethyl acetate:methanol. The filtrate was 

collected and solvent removed in vacuo. The crude product was purified by flash 

chromatography (85:15 ethyl acetate: petroleum ether) to give the title product as a white 

solid (0.300 g, 61%), m.p. >350 °C  

1H NMR (400 MHz, DMSO-d6) δ = 8.49 (s, 1H, H-2), 8.38 (s, 4H, H-2’), 8.19 (s, 

2H, H-4’), 7.86 (dd, J = 7.8 & 1.8 Hz, 2H, H-4), 7.24 (t, J = 7.8 Hz, 1H, H-5). 

13C NMR (DMSO-d6, 100 MHz) δ = 170.7 (C=O), 149.4 (C-1), 138.3 (C-2), 130.8 

(C-3‘), 130.1 (C-4), 129.6 (C-4‘), 128.3 (C-2‘), 127.4 (C-5), 124.2 (CF3) JC-F = 38.3 

Hz, 122.3 (C-2). 

IR (KBr disc) 3543, 3093, 1603, 1555, 1362, 1280, 1139 and 897 cm-1.  

ESI-MS, low res, 715 (M-H); HRMS (ESI); M-H-, found 714.9871, 

C24H11N2O6F12S2 , requires  714.9867. 
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N1-(3,5-bis(trifluoromethyl)phenyl)-3-nitrobenzamide (159) 

  

To a solution of 3-nitrobenzoic acid (1.00 g, 5.98 mmol) dissolved in dichloromethane (30 

mL) was added DMAP (0.73 g, 5.98 mmol), EDCI (1.15 g, 5.98 mmol) and 3,5-

bis(trifluoromethyl) aniline (1.37 g, 5.98 mmol). The reaction mixture was stirred for 16 

hours at room temperature before being washed with 50 mL 1 M HCl causing the white 

solid product to crash out of solution. This solid was collected by filtration and 

recrystallised from dichloromethane to give the white solid title compound (1.92 g, 85%), 

m.p. = 233.6-234.2 °C.  

1H NMR (400 MHz, CD3CN) δ = 9.38 (s, 1H, N-H), 8.73-8.75 (m, 1H, H-2), 8.37-

8.41 (m, 1H, H-4), 8.31 (s, 2H, H-2’), 8.27-8.31 (m, 1H, H-6), 7.75 (s, 1H, H-4’), 

7.74 (m, 1H, H-5)  

13C NMR (100 MHz, CD3CN) δ = 164.2 (C=O), 148.4 (C-3), 140.3 (C-1’), 135.6 

(C-1), 133.9 (C-6), 131.5 (C-3’), 130.3 (C-2’), 126.8 (C-5), 124.8 (CF3) JC-F = 32.6 

Hz, 122.5 (C-4), 122.3 (C-2), 120.3 (C-4’). 

IR (KBr disc) 3265, 1660, 1524, 1472, 1382, 1280, 1177 and 895 cm-1.  

ESI-MS, low res, 379 (MH+). GC-MS; m/z 378, 359, 329, 263, 228, 188, 150, 134, 

120, 104, 76. HRMS (ESI); M-H-, found 377.0376, C15H7N2O3F6, requires  

377.0361. 

3-amino-N-(3,5-bis(trifluoromethyl)phenyl)benzamide (160) 

 

To a stirred suspension of 159 (1.0 g, 2.65 mmol) in ethanol (200 mL) was added 10% 

Pd/C (0.03 g, 0.03 mmol). Hydrazine monohydrate (1.5 mL) was subsequently added 

dropwise. The reaction mixture was heated to reflux with stirring for 16 hours. Upon 

completion (reaction monitored by TLC), the mixture was filtered through a silica plug 

and solvent removed in vacuo. The crude solid was dissolved in ethyl acetate, washed with 

water (30 mL x 2) and saturated NaCl (20 mL x 2), dried with MgSO4, filtered and solvent 
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removed in vacuo. The product was purified by flash chromatography using a gradient 

starting with 100% dichloromethane followed by product elution with 95% 

dichloromethane: 5% methanol to give the title compound as a white solid, (0.63 g, 69%), 

m.p. = 169.5-170.8 °C.  

1H NMR (400 MHz, CD3CN) δ = 9.03 (s, 1H, Amide N-H), 8.34 (s, 2H, H-2’), 

7.73 (s, 1H, H-4’), 7.24 (app t, 1H, H-5), 7.19 (s, 1H, H-2), 7.16-7.20 (m, 1H, H-6), 

6.84-6.89 (m, 1H, H-4), 4.40 (s, br, 2H, NH2).  

13C NMR (100 MHz, DMSO-d6) δ = 167.3 (C=O), 149.8 (C-3), 141.3 (C-1‘), 134.8 

(C-1), 129 (C-3‘), 124.7 (CF3) JC-F = 33.6 Hz, 122.8 (C-2‘), 122.7 (C-5), 119.7 (C-

4‘), 117.5 (C-4), 116.3 (C-6), 114.8 (C-2).  

IR (KBr disc) 3300-3220, 1671, 1595, 1474, 1384, 1280, 1181, 1115 and 888 cm-1. 

ESI-MS, low res, 349 (MH+). GC-MS; m/z 348, 329, 309, 279, 236, 163, 120, 92, 

65. HRMS (ESI); M-H-, found 347.0628, C15H9N2OF6 , requires 347.0619. 

N-(3,5-bis(trifluoromethyl)phenyl)-3-(3,5-bis(trifluoromethyl)phenyl)ureido-1-

benzamide (157) 

 

To a solution of 160 (0.40 g, 1.15 mmol) in dichloromethane (30 mL) was added 3,5-

bis(trifluoromethyl) phenyl isocyanate (0.29 g, 1.15 mmol). The reaction mixture was 

stirred at room temperature for 24 hours and monitored by TLC. After this time the 

product was isolated by filtration to give a white solid product (0.68 g, 98%), m.p. = 

208.8-209.7 °C.  

1H NMR (400 MHz, DMSO-d6) δ = 10.83 (s, 1H, Amide N-H), 9.48 (s, 1H, NH-a), 

9.27 (s, 1H, NH-b), 8.51 (s, 2H, H-2’), 8.15 (s, 2H, H-2’’), 8.09 (s, 1H, H-2), 7.78 

(s, 1H, H-4’’), 7.71 (d, J = 7.6 Hz, 1H, H-6), 7.65 (d, J = 7.6 Hz, 1H, H-4), 7.62 (s, 

1H, H-4’), 7.49 (app t, 1H, H-5).  

13C NMR (100 MHz, CD3CN) δ = 166.2 (Amide C=O), 152.4 (urea C=O), 141.2 

(C-1), 140.7 (C-1‘‘), 139.3 (C-1‘), 134.8 (C-3), 131.6 (C3‘ & C-3‘‘), 129.2 (C-5), 
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125.0 (CF3), 123.0 (C-6), 122.2 (CF3) JC-F = 35.5 Hz, 121.9 (C-4), 120.2 (C-2‘), 

118.7 (C-2‘‘), 117.4 (C-2 & C-4‘‘) 115.5 (C-4‘). 

IR (KBr disc) 3483-3250, 1707, 1585, 1474, 1381, 1279, 1138 and 89 cm-1. 

ESI-MS, low res, 604 (MH+), 621 (M.H2O
+), 626 (M.Na+). HRMS (ESI); M-H-, 

found 602.0734, C24H12N3O2F12 , requires 602.0738 

N-(3,5-bis(trifluoromethyl)phenyl)-3-(3,5-bis(trifluoromethyl)phenyl)thioureido-1- 

benzamide (158) 

 

To a solution of 160 (0.30 g, 0.86 mmol) in dichloromethane (30 mL) was added 3,5-

bis(trifluoromethyl) phenyl isothiocyanate (0.23 g, 0.86 mmol). The reaction mixture was 

stirred at room temperature for 72 hours and monitored by TLC. After this time the solvent 

was removed in vacuo and the mixture was purified by flash chromatography (80% 

hexane: 20% ethyl acetate) to give the white solid title product (0.53 g, 96%), m.p. = 

168.2-169 °C 

1H NMR (400 MHz, CD3CN) δ = 9.19 (s, 1H, Amide N-H), 8.77(s, 1H, NH-b), 

8.69 (s, 1H, NH-a), 8.34 (s, 2H, H-2’), 8.14 (s, 2H, H-2’’), 8.01 (s, 1H, H-2), 7.83 

(d, J = 7.6 Hz, 1H, H-4), 7.79 (s, 1H, H-4’’), 7.75 (s, 1H, H-4’), 7.68 (d, J = 7.6 

Hz, 1H, H-6), 7.58 (app t, 1H, H-5). 

13C NMR (100 MHz, DMSO-d6) δ = 180.2 (C=S), 166.7 (C=O), 142.5 (C-1), 141.6 

(C-1‘‘), 139.2 (C-1‘), 131.1 (C-3), 130.8 (C-3‘), 130.5 (C-3‘‘), 130.0 (C-5), 129.5 

(CF3), 128.7 (C-6), 125.8 (C-4), 124.2 (CF3) JC-F = 35.5 Hz, 122.2 (C-2‘), 119.7 (C-

2‘‘), 118.4 (C-2), 117.6 (C-4‘‘), 116.8 (C-4‘).  

IR (KBr disc) 3419, 3252, 1669, 1548, 1472, 1381, 1280, 1170 and 894 cm-1.  

ESI-MS, low res, 620 (MH+). HRMS (ESI); M-H-, found 618.0487, 

C24H12N3OF12S calc 618.0509. 
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6.3 1H NMR Binding Studies 

6.3.1 1H-NMR Titration Experiments
200

 

A solution of the receptor at a concentration of 1 mM was prepared in an appropriate 

deuterated solvent. A measured amount (500µL) of this solution was immediately 

transferred into an NMR tube. A solution of the guest (tetrabutylammonium (TBA) anion) 

at a concentration of 20 mM was prepared in the same solvent. Aliquot amounts of the 

guest solution were added to the NMR tube via an autopipette. The number of additions 

varied between 25 and 30 with an increase in the amount of guest solution added until a 

total of 10 equivalents of the guest was attained. A 1H NMR spectrum was recorded after 

each addition following an equilibration and mixing time of 2 minutes after each addition. 

The chemical shift of the protons associated with the recognition process was recorded 

after each 1H NMR spectrum was run. The collected data was analyzed using 

WINEQNMR for calculation of association constants.202 

 

6.3.2 Binding Stoichiometry – JOB Plot 200 

Solutions of the receptor (5 mM) and of the anion (5 mM) in acetonitrile-d3 were 

accurately prepared. Twelve NMR tubes were filled with different proportions of these 

equimolar solutions present varying from 10:0 receptor: anion to 1:9 receptor:anion. The 
1H-NMR spectrum of each solution was subsequently recorded monitoring the amide N-H 

protons and also other C-H protons. A plot of mole fraction of receptor multiplied by 

change in chemical shift (XR∆δ) versus mole fraction receptor (XR) was constructed in 

order to determine the  binding stoichiometry.200 

 

6.4 Conformational Studies & X-Ray Crystallography 

In some cases, diffraction grade crystals of receptors were grown through slow 

evaporation. Instances where crystal growth was not successful and/or where compounds 

were amorphous resulted in conformational analysis being conducted using 2D NOESY 

and also 1D NOESY spectroscopy.  
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Crystal Data for Compound Receptor 149: 

Crystal Data: C24H12F12N2S2, M = 620.48, monoclinic, a = 21.592(4) Å, b = 11.3048(19) 

Å, c = 9.6396(16) Å, β = 90.132(4) o, V = 2353.0(7) Å3, T = 100(2) K, space group C2/c, Z 

= 4, 20279 reflections measured, 2397 unique (Rint = 0.0443). The final R1 values were 

0.0328 (I > 2σ(I)) and 0.0359 (all data). The final wR(F2) values were 0.0761 (I > 2σ(I)) 

and  0.0781 (all data).  

 

Crystal Data for Compound Receptor 158: 

Crystal Data: C24H13F12N3OS, M = 619.43, monoclinic, a = 18.444(3) Å, b = 19.411(3) Å, 

c = 14.5722(18) Å, β = 97.489(3) o, V = 5172.59(7) Å3, T = 296(2) K, space group P21/c, Z 

= 8, 53520 reflections measured, 8972 unique (Rint = 0.1499). The final R1 values were 

0.0862 (I > 2σ(I)) and 0.2020 (all data). The final wR(F2) values were 0.1603 (I > 2σ(I)) 

and  0.2183 (all data).  

 

6.5 Morita-Baylis-Hillman Catalysis Reactions 

6.5.1 General Method A for Baylis-Hillman Reaction 145 

To a clean dry 10 mL flask under a nitrogen atmosphere was added DABCO (112.2 mg, 1 

mmol), aldehyde (1 mmol), methyl acrylate, t-butyl acrylate or cyclohexenone (3 mmol) 

and organocatalyst 151 (20 mol%, 130.4 mg) and the reaction was allowed to stir at room 

temperature for the specified time. The solution was extracted with ethyl acetate, washed 

with brine and dried with MgSO4. Purification was achieved by flash chromatography 

using 80% hexane: 20% ethyl acetate to elute the product.  

 

Methyl 2-(hydroxy(phenyl)methyl)acrylate 155 

 

This product was synthesised according to general method A using benzaldehyde (106 mg, 

1 mmol) and methyl acrylate (258.3 mg, 3 mmol) and was extracted and purified after 20 

hours to give the title compound as a yellow oil (146 mg, 76%). 
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1H NMR (500 MHz, CDCl3) δ = 7.40-7.24 (m, 5H, Ar-H), 6.35 (s, 1H, C=CH2), 

5.83 (m, 1H, C=CH2), 5.57 (d, J = 5.6 Hz, 1H, H-3), 3.72 (s, 3H, OCH3), 3.01 (s, 

1H, OH).  

13C NMR (125 MHz; CDCl3) δ = 166.3 (C=O), 141.5 (C-1), 140.7 (C=CH2), 127.2 

(C-3), 126.8 (C-4), 125.2 (C-2), 125.4 (C=CH2), 72.6 (C-OH), 51.8 (OCH3)  

ESI-MS, low res, M+ 192, 191, 175, 160, 132, 105, 77. 

Methyl 2-(hydroxy(2-nitrophenyl)methyl)acrylate (155a) 

 

This product was synthesised according to general method A using 2-nitrobenzaldehyde 

(161 mg, 1 mmol) and methyl acrylate (258.3 mg, 3 mmol) and was extracted and purified 

after 1 hour to give the title compound as a yellow oil (204 mg, 86%).  
1H NMR (400 MHz, CDCl3) δ = 7.87-7.91 (m, 1H, H-6), 7.69-7.72 (m, 1H, H-3), 

7.59 (t, J  = 6.4 Hz, 1H, H-4), 7.41 (t, J  = 6.4 Hz, 1H, H-5), 6.31 (s, 1H, C=CH2), 

6.16 (s, 1H, CH-OH), 5.68 (s, 1H, C=CH2), 3.67 (s, 3H, OCH3). 
13C NMR (100 MHz; CDCl3) δ = 166.5 (C=O), 148.3 (C-1), 141.0 (C=CH2), 136.3 

(C-2), 133.5 (C-4), 129.0 (C-3), 128.7 (C-5), 126.5 (C=CH2), 124.6 (C-6), 67.5 (C-

OH), 52.2 (OCH3).  

ESI-MS, low res, M+ 220, 206, 188, 160, 132, 117, 104, 89, 77, 65. 

Methyl 2-(hydroxy(o-tolyl)methyl)acrylate (155b) 

 

This product was synthesised according to general method A using 2-methylbenzaldehyde 

(120 mg, 1 mmol) and  methyl acrylate (258.3 mg, 3 mmol) and was extracted and purified 

after 42 hours to give the title compound as a yellow oil (45 mg, 22%).  

1H NMR (400 MHz, CDCl3) δ = 7.39-7.42 (m, 1H, H-6), 7.19-7.23 (m, 2H, H-3 & 

H-5), 7.13-7.18 (m, 1H, H-4), 6.30 (s, 1H, C=CH2), 5.78 (s, 1H, CH-OH), 5,59 (s, 

1H, C=CH2), 3.74 (s, 3H, OCH3), 2.87 (s, 1H, OH), 2.30 (s, 3H, Ar-CH3).  
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13C NMR (100 MHz; CDCl3) δ = 167.1 (C=O), 141.7 (C=CH2), 136.7 (C-2), 135.6 

(C-1), 130.4 (C-6), 127.8 (C-5), 126.3 (C-3), 126.2 (C=CH2), 126.2 (C-4), 69.2 (C-

OH), 52.0 (OCH3), 19.1 (CH3).  

ESI-MS, low res, M+ 206, 189, 175, 159, 145, 129, 119, 91, 77. 

Methyl 2-(hydroxy(2-methoxyphenyl)methyl)acrylate (155c) 

 

This product was synthesised according to general method A using 2-

methoxybenzaldehyde (136 mg, 1 mmol) and methyl acrylate (258.3 mg, 3 mmol) and was 

extracted and purified after 72 hours to give the title compound as clear oil (122 mg, 55%).  

1H NMR (400 MHz, CDCl3) δ = 7.31-7.35 (m, 1H, H-3), 7.21-7.27 (m, 1H, H-5), 

6.91-6.96 (m, 1H, H-4), 6.83-6.87 (m, 1H, H-6), 6.29 (s, 1H, C=CH2), 5.87 (m, 1H, 

CH-OH), 5.72 (m, 1H, C=CH2), 3.80 (s, 3H, Ar-OCH3), 3.72 (s, 3H, OCH3), 3.47 

(m, 1H, OH). 

13C NMR (100 MHz; CDCl3) δ = 167.2 (C=O), 156.7 (C-1), 141.5 (C=CH2), 129.3 

(C-2), 129.0 (C-5), 127.7 (C-3), 125.8 (C=CH2), 120.8 (C-4), 110.7 (C-6), 68.3 

(CH-OH), 55.5(Ar-OCH3), 52.0 (OCH3). 

ESI-MS, low res, M+ 222, 221, 205, 191, 161, 145, 135, 107, 91, 77. 

Methyl 2-((4-fluorophenyl)(hydroxy)methyl)acrylate (155d) 

 

This product was synthesised according to general method A using 4-fluorobenzaldehyde 

(124 mg, 1 mmol) and  methyl acrylate (258.3 mg, 3 mmol) and was extracted and purified 

after 42 hours to give the title compound as a clear oil (172 mg, 82%).  

1H NMR (400 MHz, CDCl3) δ = 7.27-7.33 (m, 2H, H-2), 6.96-7.02 (m, 2H, H-3), 

6.30 (s, 1H, C=CH2), 5.82 (s, 1H, C=CH2), 5.50 (m, 1H, CH-OH), 3.70 (s, 3H, 

OCH3), 3.30 (s, 1H, OH).   
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13C NMR (100 MHz; CDCl3) δ = 166.7 (C=O), 163.6 (C-4) JC-F = 246.3 Hz, 142.1 

(C=CH2), 137.2 (C-1), 128.4 (C-2), 126.1 (C=CH2), 115.4 (C-3), 72.5 (CH-OH), 

52.1 (OCH3).  

ESI-MS, low res, M+ 210, 193, 177, 150, 133, 123, 97, 77.   

Methyl 2-(hydroxy(p-tolyl)methyl)acrylate (155e) 

 

This product was synthesised according to general method A using 4-methylbenzaldehyde 

(120 mg, 1 mmol) and  methyl acrylate (258.3 mg, 3 mmol) and was extracted and purified 

after 36 hours to give the title compound as a clear oil (78 mg, 38%).  

1H NMR (400 MHz, CDCl3) δ = 7.23-7.27 (m, 2H, H-2), 7.13-7.16 (m, 2H, H-3), 

6.32 (s, 1H, C=CH2), 5.85 (s, 1H, C=CH2), 5.51 (s, 1H, CH-OH), 3.70 (s, 3H, 

OCH3), 3.03 (s, br, 1H, OH), 2.33 (s, 3H, Ar-CH3).  

13C NMR (100 MHz; CDCl3) δ = 166.7 (C=O), 142.0 (C=CH2), 138.3 (C-1), 137.5 

(C-4), 129.1 (C-3), 126.5 (C-2), 125.8 (C=CH2), 73.0 (CH-OH), 51.9 (OCH3), 21.1 

(Ar-CH3).  

ESI-MS, low res, M+ 206, 189, 174, 159, 146, 131, 119, 91, 77. 

Methyl 2-(hydroxy(4-methoxyphenyl)methyl)acrylate (155f) 

 

This product was synthesised according to general method A using 4-

methoxybenzaldehyde (136 mg, 1 mmol) and  methyl acrylate (258.3 mg, 3 mmol) and 

was extracted and purified after 96 hours to give the title compound as a clear oil (42 mg, 

19%).  

1H NMR (400 MHz, CDCl3) δ = 7.25-7.30 (m, 2H, H-2), 6.84-6.89 (m, 2H, H-3), 

6.31 (s, 1H, C=CH2), 5.84 (s, 1H, C=CH2), 5.52 (s, 1H, CH-OH), 3.78 (s, 3H, Ar-

OCH3), 3.71 (s, 3H, OCH3), 2.92 (s, br, 1H, OH).  

13C NMR (100 MHz; CDCl3) δ = 166.9 (C=O), 159.3 (C-4), 142.3 (C=CH2), 133.5 

(C-1), 128.0 (C-2), 125.7 (C=CH2), 113.9 (C-3), 72.9 (CH-OH), 55.3 (Ar-OCH3), 

52.0 (COOCH3).  
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ESI-MS, low res, M+ 222, 205, 190, 162, 135, 108. 

2-(hydroxy(4-methoxyphenyl)methyl)-4,4-dimethylpent-1-en-3-one (155g) 

 

This product was synthesised according to general method A using benzaldehyde (106 mg, 

1 mmol) and  tert-butyl acrylate (384 mg, 3 mmol) and was extracted and purified after 20 

hours to give the title compound as an off-yellow coloured oil (66 mg, 28%).  

1H NMR (400 MHz, CDCl3) δ = 7.24-7.37 (m, 5H, Ar-H), 6.24 (s, 1H, C=CH2), 

5.72 (s, 1H, C=CH2), 5.47-5.50 (m, 1H, CH-OH), 3.15-3.19 (m, 1H, OH), 1.39 (s, 

9H, O-tBu).  

13C NMR (100 MHz; CDCl3) δ = 165.6 (C=O), 143.4 (C-1), 141.6 (C=CH2), 128.3 

(C-3), 127.6 (C-4), 126.5 (C-2), 125.2 (C=CH2), 81.6 (C-(CH3)3), 73.5 (CH-OH), 

27.9 (C-(CH3)3).  

ESI-MS, low res, M+ 217, 177, 161, 132, 105, 77, 51. 

2-(hydroxy(4-methoxyphenyl)methyl)cyclohex-2-enone (155h) 

OOH

1
2

4

3

1'

6'

5'

4'

3'

2'

 

This product was synthesised according to general method A using benzaldehyde (106 mg, 

1 mmol) and  cyclohexenone (288 mg, 3 mmol) and was extracted and purified after 20 

hours to give the title compound as an off-yellow coloured oil (119 mg, 59%).  

1H NMR (400 MHz, CDCl3) δ = 7.2-7.35 (m, 5H, Ar-H), 6.74 (t, J = 4.1 Hz, 1H, 

H-3’), 5.53 (s, 1H, CH-OH), 3.66 (s, 1H, OH), 2.3-2.41 (m, 4H, H-4’ & H-6’), 1.95 

(m, 2H, H-5’).  
13C NMR (100 MHz, CDCl3) δ = 200.4 (C=O), 147.5 (C-3’), 141.9 (C-1), 141.2 

(C-2’), 128.4 (C-3), 127.5 (C-4), 126.6 (C-2), 72.2 (CH-OH), 38.6 (C-6’), 25.8 (C-

4’), 22.6 (C-5’).  

ESI-MS, low res, M+ 202, 201, 185, 157, 128, 115, 105, 77, 65. 
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6.6 Kinetics 

6.6.1 Kinetics – General Procedure 145 

Into a 10 mL round bottomed flask was placed a magnetic stirring bar, organocatalyst (20 

mol%, 0.2 mmol), DABCO (113.7 mg, 1 mmol), (E)-stilbene (22.8 mg, 0.126 mmol) and 

benzaldehyde (106 mg, 1 mmol). The flask was then fitted with a septum and flushed with 

N2. Methyl acrylate (0.92 ml, 10.14 mmol) was subsequently added by syringe and the 

reaction mixture was stirred at room temperature. Upon addition of the methyl acrylate, a 

sample (50 µL) was taken from the flask, diluted to 500 µL with CDCl3 and analysed by 
1H NMR as t0. Further samples of 50 µL were taken every 2 hours for 8 hours, diluted to 

500 µL total volume and the NMR spectrum obtained. The change in integration ratio of 

benzaldehyde: (E)-stilbene peak in the 1H NMR spectrum of the reaction mixture was 

monitored as a function of time. A rate plot of this pseudo-first order kinetics system was 

constructed (plot of –Loge[benzaldehyde] versus time) and the rate constant of the reaction 

was assessed from the slope of this plot. 

 

6.7 Synthesis of Chiral Catalysts for the Aldol Rea ction 

N-Boc-(S)-proline341 

 

To (S)-Proline (3.54 g, 30 mmol) in dichloromethane (20 mL) was added a solution of di-

tert-butyl-dicarbonate (Boc2O) (7.86 g, 36 mmol) in dichloromethane (30 mL). The 

mixture was stirred for 72 hours at room temperature, extracted with dichloromethane (2 x 

30 mL) and washed with brine. The crude reaction mixture was purified by flash 

chromatography (50:50 ethyl acetate: hexane) to give the title product as a white solid 

(3.20 g, 99%), m.p. = 134-136 °C; [α]D
21 = -65.2 (c = 0.1, CHCl3). Lit m.p. = 132-134 °C, 

Lit [ α]D
21 = +57.0 (c = 1.0, CHCl3).

354  

1H NMR (400 MHz, CDCl3) δ = 4.20-4.37 (m, 1H, H-2), 3.30-3.60 (m, 2H, H-5), 

2.0-2.40(m, 2H, H-3), 1.83-1.98 (m, 2H, H-4), 1.39-1.51 (m, 9H, Boc-H), OH 

proton not visible. 
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ESI-MS, low res, 238 (M.Na+), 216 (MH+), 160, 116. GC-MS; m/z 215, 214, 160, 

116, 114, 98, 83. 

N-Boc-(S)-prolinamide (170)176 

 
N-Boc-proline (2.15 g, 10 mmol) was dissolved in dry THF (30 mL) and treated with 

triethylamine (10 mmol, 1.01 g, 1.38 mL). The stirred reaction mixture was cooled to 0 °C 

and ethyl chloroformate (1.09 g, 10 mmol) was added dropwise over 15 minutes. After the 

mixture had been stirred for a further 30 minutes aqueous ammonia (11 mL, 12.5 mmol) 

was added slowly by syringe over 15 minutes. This reaction mixture was stirred for 1 hour 

at 0 °C, 16 hours at room temperature and heated to reflux for 3 hours. The reaction was 

diluted with ethyl acetate and solvent removed in vacuo. The resulting residue was 

dissolved in ethyl acetate, washed with saturated aqueous ammonium chloride, dried with 

MgSO4, filtered and solvent removed in vacuo. The crude product was purified by flash 

chromatography (50:50 ethyl acetate: petroleum ether) to give a white solid product (1.50 

g, 70%), m.p. = 105-108 °C; [α]D
19 = - 34.2 (c = 0.1, EtOH). Lit m.p. = 104-106 °C, Lit 

[α]D
26 = - 43.4 (c = 1.0, EtOH).345   

1H NMR (400 MHz, CDCl3) δ = 6.84 (s, 1H, N-H), 6.01 (s, 1H, N-H’), 5.35-5.58 

(m, 1H, H-2), 4.11-4.38 (m, 2H, H-5), 3.25-3.57 (m, 2H, H-3), 2.04-2.42 (m, 2H, 

H-4), 1.46 (s, 9H, Boc-H). 

ESI-MS, low res, 237 (M.Na+), 215 (MH+), 195, 181, 159, 137, 115. GC-MS; m/z 

214, 199, 159, 141, 115, 70.  

N-Boc-(S)-prolinamine (219)340 

 

To a solution of prolinamide 170 (1 g, 4.67 mmol) in dry THF (30 mL) at 0 °C under an 

inert atmosphere in oven dried glassware was added Borane-THF 1 M solution (20 ml, 20 

mmol) dropwise. The reaction mixture was held at 0 °C for 1 hour, warmed to room 

temperature slowly and stirred for 16 hours and heated to reflux for 6 hours. The reaction 
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mixture was then cooled to 0 °C and quenched by slow addition of methanol (20 mL), 

taking extreme care with the evolution of H2 gas. This mixture was evaporated to remove 

solvent and boric acid salts 340,343. The colourless oil was used without further purification 

due to difficulty with retention of the amine product on a silica flash chromatography 

column. Ratio of title product: unreacted amide = 2.4:1.  Approx 60% pure by 1HNMR, 

(0.81 g, 86% crude), [α]D
19 = -28.6 (c = 0.1, CHCl3). Lit [α]D

19 = -56.2 (c = 1.1, CHCl3).
355 

1H NMR (400 MHz, CDCl3) δ = 3.78-4.05 (m, br, 1H, H-2), 3.63-3.69 (m, 2H, 

NH2), 3.35-3.46 (m, 1H, CH2-NH2 diastereotopic), 3.03-3.33 (m, 2H, H-5), 2.63-2.74 

(m, 1H, CH2-NH2 diastereotopic ), 1.73-1.99 (m, 4H, H-3 & H-4), 1.46 (s, 9H, Boc-H). 

IR (Thin Film) 3467, 2977, 2887, 2076, 1671, 1478, 1456, 1410, 1368, 1253, 1169, 

1122, 1050 and 936 cm-1.  

ESI-MS, low res, 201 (MH+), 145, 101; GC-MS; m/z 201 (M.H+), 200, 185, 170, 

145, 127, 114, 101, 84, 70, 57. 

Methyl-3-(6-methylpyridin-2-ylcarbamoyl)benzoate (220)  

 

To a stirred solution of mono-methyl isophthalate (750 mg, 4.162 mmol) in 

dichloromethane (30 mL) was added DMAP (509 mg, 4.162 mmol) and EDCI (800 mg, 

4.162 mmol). To this was added 2-amino-6-picoline (450 mg, 4.162 mmol) slowly and the 

reaction was stirred for 16 hours at room temperature. After this time solvent was removed 

from the reaction in vacuo and the crude yellow oil was purified by flash chromatography 

(90:10 hexane:ethyl acetate with polarity subsequently increased to 80:20 hexane:ethyl 

acetate) to give the title product as a white solid (1.09 g, 97%), m.p. = 100.1 – 102.5 °C. 

1H NMR (400 MHz, CDCl3) δ = 8.63 (s, 1H, N-H), 8.56 (s, 1H, H-2), 8.22 (d, J = 

8.4 Hz, 1H, H-6), 8.18 (d, J = 8.4 Hz, 1H, H-4), 8.16 (d, J = 7.6 Hz, 1H, H-5’), 

7.66 (t, J = 8.4 Hz, 1H, H-5), 7.59 ( app t, 1H, H-4’), 6.95 (d, J = 7.6 Hz, 1H, H-

3’), 3.95 (s, 3H, OCH3), 2.47 (s, 3H, Ar-CH3).  
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13C NMR (100 MHz, CDCl3) δ =  166.0 (CH3-O-C=O), 164.7 (HNC=O) 157.2 (C-

2’), 150.5 (C-6’), 138.7 (C-4’), 134.7 (C-3), 133.2 (C-6) 130.7 (C-5), 129.4 (C-2), 

127.9 (C-4), 119.7 (C-1), 111.2 (C-5’), 100.4 (C-3’), 52.5 (OCH3), 24.2 (Ar-CH3). 

IR (KBr disc) 3300-2900 (br), 1691, 1615, 1582, 1456, 1316, 1277, 1164, & 717  

cm-1.   

ESI-MS, low res, 271 (M.H+), 241, 209, 163, 135, 119, 103, HRMS (ESI); MH+, 

found 271.1084, C15H15N2O3  requires 271.1083. 

3-(6-methylpyridin-2-ylcarbamoyl)benzoic acid (220a) 

 

To a solution of 220 (1.09 g, 4 mmol) in hot methanol (40 mL) was added 1 M NaOH (8 

ml, 8 mmol) and the mixture was stirred at room temperature for 4 hours. After this time 

deionised water (100 mL) was added and the reaction mixture was acidified to pH 3.0 

using concentrated HCl. The precipitated product was collected by filtration to give the 

title product as a white solid (1.05 g, 96%), m. p. = 290.5 – 292 °C. 

1H NMR (400 MHz, DMSO-d6) δ = 11.2 (s, 1H, N-H), 8.53 (s, 1H, H-2), 8.26 (d, J 

= 7.6 Hz, 1H, H-6), 8.11 (d, J = 7.6 Hz, 1H, H-4), 8.04 (d, J = 8.4 Hz, 1H, H-3’), 

7.85 (app t, 1H, H-4’), 7.62 (t, J = 7.6 Hz, 1H, H-5), 7.12 (d, J = 8.4 Hz, 1H, H-5’), 

2.42 (s, 3H, Ar-CH3).   

13C NMR (100 MHz, DMSO-d6) δ = 166.3 (COOH), 165.5 (CONH), 155.7 (C-2‘), 

150.8 (C-6‘), 140.6 (C-4‘), 134.2 (C-3), 132.7 (C-6), 132.2 (C-4), 131.0 (C-5), 

129.1 (C-1), 128.8 (C-2), 119.7 (C-5‘), 112.5 (C-3‘), 23.8 (Ar-CH3). 

IR (KBr disc) 2947, 1730, 1672, 1575, 1457, 1315, 1296, 1236, 1136, 788 & 726 

cm-1.   

ESI-MS low res, 257 (M.H+), 239, 221, 130, 110, 92 HRMS (ESI); MH+, found 

257.0930, C14H13N2O3  requires 257.0926. 
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6.8 General Method B for N-Boc deprotection 

A solution of Boc-protected catalyst (5 mmol) in dichloromethane (5 mL) was cooled to 0 

°C. To this chilled solution was added dropwise trifluoroacetic acid (5 mL) and the 

reaction mixture stirred at 0 °C for 2 hours. After this time, the solvent and excess TFA 

were removed in vacuo. The residue was redissolved in dichloromethane (10 mL), 

neutralised with 5% NaOH and the aqueous layer extracted with dichloromethane (5 x 15 

mL). The combined extracts were washed with saturated NaCl, dried with MgSO4, filtered 

and solvent removed in vacuo to give the catalyst with sufficient purity in most cases. 

Where necessary, the deprotected catalyst was purified by preparative TLC. 

(S)-tert-butyl-2-(picolinamidomethyl)pyrrollidine-1-carboxy late (Boc-215)  

 

To a suspension of pyridine-2-carboxylic acid (0.616 g, 5 mmol) in dichloromethane (30 

mL) was added EDCI (0.959 g, 5 mmol) and DMAP (0.611g, 5 mmol) and this suspension 

was stirred for 10 minutes. Boc-prolinamine 219 (1g, 5 mmol) was added slowly as a 

solution in dichloromethane (20 mL) and the reaction mixture was stirred at room 

temperature for 16 hours. After this time, solvent was removed from the dark brown 

reaction mixture in vacuo and the product was purified by flash chromatography (90:10 

hexane: ethyl acetate with polarity subsequently increased to 70:30 hexane: ethyl acetate) 

eluting the title product as a colourless oil (272 mg, 45%), [α]D
18 = -14.0 (c = 0.35, 

CH2Cl2). 

1H NMR (400 MHz, CDCl3) δ = 8.7, 8.25 (s, 1H N-H (rotation present)), 8.55 (d, J 

= 4.6 Hz, 1H, H-6), 8.14-8.30 (m, 1H, H-3), 7.76-7.87 (m, 1H, H-4), 7.45-7.5 (m, 

1H, H-5), 4.0-4.1 (m, br, 1H, H-2’), 3.42-3.68 (m, br, 2H, H-5’), 3.31-3.41 (m, br, 

2H, CONH-CH2), 1.75-2.05 (m, br, 4H, H-3’ & H-4’), 1.45 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3,) δ = 164.7 (Amide C=O), 155.3 (Boc C=O), 149.7 

(C-2), 148.0 (C-6), 137.0 (C-4), 125.9 (C-5), 122.0 (C-3), 79.8 (C-(CH3)3), 56.4 

(C-2‘), 46.4 (C-5‘), 42.8 (CH2-NH), 28.8 (C-3‘), 28.2 (C-(CH3)3), 23.8 (C-4‘)  

IR (KBr disc) 3340, 3259, 2976, 1694, 1585, 1507, 1410, 1300, 1160 and 815cm-1 
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ESI-MS: LC-MS; (ESI) 328 (M.Na+), 306 (MH+), 250, 206, 188, 124, 84. HRMS 

(ESI); MH+, found 306.1832, C16H24N3O requires 306.1818. 

(S)-N-(pyrrolidin-2-ylmethyl)picolinamide (215)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

brown oil (258mg, 43%), [α]D
21 = +27.6 (c = 0.515, CH2Cl2). 

1H NMR (400 MHz, CDCl3) δ = 8.54-8.57 (m, 1H,  H-6), 8.44 (s, br, 1H, Amide 

N-H), 8.18 (d, J = 8.4 Hz, 1H, H-3), 7.81-7.87 (m, 1H, H-4), 7.39-7.44 (m, 1H, H-

5), 3.59-3.66 (m, 1H, H-2’), 3.31-3.49 (m, br, CONH-CH2), 2.96-3.03 (m, 2H, H-

5’), 2.66 (s, br, 1H N-H), 1.45-2.0 (m, br, 4H, H-3’ & H-4’).  

13C NMR (100 MHz, CDCl3) δ = 166.3 (Amide C=O), 149.1 (C-2), 148.5 (C-6), 

137.4 (C-4), 126.6 (C-5), 122.4 (C-3), 59.9 (C-2‘), 45.2 (C-5‘), 41.0 (CH2-NH), 

27.9 (C-3‘), 24.3 (C-4‘).  

IR (KBr disc) 3379, 2963, 1664, 1529, 1269, 997, 750 and 694 cm-1 

ESI-MS, low res, 205 (M+). HRMS (ESI); MH+, found 206.1298, C11H16N3O 

requires 206.1293 

(S)-tert-butyl-2-((6-methylpicolinamido)methyl)pyrrolidine- 1-carboxylate (Boc-216)  

 

To a suspension of 6-methylpicolinic acid (0.4416 g, 3.22 mmol) in dichloromethane (20 

mL) was added EDCI (0.767 g, 4 mmol) and DMAP (0.489 g, 4 mmol) and this 

suspension was stired for 10 minutes. Boc-prolinamine 219 (1.044 g, 5.19  mmol) was 

added slowly as a solution in 20 mL dichloromethane and the dark brown coloured 

reaction mixture was stirred at room temperature for 16 hours. After this time, solvent was 

removed from the dark brown reaction mixture in vacuo and the product was purified by 

flash chromatography (80:20 petroleum ether: ethyl acetate with polarity subsequently 
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increased to 70:30 petroleum ether: ethyl acetate) eluting the title product as a colourless 

oil (0.367 g, 36%), [α]D
19 = -9.15 (c = 0.184, EtOAc), 

1H NMR (400 MHz, CDCl3) δ = 8.82, 8.18 (s, 1H, N-H rotation present), 7.87-8.03 

(m, 1H, H-3), 7.62-7.74 (m, 1H, H-4), 7.18-7.28 (m, 1H, H-5), 3.95-4.13 (m, br, 

1H, H-2’), 3.28-3.71 (m, br, 4H, H-5’ & CONH-CH2), 2.56 (s, 3H, Ar-CH3), 1.74-

2.04 (m, br, 4H, H-3’ & H-4’), 1.46 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 178.8 (Amide C=O), 165.6 (C-6), 157.2 (Boc 

C=O), 149.0 (C-2), 137.4 (C-4), 126.0 (C-5), 119.3 (C-3), 77.4 (C-(CH3)3), 58.7 

(C-2‘), 45.4 (C-5‘), 41.6 (CH2-NH), 28.6 (C-3‘ & C-(CH3)3), 24.9 (C-4‘), 24.3 (Ar-

CH3)  

IR (KBr disc) 3325, 3250, 2968, 1690, 1670, 1410, 1350, 1160 and 815cm-1 

ESI-MS, low res, 320 (M+), 246, HRMS (ESI); MH+, found 320.1977, C17H26N3O3  

requires 320.1974 

(S)-6-methyl-N-(pyrrolidin-2-ylmethyl)picolinamide (216)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

thick yellow oil; (330mg, 32%), [α]D
19 = + 26.63 (c = 0.184, CH2Cl2) 

1H NMR (400 MHz, CDCl3) δ = 8.42 (s, br, 1H Amide N-H), 7.95 (d, 1H, J = 7.6 

Hz, H-3), 7.67 (app t, 1H, H-4), 7.23 (d, 1H,  J = 7.6 Hz, H-5), 3.52-3.54(m, 1H, 

H-2’), 3.25-3.42(m, 2H, CONH-CH2’), 2.88-2.99 (m, 2H, H-5’), 2.53 (s, 3H, Ar-

CH3), 2.47 (s, 1H, N-H), 1.38-1.95 (m, 4H, H-3’ & H-4’).  

13C NMR (100 MHz, CDCl3) δ = 164.8 (Amide C=O), 157.2 (C-6), 149.3 (C-2), 

137.4 (C-4), 125.8 (C-5), 119.2 (C-3), 58.1 (C-2‘), 46.6 (C-5‘), 44.2 (CH2-NH), 

29.4 (C-3‘), 25.8 (C-4‘), 24.3 (Ar-CH3).  

IR (KBr disc) 3379, 3290, 2959, 1662, 1593, 1406, 994 and 761 cm-1 

ESI-MS, low res 220 (MH+). HRMS (ESI); MH+, found 220.1455, C12H18N3O  

requires 220.1450  
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(S)-tert-butyl-2-(nicotinamidomethyl)pyrrolidine-1-carboxyl ate (Boc-217)  

 

To a suspension of pyridine-3-carboxylic acid (0.616 g, 5 mmol) in dichloromethane (20 

mL) was added EDCI (0.958 g, 5 mmol) and DMAP (0.610 g, 5 mmol) and this solution 

was stired for 10 minutes. Boc-prolinamine 219 (0.647 g, 3.22  mmol) was added slowly 

as a solution in 20 mL dichloromethane and the reaction mixture was stirred at room 

temperature for 16 hours. After this time, solvent was removed in vacuo and the product 

was purified by flash chromatography (80:20 hexane: ethyl acetate) to yield the title 

compound as a thick colourless oil (0.9416 g, 62%) [α]D
22 = + 3 (c = 0.1, CHCl3); 

1H NMR (400 MHz, CDCl3) δ = 9.08 (s, 1H, H-2), 8.71-8.81 (m, br, 1H, N-H), 

8.65-8.70 (m, 1H, H-6), 8.16 (d, J = 7.6 Hz, 1H, H-4), 7.30-7.39 (m, 1H, H-5), 

4.12-4.24 (m, 1H, H-2’), 3.29-3.60 (m, 4H, H-5’ & CONH-CH2), 1.68-2.15 (m, br, 

4H, H-3’ & H-4’), 1.44 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 166.1 (Amide C=O), 152.3 (C-6), 149.0 (C-2), 

136.4 (C-4), 130.2 (C-1), 125.3 (C-3), 80.2 (C-(CH3)3), 58.1 (C-2‘), 44.0 (C-5‘), 

42.1 (CH2-NH), 28.4 (C-3‘), 27.5 (C-(CH3)3), 24.7 (C-4‘). 

IR (KBr disc) 3352, 3260, 2870, 1680, 1610, 1507, 1410, 1300, 1160, and 815cm-1 

ESI-MS: 328 (MNa+), 306 (MH+). HRMS (ESI); MH+, found 306.1835, 

C16H24N3O requires 306.1818. 

(S)-N-(pyrrolidin-2-ylmethyl)nicotinamide (217)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

brown coloured oil (450mg, 53%), [α]D
21 = + 22.6 (c = 0.1, CHCl3).   

1H NMR (400 MHz, CDCl3) δ = 8.99 (d, J = 1.5 Hz, 1H, H-2), 8.61 (dd, J = 3.1 & 

1.5 Hz, 1H, H-6),  8.05-8.09 (m, 1H, H-4), 7.89 (s, br, 1H, Amide N-H),  7.27-7.30 
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(m, 1H, H-5), 4.19 (s, br, 1H, Aliphatic N-H), 3.31-3.72 (m, 3H, H-2’&CONH-

CH2), 3.03-3.10 (m, 2H, H-5’), 1.50-2.05 (m, 4H, H-3’ & H-4’)  

13C NMR (100 MHz, CDCl3) δ = 166.1 (Amide C=O), 151.9 (C-6), 148.3 (C-2), 

135.3 (C-4), 129.6 (C-1), 123.3 (C-3), 59.0 (C-2‘), 45.3 (C-5‘), 42.1 (CH2-NH), 

28.4 (C-3‘), 24.7 (C-4‘)  

IR (KBr disc) 3407, 3066, 2968, 1655, 1545, 1420, 1133 and 708 cm-1 

ESI-MS, low res, 206 (MH+), 136, 106, 70 HRMS (ESI); MH+, found 206.1299, 

C11H16N3O  requires 206.1293 

(S)-tert-butyl-2-((3-(6-methylpyridin-2-ylcarbamoyl)benzamido)methyl)pyrrolidine-

1-carboxylate  (Boc-218) 

 

To a suspension of 220a (1.0 g, 3.9 mmol) in dichloromethane 50 mL was added EDCI 

(958.5 mg, 5 mmol) and DMAP (611 mg, 5 mmol). This suspension was left to stir for 10 

minutes. Boc-prolinamine (1g, 5 mmol) was added slowly as a solution in 20 mL 

dichloromethane and the reaction mixture was stirred at room temperature for 16 hours. 

After this time, solvent was removed from the clear solution reaction mixture in vacuo and 

the product was purified by flash chromatography (100% hexane with polarity 

subsequently increased to 80:20 hexane: ethyl acetate) to give the title product as a 

colourless oil (1.1 g, 64%), [α]D
19 = +5.0 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 9.24 (s, 1H, Amide N-Hb), 8.57 (s, 1H, Amide N-

Ha), 8.37 (s, 1H, H-2), 8.05 (d, J = 8.4 Hz, 1H, H-4), 7.99 (d, J = 7.6 Hz, 1H, H-6), 

7.95 (d, J = 7.6 Hz, 1H, H-3’), 7.51 (app t, 1H, H-5), 7.41 (app t, 1H, H-4’), 6.79 

(d, J = 7.6 Hz, 1H, H-5’), 4.04-4.22 (m, 1H, H-2’’), 3.17-3.57 (m, br, 4H, H-5’’ & 

CONH-CH2), 2.30 (s, 3H, Ar-CH3), 1.59-2.05 (m, br, 4H, H-3’’ and H-4’’), 1.31 

(s, 9H, Boc-H)  

13C NMR (100 MHz, CDCl3) δ = 166.3 (CONHCH2), 165.6 (CONH-Py), 156.2 

(Boc C=O), 150.7 (C-2‘ & C-6‘), 138.6 (C-5), 134.4 (C-3), 130.0 (C-3‘ & C-6), 

128.7 (C-4‘), 125.6 (C-2), 119.6 (C-5‘), 111.5 (C-4), 80.9 (C-(CH3)3), 60.5 (C-2‘‘), 
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47.9 (C-5‘‘), 46.7 (CH2), 29.9 (C-3‘‘), 28.1 (C-(CH3)3), 23.4 (C-4‘‘), 20.5 (Ar-

CH3). 

IR (KBr disc) 3328, 3067, 2975, 1676, 1608, 1537, 1397, 1165 and 754 cm-1 

ESI-MS, low res, 439 (M.H+), 461 (M.Na+), 339 HRMS (ESI); MH+, found 

439.2348, C24H31N4O4, requires 439.2345 

(S)-N1-(6-methylpyridin-2-yl)-N3-(pyrrolidin-2-ylmethyl)isophthalamide (218) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

colourless oil (500mg, 38%)  [α]D
14 = +19.0 (c = 0.1, EtOAc). 

1H NMR (400 MHz, CDCl3) δ = 8.89 (s, 1H, N-Hb); 8.34 (s, 1H, H-2), 7.93-7.98 

(m, 1H, H-4), 7.87-7.93 (m, 2H, H-6 & H-3’), 7.48-7.54 (m, 1H, H-5), 7.29-7.34 

(m, 1H, H-4’), 6.78-6.82 (m, 1H, H-5’), 6.08 (s, br, 1H, N-Ha), 3.67-3.76 (m, 1H, 

H-2’’), 3.37-3.68, (m, 2H, CONH-CH2), 3.03-3.23 (m, 2H, H-5’’), 2.30 (s, 3H, Ar-

CH3), 1.85-2.12 (m, 1H, H-3’’), 1.35-1.70 (m, 1H, H-3’’), 1.70-2.02 (m, 2H, H-4’’)  

13C NMR (100 MHz, CDCl3) 167.8 (CONHCH2), 165.3 (CONH-Py), 156.9 (C-2’), 

150.8 (C-6’), 138.8 (C-5), 134.3 (C-3), 133.8 (C-1), 131.2 (C-3’), 131.0 (C-6), 

129.1 (C-4’), 126.0 (C-2), 119.7 (C-5’), 111.6 (C-4), 59.9 (C-2‘’), 45.2 (C-5”), 41.5 

(CH2), 28.1 (C-3”), 24.1 (C-4”), 23.9 (Ar-CH3).  

IR (KBr disc) 3400, 3332, 2932, 1675, 1603, 1538, 1398 and 1113 cm-1 

ESI-MS, low res 339 (MH+). HRMS (ESI): MH+, found 339.1823, C19H23N4O2 

requires 339.1821. 

(S)-tert-butyl 2-(pyridin-2-ylcarbamoyl)pyrrolidine-1-carbox ylate (Boc-221)  

 

N-Boc-proline (2.153 g, 10 mmol) was dissolved in dry THF (30 mL) and treated with 

triethylamine (10 mmol, 1.011 g, 1.377 mL). The stirred reaction mixture was cooled to 0 
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°C and ethyl chloroformate (1.085 g, 10 mmol) was added dropwise over 15 minutes. 

After the mixture had been stirred for a further 30 minutes, 2-aminopyridine (0.941g, 10 

mmol) was added slowly over 15 minutes. This reaction mixture was stirred for 1 hour at 0 

°C, 16 hours at room temperature and heated to reflux for 3 hours. The mixture was 

subsequently diluted with ethyl acetate, filtered and solvent removed in vacuo. The 

resulting crude product was dissolved in ethyl acetate, washed with saturated aqueous 

ammonium chloride, dried with MgSO4, filtered and evaporated. Purification was 

conducted by flash chromatography using (50:50 ethyl acetate: petroleum ether) to give 

the title compound as a colourless solid (1.42 g, 48%), m.p. = 135.9-136.8 °C; [α]D
19.5 = -

80.4 (c = 0.1, CH2Cl2). Lit [α]D
 = -71.0 (c = 0.25, CH3OH).356  

1H NMR (400 MHz, CDCl3) δ = 9.60, 8.87 (s, br, 1H, N-H (rotation present)), 

8.22-8.27 (m, 2H, H-6 & H-3), 7.69 (m, 1H, H-4), 6.98 (m, 1H, H-5), 4.23-4.52 (m, 

1H, H-2’), 3.31-3.59 (m, 2H, H-5’), 2.01-2.4 (m, br, 2H, H-3’), 1.86-1.99 (m, 2H, 

H-4’), 1.45 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 171.7 (Amide C=O), 155.0 (Boc C=O), 151.8 (C-

2), 146.8 (C-6), 138.8 (C-4), 119.8 (C-5), 114.2 (C-3), 80.8 (C-(CH3)3), 61.5 (C-

2‘), 47.3 (C-4‘), 31.0 (C-2‘), 28.3 (C-(CH3)3), 23.9 (C-3‘). 

IR (KBr disc) 3220, 2980, 1708, 1688, 1582, 1436, 1391, 1154 and 800 cm-1 

ESI-MS, low res, 292 (MH+), 236, 192 HRMS (ESI); MH+, found 504.2824, 

C15H22N3O3  requires 504.2822. 

(S)-N-(pyridin-2-yl)pyrrolidine-2-carboxamide (221)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

viscous brown oil (900 mg, 43%) m.p. = 48-51 °C; [α]D
22 = -56.2 (c = 0.4, EtOAc). Lit 

m.p. = 45-50 °C, Lit [α]D
26 = -62.5 (c = 0.44, EtOAc).176 

1H NMR (400 MHz, CDCl3) δ = 10.20 (s, 1H, Amide N-H), 8.20-8.31 (m, 2H, H-6 

& H-3), 7.65-7.72 (m, 1H, H-4), 6.99-7.04 (m, 1H, H-5), 3.86-3.92 (m, 1H, H-2’), 

2.98-3.12 (m, 2H, H-5’), 2.39 (s, br, 1H, Aliphatic N-H), 1.98-2.25 (m, 2H, H-3’), 

1.71-1.81 (m, 2H, H-4’).   
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13C NMR (100 MHz, CDCl3) δ = 174.0 (Amide C=O), 151.2 (C-2), 148.0 (C-6), 

138.3 (C-4), 119.7 (C-5), 113.7 (C-3), 61.0 (C-2‘), 47.3 (C-5‘), 30.9 (C-3‘), 26.1 

(C-4‘).  

  ESI-MS, low res, 191 (M+). 

(S)-tert-butyl-2-(6-methylpyridin-2-ylcarbamoyl)pyrrolidine -1-carboxylate (Boc-222)  

 

This compound was synthesised as per the procedure given for Boc-221 using 2-amino-6-

picoline (1.081g, 10 mmol) and purified by flash chromatography (50:50 ethyl acetate: 

petroleum ether) to give the title compound as a yellow solid (2.23 g, 73%), m.p. = 145.8-

146.5 °C; [α]D
20 = -89.4 (c = 0.1, CH2Cl2).  

1H NMR (400 MHz, CDCl3) δ = 8.89, 8.29 (s, br, 1H, N-H (Rotation visible)), 

7.95-8.01 (m, 1H, H-4), 7.49-7.60 (m, 1H, H-3), 6.80-6.91 (m, 1H, H-5), 4.20-4.48 

(m, 1H, H-2’), 3.31-3.59 (m, br, 2H, H-5’), 2.41 (s, 3H, Ar-CH3), 1.95-2.35 (m, 

2H, H-3’), 1.83-1.96 (m, br, 2H, H-4’), 1.45 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 171.0 (Amide C=O), 157.0 (Boc C=O), 154.6 (C-

6), 150.5 (C-2), 138.6 (C-4), 119.4 (C-5), 110.5 (C-3), 81.0 (C-(CH3)3), 62.2 (C-

2‘), 47.2 (C-5‘), 31.1 (C-3‘), 28.4 (C-(CH3)3), 24.1 (C-4‘).  

IR (KBr disc) 3228, 2971, 2876, 1714, 1657, 1450, 1301, 1154 and 799 cm-1 

 

ESI-MS, low res, 306 (MH+), 250, 206, 188 HRMS (ESI); MH+, found 306.1819, 

C16H24N3O3 requires 306.1818. 

(S)-N-(6-methylpyridin-2-yl)pyrrolidine-2-carboxamide (222) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as 

an off-white coloured solid (1.50g, 66%), m.p. = 59-62 °C; [α]D
22 = -40.2 (c = 0.4, 

EtOAc). Lit m.p. = 60-63°C, Lit [α]D
26 = -39.2 (c = 0.45, EtOAc).176 
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1H NMR (400 MHz, CDCl3) δ = 10.1 (s, br, 1H, N-H), 8.04 (d, J = 8.2 Hz, 1H, H-

3), 7.56 (t, J = 8.2 Hz, 1H, H-4), 6.86-6.89 (m , 1H, H-5), 3.83-3.88 (m, 1H, H-2’), 

2.99-3.10 (m, 2H, H-5’), 2.46 (s, 3H, Ar-CH3), 1.97-2.26 (m, 2H, H-3’), 1.8 (s, br, 

1H,  Aliphatic N-H) 1.67-1.81 (m, 2H, H-4’). 

13C NMR (100 MHz, CDCl3) δ = 174.4 (Amide C=O), 156.9 (C-6), 150.5 (C-2), 

138.5 (C-4), 119.1 (C-5), 110.4 (C-3), 61.0 (C-2‘), 47.3 (C-5‘), 30.9 (C-3‘), 26.2 

(C-4‘), 24.2 (Ar-CH3).  

ESI-MS, low res, 205(M+) 

(S)-tert-butyl 2-(pyridin-3-ylcarbamoyl)pyrrolidine-1-carbo xylate (Boc-223)  

 
This compound was synthesised as per the procedure given for Boc-221 using 2-amino-6-

picoline (0.941 g, 10 mmol) and purified by flash chromatography in 70:30 ethyl acetate: 

petroleum ether to yield the title compound as an off-white solid (1.53 g, 46%), m.p. = 

163.8-164.5 °C; [α]D
19 = -90.6 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 9.80 (s, br, 1H, N-H), 8.57-8.59 (m, 1H, H-2), 

8.27-8.33 (m, 1H, H-4), 8.04-8.12 (m, 1H, H-6). 7.18-7.27 (m, 1H, H-5), 4.46-4.55 

(m, 1H, H-2’), 3.33-3.51 (m, 2H, H-5’), 2.47-2.58 (m, 1H, H-3’), 1.84-2.03 (m, 3H, 

H-3’ & H-4’), 1.50 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 170.5 (Amide C=O), 156.8 (Boc C=O), 144.9 (C-

4), 141.2 (C-6), 135.3 (C-2), 126.6 (C-5), 123.6 (C-3), 81.3 (C-(CH3)3), 60.4 (C-

2‘), 47.3 (C-5‘), 28.4 (C-(CH3)3), 27.0 (C-3‘), 24.6 (C-4‘).  

IR (KBr disc) 3267, 3186, 3123, 2877, 1703, 1664, 1604, 1547, 1159 and 808 cm-1 

ESI-MS, low res, 292(MH+) HRMS (ESI); MH+, found 292.1661, C15H22N3O3  

requires 292.1661 
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(S)-N-(pyridin-3-yl)pyrrolidine-2-carboxamide (223) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

colourless sticky oil (1.15g, 40%), [α]D
18 = -65.8 (c = 0.1, CHCl3). Lit [α]D

25 = -54.1 (c = 

1.0, CHCl3).
357 

1H NMR (400 MHz, CDCl3) δ = 9.87 (s, br, 1H, Amide N-H), 8.59 (d, J = 2.8 Hz, 

1H, H-2), 8.28- 8.32 (m, 1H, H-4), 8.21-8.25 (m, 1H, H-6), 7.20-7.26 (m, 1H, H-5), 

3.83-3.89 (m, 1H, H-2’), 2.92-3.12 (m, 2H, H-5’), 2.25 (s, br, 1H, aliphatic N-H), 

1.97-2.25 (m, 2H, H-3’), 1.70-1.81 (m, 2H, H-4’)  

13C NMR (100 MHz, CDCl3) δ = 174.3 (Amide C=O), 145.1 (C-4), 141.0 (C-6), 

134.7 (C-2), 126.4 (C-5), 123.7 (C-3), 61.1 (C-2‘), 47.5 (C-5‘), 30.8 (C-3'), 26.4 

(C-4‘).  

ESI-MS, low res, 192 (MH+) 

(S)-tert-butyl 2-(pyridin-4-ylcarbamoyl)pyrrolidine-1-carbo xylate (Boc-224)  

 
This compound was synthesised as per the procedure given for Boc-221 using 4-

aminopyridine (0.941g, 10 mmol) and purified by flash chromatography in 80:20 hexane: 

ethyl acetate  to yield the title compound as an off- white solid (0.751 g, 35%), m. p. = 

204.5-205.4 °C; [α]D
18 = -93.4 (c = 0.1, CHCl3).   

1H NMR (400 MHz, CDCl3) δ = 9.95 (s, br, 1H, Amide N-H), 8.41-8.49 (m, 2H, 

H-2), 7.41-7.46  (m, 2H, H-3), 4.40-4.51 (s, 1H, H-2’), 3.30-3.51 (m, 2H, H-5’), 

2.50-2.59 (m, 1H, H-3’), 1.85-2.03 (m, 3H, H-3’ & H-4’), 1.50 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 171.2 (Amide C=O), 156.6 (Boc C=O), 150.6 (C-

2), 145.4 (C-4), 113.7 (C-3), 81.3 (C-(CH3)3), 60.7 (C-2‘), 47.4 (C-5‘), 28.5 ((C-

(CH3)3), 27.7 (C-3‘), 24.7 (C-4‘)  

IR (KBr disc) 3246, 3162, 2972, 2878, 1713, 1597, 1635, 1391, 1183 and 835; cm-1 
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ESI-MS, low res, 292 (M.H+), 218, 190, 114, 70; HRMS (ESI); MH+, found 

292.1671, C15H22N3O3  requires 292.1661 

(S)-N-(pyridin-4-yl)pyrrolidine-2-carboxamide (224)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

white solid (500mg, 31%), m. p. = 171-173 °C; [α]D
18 = -84.2 (c = 0.2, CHCl3). Lit m.p. = 

172-174 °C, Lit [α]D
25 = -70.1 (c = 0.55, CH3OH).357 

1H NMR (400 MHz, CDCl3) δ = 9.93 (s, br, 1H, Amide N-H), 8.43-8.51 (m, 2H, 

H-2), 7.49-7.55 (m, 2H, H-3), 3.83-3.89 (m, 1H, H-2’), 2.92–3.13 (m, 2H, H-5’), 

1.98–2.28 (m, 2H, H-3’), 1.77 (s, br, 1H, Aliphatic N-H), 1.68-1.88 (m, 2H, H-4’).   

13C NMR (100 MHz, CDCl3) δ = 174.6 (Amide C=O), 150.8 (C-4), 144.6 (C-2), 

113.4 (C-3), 61.2 (C-2‘), 47.5 (C-5‘), 30.8 (C-3‘), 26.4 (C-4‘).  

ESI-MS, low res, 191(M+) 

(S)-tert-butyl 2-(quinolin-2-ylcarbamoyl)pyrrolidine-1-carb oxylate (Boc-225)  

 

This compound was synthesised as per the procedure given for Boc-221 using 2-

aminoquiniline (1.1015 g, 7.64 mmol)  and purified by flash chromatography in 80: 20 

petroleum ether: ethyl acetate to yield the title compound as an off-white solid (1.9 g, 

56%),  m. p. = 192.2-193.5 °C;  [α]D
14 = -81.8 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 9.42, 8.82 (s, 1H, Amide N-H (rotation present), 

8.38-8.48 (m, 1H, H-3), 8.12-8.21 (m, 1H, H-4), 7.82-7.86 (m, 1H, H-5), 7.73-7.83 

(m, 1H, H-8), 7.62-7.68 (m, 1H, H-7), 7.40-7.48 (m, 1H, H-6), 4.25-4.55 (m, 1H, 

H-2’), 3.35-3.68 (m, 2H, H-5’), 1.88-2.48 (m, 4H, H-3’ & H-4’), 1.47 (s, 9H, Boc-

H).   

13C NMR (100 MHz, CDCl3) δ = 171.9 (Amide C=O), 155.0 (Boc C=O), 150.6 (C-

2), 146.5 (C-b), 138.6 (C-4), 129.9 (C-7), 127.4 (C-5), 127.3 (C-8), 126.3 (C-a), 
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125.1 (C-6), 114.0 (C-3), 80.9 (C-(CH3)3), 61.3 (C-2‘), 47.2 (C-5‘), 31.0 (C-3‘), 

28.3 (C-(CH3)3), 24.0 (C-4‘).  

IR (KBr disc) 3220, 2976, 2876, 1716, 1657, 1597, 1425, 1318, 1178 and 838 cm-1 

 ESI-MS, low res, 342 (M.H+) HRMS (ESI); MH+, found 342.1819, C19H24N3O3  

requires 342.1818 

(S)-N-(quinolin-2-yl)pyrrolidine-2-carboxamide (225)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as 

an off-white solid (1.4g, 49%,)  m. p. = 108.3-109.1 °C; [α]D
14 = +7.4 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 10.43 (s, br, 1H, Amide N-H), 8.48 (d, J = 8.7 Hz, 

1H, H-3), 8.16 (d, J = 9.2 Hz, 1H, H-4), 7.86 (d, J = 8.7 Hz, 1H, H-8), 7.76 (d, J = 

9.2 Hz, 1H, H-5), 7.61-7.68 (m, 1H, H-7), 7.40-7.46 (m, 1H, H-6), 3.88-3.95 (m, 

1H, H-2’), 3.04-3.15 (m, 2H, H-5’), 2.01-2.30 (m, 2H, H-3’), 2.15(s, br, 1H, 

aliphativ N-H) 1.73-1.85 (m, 2H, H-4’)  

13C NMR (100 MHz, CDCl3) δ = 174.9 (Amide C=O), 150.7 (C-2), 146.8 (C-b), 

138.4 (C-4), 129.8 (C-7), 127.5 (C-5), 127.4 (C-8), 126.3 (C-a), 124.9 (C-6), 113.9 

(C-3), 61.1 (C-2‘), 47.4 (C-5‘), 30.9 (C-3‘), 26.2 (C-2‘).  

IR (KBr disc) 3347, 3213, 2967, 1678, 1499, 1233, 1105 and 828 cm-1 

ESI-MS, low res, 242(M.H+) HRMS (ESI); MH+, found 242.1297, C14H16N3O  

requires 242.1293 

(S)-tert-butyl 2-(quinolin-3-ylcarbamoyl)pyrrolidine-1-carb oxylate (Boc-226)  

N
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This compound was synthesised as per the procedure given for Boc-221 using 3-

aminoquiniline (1.102 g, 7.64 mmol) and purified by flash chromatography in 80:20 



271 

 

petroleum ether: ethyl acetate to yield the title compound as a brown solid (0.725 g, 28%), 

m. p. = 185-186.5 °C; [α]D
20 = -50 (c = 0.1, CHCl3).  

1H NMR (400 MHz, CDCl3) δ = 10.1 (s, br, 1H, N-H), 8.69 (s, 2H, H-2 & H-8), 

7.88-7.96 (m, 1H, H-5), 7.60-7.69 (m, 1H, H-7), 7.47-7.55 (m, 1H, H-6), 7.37-7.45 

(m, 1H, H-4), 4.51-4.62 (m, 1H, H-2’), 3.32-3.55 (m, 2H, H-5’), 2.22-2.57 (m, 1H, 

H-3’), 1.87-2.09 (m, 3H, H-3’ & H-4’), 1.40-1.58 (m, 9H, Boc-H).   

13C NMR (100 MHz, CDCl3) δ = 170.7 (Amide C=O), 156.8 (Boc C=O), 144.9 (C-

b), 144.1 (C-2), 132.0 (C-3), 128.9 (C-4), 128.2 (C-a), 127.9 (C-6), 127.6 (C-7), 

127.0 (C-8), 123.2 (C-5), 81.3 (C-(CH3)3), 60.4 (C-2‘), 47.3 (C-5‘), 28.4 ((C-

(CH3)3), 27.1 (C-3‘), 24.6 (C-4‘).  

IR (KBr disc) 3298, 2976, 2873, 1702, 1666, 1555, 1417, 1160 and 756 cm-1 

ESI-MS, low res, 342 (M.H+) HRMS (ESI); MH+, found 342.1823, C19H24N3O3  

requires 342.1818 

(S)-N-(quinolin-3-yl)pyrrolidine-2-carboxamide (226)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

thick brown pasty solid (400mg, 22%), [α]D
17 = -20 (c = 0.05, CHCl3).    

1H NMR (400 MHz, CDCl3) δ = 10.11 (s, br, 1H, Amide N-H), 8.83-8.85 (m, 1H, 

H-2),  8.75-8.77 (m, 1H, H-4), 8.0-8.04 (m, 1H, H-5), 7.77-7.81 (m, 1H, H-7), 

7.57-7.62 (m, 1H, H-6), 7.49-7.53 (m, 1H, H-8), 3.91-3.97 (m, 1H, H-2’), 3.0-3.20 

(m, 2H, H-5’), 2.01-2.31 (m, 2H, H-3’), 2.09 (s, 1H, Aliphatic N-H), 1.75-1.85 (m, 

2H, H-4’). 

13C NMR (100 MHz, CDCl3) δ = 174.4 (Amide C=O), 145.2 (C-b), 144.0 (C-2), 

131.4 (C-3), 128.8 (C-4), 128.2 (C-a), 128.1 (C-6), 127.7 (C-7), 127.1 (C-8), 123.0 

(C-5), 61.1 (C-2‘), 47.5 (C-5‘), 30.9 (C-3‘), 26.5 (C-4‘).  

IR (KBr disc) 3354, 2969, 1686, 1523, 1490, 1369, 902 and 751 cm-1 
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ESI-MS, low res, 242 (M.H+) HRMS (ESI); MH+, found 242.1297, C14H16N3O  

requires 242.1293. 

(S)-tert-butyl 2-(quinolin-8-ylcarbamoyl)pyrrolidine-1-carb oxylate (Boc-227)  

 

This compound was synthesised as per the procedure given for Boc-221 using 8-

aminoquiniline (1.1015 g, 7.64 mmol) and purified by flash chromatography in 90:10 

hexane: ethyl acetate to yield the title compound as an off- white solid (2.43 g, 93%), m.p. 

= 154.8-156.2 °C; [α]D
16 = -127.4 (c = 0.1, CHCl3). Lit [α]D

26 = -304.6 (c = 1.0, CHCl3).
358 

1H NMR (400 MHz, CDCl3) δ = 10.28-10.64 (m, 1H, N-H), 8.72-8.79 (m, 2H, H-2 

& H-7), 8.07-8.15 (m, 1H, H-4), 7.45-7.55 (m, 2H, H-3 & H-5), 7.39-7.47 (m, 1H, 

H-6), 4.55 (m, 1H, H-2’), 3.60 (m, 2H, H-5’), 2.30 (m, 2H, H-3’), 1.96 (m, 2H, H-

4’), 1.45 (m, 9H, Boc-H).  

13C NMR (CDCl3, 100 MHz) δ = 171.0 (Amide C=O), 154.8 (Boc C=O), 148.3 (C-

2), 138.6 (C-a), 136.1 (C-4), 134.1(C-8), 127.9 (C-b), 127.2 (C-6 & C-5), 121.6 (C-

3), 116.4 (C-7), 80.3 (C-(CH3)3), 61.9 (C-2‘), 47.0 (C-5‘), 31.3 (C-3‘), 28.4 ((C-

(CH3)3), 24.1 (C-4‘)  

IR (KBr disc) 3288, 2974, 2869, 1696, 1675, 1527, 1485, 1365, 1124 and  829 cm-1 

ESI-MS, low res, 342 (M.H+) HRMS (ESI); MH+, found 342.1819, C19H24N3O3  

requires 342.1818. 

(S)-N-(quinolin-8-yl)pyrrolidine-2-carboxamide (227)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

dark brown viscous oil (1.8g, 84%), [α]D
24 = +18.6 (c = 0.1, CHCl3). Lit [α]D

 = +19.1 (c = 

1.0, CHCl3).
358 
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1H NMR (400 MHz, CDCl3) δ = 11.61 (s, br, 1H, Amide N-H), 8.81-8.89 (m, 2H, 

H-2 & H-7), 8.12-8.16 (m, 1H, H-4), 7.48-7.56 (m, 2H, H-5 & H-6), 7.41-7.45 (m, 

1H, H-3), 3.98-4.05 (m, 1H, H-2’), 3.11-3.21 (m, 2H, H-5’), 2.08–2.33 (m, 2H, H-

3’), 2.18 (s, br, 1H, aliphatic N-H), 1.71-1.90 (m, 2H, H-4’).  

13C NMR (100 MHz, CDCl3) δ = 174.3 (Amide C=O), 148.6 (C-2), 139.2 (C-a), 

136.1 (C-4), 134.5 (C-8), 128.1 (C-b), 127.2 (C-6), 121.6 (C-5), 121.4 (C-3), 116.4 

(C-7), 61.8 (C-2‘), 47.5 (C-5‘), 31.0 (C-3‘), 26.3 (C-4‘).  

IR (KBr disc) 3257, 2965, 1670, 1516, 1382, 1102, 824 and 791 cm-1 

ESI-MS, low res, 242 (M.H+) HRMS (ESI); MH+, found 242.1296, C14H16N3O  

requires 242.1293 

 (2S,2'S)-tert-butyl-2,2'-(pyridine-2,6-diyl bis(azanediyl))bis(oxomethylene) 

dipyrrolidine-1-carboxylate (Boc-228) 

 

This compound was synthesised as per the procedure given for Boc-221 using 2,6-

diaminopyridine (1.069 g, 9.805 mmol) and purified by flash chromatography in 70:30 

petroleum ether: ethyl acetate to yield the title compound as a white solid (1.29 g, 26%), 

m. p. = 218.5-220 °C; [α]D
20 = -86.4 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 9.20, 8.12 (s, br, 2H, N-H (rotation present)), 7.90 

(d, J = 7.6 Hz, 2H, H-3),  7.87 (s, 1H, H-4), 4.1-4.52 (m, 2H, H-2’), 3.15-3.65 (m, 

4H, H-5’), 1.78-2.48 (m, 8H, H-3’ & H-4’), 1.45 (s, 18H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 171.0 (Amide C=O), 155.2 (Boc C=O), 149.4 (C-

2), 140.7 (C-5), 109.9 (C-3), 81.1 (C-(CH3)3), 62.2 (C-2‘), 47.3 (C-5‘), 31.2 (C-3‘), 

28.5 (C-(CH3)3), 24.4 (C-4‘).  

IR (KBr disc) 3345, 3261, 2976, 1692, 1585, 1509, 1405, 1300, 1156, and 804cm-1 

ESI-MS, low res 526 (MNa+), 504 (MH+) HRMS (ESI); MH+, found 504.2834, 

C25H38N5O6Na  requires 504.2822. 
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(2S,2'S)-N,N'-(pyridine-2,6-diyl)dipyrrolidine-2-carboxamide (228) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as 

an off-white solid (800mg, 21%)  m.p. = 177.5-179 °C; [α]D
20 = +10 (c = 0.1, CHCl3). Lit 

[α]D
 = +12.0 (c = 0.1, CHCl3) .

359 

1H NMR (400 MHz, CDCl3) δ = 9.97 (s, br, 2H, Amide N-H), 7.95 (d, J = 7.6 Hz, 

2H, H-3), 7.70 (t, J = 7.6 Hz, 1H, H-4), 3.78-3.87 (m, 2H, H-2’), 2.9-3.13 (m, 4H, 

H-5’), 1.62-2.25 (m, 10H, H-3’, H-4’ & aliphatic N-H). 

13C NMR (100 MHz, CDCl3) δ = 174.2 (Amide C=O), 149.4 (C-2), 140.2 (C-4), 

108.9 (C-3), 61.0 (C-2‘), 47.3 (C-5‘), 30.8 (C-3‘), 26.2 (C-4‘).  

ESI-MS, low res 326 (MNa+), 304 (MH+) 

(2S,4R)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid 

 

To a solution of trans-4-hydroxy-L-Proline (1.967 g, 15 mmol)  in 20 ml of 1:1 

dioxane:H2O saturated aqueous sodium bicarbonate was added and the reaction mixture 

cooled to 0°C.A solution of (Boc)2O (6.548 g, 30 mmol) in dioxane (10 mL) was added 

slowly and this mixture was stirred at room temperature for 16 hours. After this time, the 

mixture was concentrated to approximately 30 ml by removal of solvent in vacuo, 50 mL 

of ethyl acetate was added and the reaction mixture acidified to pH 3 with 1M HCl and the 

organic and aqueous layers were separated. The aqueous layer was extracted with a further 

2 x 40 mL ethyl acetate and the combined organic layers were washed with saturated 

NaCl, dried with MgSO4, filtered and solvent removed in vacuo. Flash chromatography 

using a gradient from 90:10 chloroform:methanol to 50:50 chloroform:methanol gave the 

title compound as a thick, colourless waxy solid (1.2 g, 35%), [α]D
17 = -55.6 (c = 0.1, 

CHCl3). 
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1H NMR (400 MHz, CDCl3) δ = 5.50 (s, br, 1H, CHOH), 4.33-4.49 (m, 2H, H-2 & 

H-4), 3.43-3.63 (m, 2H, H-5), 2.05-2.38 (m, br, 2H, H-3), 1.45-1.39 (m, 9H, Boc-

H).  

13C NMR (100 MHz, CDCl3) δ (cis & trans conformers) = 177.6 & 174.6 (Amide 

C=O), 156.4 & 154.2 (Boc C=O), 81.8 & 81.0 (C-(CH3)3), 69.6 & 69.3 (C-4), 57.8 

(C-2), 54.6 & 54.5 (C-5), 38.9 & 37.4 (C-3), 28.3 & 28.2 ((C-(CH3)3).  

(2S,4R)-1-tert-butyl 2-methyl 4-(benzyloxy)pyrrolidine-1,2-dicarboxylate (231)  

 

A solution of N-Boc-trans-4-hydroxy-L-proline methyl ester (0.8g, 3.262 mmol) in dry 

DMF (12 mL) was chilled to 0°C while sodium hydride (60% dispersion in mineral oil) 

(0.130 g, 3.262 mmol) was carefully added. After approximately 10 minutes, benzyl 

bromide (0.58 g, 0.404 mL, 3.4 mmol) was added slowly and the mixture was allowed to 

gradually heat up to room temperature with stirring over 4 hours. Water (15 mL) was then 

added to the reaction mixture and was followed by pH adjustment to pH 2 using 6 M HCl. 

This reaction mixture was then extracted with ethyl acetate (3 x 30 mL), washed with 10% 

LiCl solution (2 x 25 mL) and dried using MgSO4. Flash chromatography using 90:10 

petroleum ether: ethyl acetate yielded the title compound as a colourless oil, (0.415g, 

38%), [α]D
20 = -5 (c = 0.1, EtOAc). 

1H NMR (400 MHz, CDCl3) δ = 7.23-7.36 (m, 5H, aromatic protons), 4.27-4.52 

(m, 3H, H-2’ & O-CH2Ar), 4.05-4.20 (m, 1H, H-4’), 3.70 (s, 3H, OCH3), 3.48-3.70 

(m, 2H, H-5’), 2.0-2.42 (m, 2H, H-3’), 1.38-1.46 (m, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 171.2 (Amide C=O), 153.8 (Boc C=O), 137.8 (C-

1), 128.6 (C-3), 127.9 (C-4), 127.7 (C-2), 80.2 (C-4’), 76.1 (C-(CH3)3), 71.1 (O-

CH2-Ph), 60.4 (C-2’), 58.1 (C-5’), 51.4 (O-CH3), 36.2 (C-3’), 28.4 (C-(CH3)3).  

ESI-MS, low res, 336 (MH+), 358 (MNa+), HRMS (ESI): MNa+, found 358.1632, 

C18H25NO5Na requires 358.1630. 
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(2S,4R)-4-(benzyloxy)-1-(tert-butoxycarbonyl)pyrrolidine-2-carboxylic acid (232)  

 

The above ester 231 (0.4 g, 1.194 mmol) was dissolved in methanol (9 mL) and to the 

reaction mixture was added 1M NaoH (10 ml) and the reaction mixture was stirred for 16 

hours at room temperature. After addition of deionised water (10 mL), the pH of the 

mixture was adjusted to 10 by careful addition of 6 M NaOH. The reaction mixture was 

extracted with diethyl ether (2 x 10 mL). The aqueous layer was then acidified further to 

pH 4 and the solution was extracted with ethyl acetate (3 x 40 mL), the combined ethyl 

acetate organics were washed with saturated sodium chloride, dried with MgSO4, filtered 

and solvent removed in vacuo. This compound was obtained as a colourless waxy solid 

(0.315 g, 82%), [α]D
21 = -11.2 (c = 0.1, CHCl3); 

1H NMR (400 MHz, CDCl3) δ = 9.90 (s, br, 1H, COOH), 7.21-7.33 (m, 5H, 

aromatic protons), 4.29-4.52 (m, 3H, H-2’ & O-CH2-Ph), 4.02-4.17 (m, 1H, H-4’), 

3.47-3.72 (m, 2H, H-5’), 2.05-2.50 (m, 2H, H-3’), 1.35-1.44 (m, 9H, Boc-H).  

ESI-MS, low res, 344 (MNa+ adduct), HRMS (ESI): MNa+, found 344.1483, 

C17H23NO5Na requires 344.1474. 

(2S,4R)-tert-butyl-4-(benzyloxy)-2-(pyridin-3-ylcarbamoyl)pyrro lidine-1-carboxylate 

(Boc-229)  

 

Acid 232 (0.275g, 0.857 mmol) was dissolved in dry THF (25 ml) under an inert 

atmosphere and to this was added triethylamine (0.14 mL, 0.087g). The stirred reaction 

mixture was cooled to 0 °C and ethyl chloroformate (0.238 g, 0.100 mL, 0.857 mmol) was 

added dropwise over 15 minutes. After the mixture had been stirred for a further 30 

minutes, 3-aminopyridine (0.081 g, 0.857 mmol) was added slowly over 15 minutes. This 

reaction mixture was stirred for 1 hour at 0 °C, 16 hours at room temperature and heated to 

reflux for 3 hours. The mixture was subsequently diluted with ethyl acetate and the 

TEA.HCl removed by filtration and solvent removed from the filtrate in vacuo. Flash 
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chromatography in 80: 20 petroleum ether: ethyl acetate yielded the title compound as an 

off-white waxy solid (0.153 g, 45%), [α]D
21 = -46.8 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 9.81 (s, 1H, Amide N-H), 8.58 (s, 1H, H-2), 8.17 

(s, 1H, H-4), 7.91 (s, 1H, H-6), 7.27 (m, 5H, aromatic benzyl protons), 7.06 (s, 1H, 

H-5), 4.56-4.68 (m, 1H, H-2’) 4.45-4.53 (m. 2H, O-CH2Ar) 4.23-4.30 (m, 1H, 

4H’),  3.56 (s, 2H, H5’), 2.1-2.6 (m, 2H, H-3’), 1.39-1.50 (m, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) δ = 170.0 (Amide C=O), 157.0 (Boc C=O), 145.0 (C-

4), 141.3 (C-6), 137.8 (C-1’’), 135.2 (C-3), 128.6 (C-3’), 128.0 (C-4’’), 127.8 (C-

2’’), 126.9 (C-2), 123.7 (C-5), 81.7 (C-(CH3)3), 77.0 (C-4’), 71.6 (O-CH2-Ph), 59.3 

(C-2’), 51.9 (C-5’), 32.8 (C-3’), 28.4 (C-(CH3)3) 

IR (KBr disc) 3421, 3197, 2967, 1682, 1655, 1368, 1156  and  742 cm-1 

ESI-MS, low res, 398 (MH+) HRMS (ESI); MH+, found 398.2082, C22H28N3O4  

requires 398.2080 

 (2S,4R)-4-(benzyloxy)-N-(pyridin-3-yl)pyrrolidine-2-carboxamide (229) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

brown oil (95mg, 29%), [α]D
14 = -22.5 (c = 0.05, CHCl3) 

1H NMR (400 MHz, CDCl3) δ = 9.85 (s, 1H, Amide N-H), 8.58-8.61 (m, 1H, H-2), 

8.28-8.31 (m, 1H, H-4), 8.19-8.23 (m, 1H, H-6), 7.20-7.38 (m, 6H, H-5 & aromatic 

benzyl protons), 4.41-4.52 (m, 2H, OCH2Ph), 4.12 (s, 1H, H-4’), 4.03-4.09 (m, 1H, 

H-2’), 3.20-3.25(m, 1H, H-5’), 2.76-2.82 (m, 1H, H-5’), 2.55 (s, br, 1H, N-H), 

2.47-2.56 (m, 1H, H-3’), 1.93-2.0 (m, 1H, H-3’).  

13C NMR (100 MHz, CDCl3) δ = 173.7 (Amide C=O), 145.1 (C-4), 141.0 (C-6), 

138.0 (C-1’’), 134.6 (C-3), 128.6 (C-3’’), 127.9 (C-4’’), 127.7 (C-2’’), 126.5 (C-6), 

123.7 (C-5), 80.5 (C-4’), 70.8 (O-CH2-Ph), 60.4 (C-2’), 52.8 (C-5’), 36.3 (C-3’).  

IR (KBr disc) 3377, 2921, 1670, 1583, 1425, 1259, 806 and 741 cm-1 

ESI-MS, low res, 298 (MH+) HRMS (ESI); MH+, found 298.1559, C17H20N3O2  

requires 298.1556 
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(2S,4R)-tert-butyl-4-hydroxy-2-(pyridin-3-ylcarbamoyl)pyrrolidi ne-1-carboxylate 

(Boc-230) 

 

N-Boc-4-hydroxy-L-proline (0.403 g, 1.745 mmol) was dissolved in dry THF (30 mL) and 

treated with triethylamine (0.202 g, 0.280 mL, 2 mmol). The stirred reaction mixture was 

cooled to 0 °C and ethyl chloroformate ( 0.395 g, 0.166 mL, 1.754 mmol) was added 

dropwise over 15 minutes. After the mixture had been stirred for a further 30 minutes, 3-

aminopyridine (0.164 g, 1.745 mmol) was added slowly over 15 minutes. This reaction 

mixture was stirred for 1 hour at 0 °C, 16 hours at room temperature and heated to reflux 

for 3 hours. The mixture was subsequently diluted with ethyl acetate and the TEA.HCl 

removed by filtration and solvent removed from the filtrate in vacuo. Flash 

chromatography in 80:20 ethyl acetate: petroleum ether yielded the title compound as an 

off-white solid (0.315 g, 59%), m.p. = 220 – 221.5 °C; [α]D
21 = -92 (c = 0.05, CH3OH);   

1H NMR (400 MHz, CD3OD) 8.72-8.78 (m, 1H, H-2), 8.22-8.30 (m, 1H, H-4), 

8.08-8.19 (m, 1H, H-6), 7.34-7.44 (m, 1H, H-5), 4.39-4.52 (m, 2H, H-2’ & H-4’), 

3.44-3.66 (m, 2H, H-5’), 2.02-2.35 (m, 2H, H-3’), 1.30-1.49 (m, 9H, Boc-H);  

13C NMR (100 MHz, CD3OD) δ = 172.8 (Amide C=O), 155.2 (Boc C=O), 144.1 

(C-6), 140.5 (C-4), 136.0 (C-2), 127.9 (C-5), 124.0 (C-1), 80.4 (C-(CH3)3), 68.9 

(C-4), 59.9 (C-2‘), 55.1 (C-5‘), 39.3 (C-3‘), 27.4 ((C-(CH3)3). 

IR (KBr disc) 3421, 3197, 2976, 1682, 1655, 1531, 1416, 1368, 1128 and 742 cm-1; 

ESI-MS, low res, 308 (MH+), 251.9, 207.9, 94.9. HRMS (ESI); MH+, found 

308.1612, C15H22N3O4  requires 308.1610 

(2S,4R)-4-hydroxy-N-(pyridin-3-yl)pyrrolidine-2-carboxamide (230)  
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Following general method B for N-Boc-deprotection, the title compound was obtained as 

an orange coloured solid (200 mg, 42%), m.p. = 142.5 – 143.2 °C; [α]D
18 = -1.0 (c = 0.1, 

CHCl3). 

1H NMR (400 MHz, CD3OD) δ = 8.77-8.81 (m, 1H, H-2), 8.26-8.29 (m, 1H, H-4), 

8.08-8.14 (m, 1H, H-6), 7.37-7.42 (m, 1H, H-5), 6.93 (s, 1H, Amide N-H), 4.51 (s, 

1H, H-4’), 4.31-4.37 (m, 1H, H-2’), 3.11-3.28 (m, 2H, H-5’), 2.36-2.43 (m, 1H, H-

3’), 2.01-2.10 (m, 1H, H-3’),  

13C NMR (100 MHz, CD3OD) δ = 161.8 (Amide C=O), 144.3 (C-4), 140.8 (C-2), 

127.8 (C-6), 124.0 (C-5), 118.2 (C-3), 71.1 (C-4‘), 59.8 (C-2‘), 54.2 (C-5‘), 39.0 

(C-3‘). 

IR (KBr disc) 3406, 1682, 1501, 1206, 1139 and 802 cm-1; 

ESI-MS, low res, 208 (M.H+), HRMS (ESI): MH+, found 208.1089, C10H14N3O2 

requires 208.1086. 

(S)-tert-butyl 2-(phenylcarbamoyl)pyrrolidine-1-carboxylate (Boc 233) 

 

N-Boc-proline (1.075 g, 5 mmol) was dissolved in dry THF (25 mL) and treated with 

triethylamine (0.506 g, 0.69 mL, 5 mmol). The stirred reaction mixture was cooled to 0 °C 

and ethyl chloroformate (0.54 g, 5 mmol) was added dropwise over 15 minutes. After the 

mixture had been stirred for a further 30 minutes at 0 °C, aniline (0.465 g, 5 mmol) was 

added slowly over 15 minutes. This reaction mixture was stirred for 1 hour at 0 °C and 16 

hours at room temperature. The mixture was worked up in the standard manner and 

subsequently dissolved in approx 40 ml dichloromethane, washed with 0.001 M HCl, dried 

with saturated NaCl and MgSO4, filtered and solvent removed in vacuo. Flash 

chromatography in 90:10 petroleum ether: ethyl acetate yielded the title compound as a 

colourless solid (0.471 g, 33%), m. p. = 189.8-190.5 °C; [α]D
21 = -127.8 (c = 0.1, CHCl3). 

Lit m.p. = 185-188 °C, Lit [α]D
 = -138.3 (c = 0.24, CHCl3).

360  

1H NMR (400 MHz, CDCl3) δ = 9.45, 7.74 (s, br, 1H, Amide N-H (rotation 

present)), 7.47-7.52 (m, 2H, H-2), 7.25-7.32 (m, 2H, H-3), 7.02-7.11 (m, 1H, H-4), 
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4.23-4.51 (m, 1H, H-2’), 3.25-3.6 (m, 2H, H-5’), 1.75-2.60 (m, br,  4H, H-3’ & H-

4’), 1.47 (s, 9H, Boc-H).   

13C NMR (100 MHz, CDCl3) δ = 170.0 (Amide C=O), 156.7 (Boc C=O), 138.5 (C-

1), 129.0 (C-3) 123.9 (C-4), 119.7 (C-2), 81.0 (C-(CH3)3), 60.6 (C-2‘), 47.3 (C-5‘), 

28.5 (C-(CH3)3), 27.3 (C-3‘), 24.7 (C-4‘).  

ESI-MS, low res, 313 (M.Na+) 

(S)-N-phenylpyrrolidine-2-carboxamide (233)  

 

Following general method B for N-Boc-deprotection, the title compound was obtained as 

an off-white solid (250 mg, 29%),  m. p. = 167.6-169.0 °C; [α]D
19 = -62 (c = 0.1, CHCl3). 

Lit m.p. = 170-172 °C, Lit [α]D
 = -44.2 (c = 0.5, EtOH).253  

1H NMR (400 MHz, CDCl3) δ = 9.72 (s, br, 1H, N-H), 7.59 (d, J = 7.8 Hz, 2H, H-

2), 7.30 (t, J = 7.8 Hz, 2H, H-3), 7.04-7.10 (m, 1H, H-4), 3.80-3.85 (m, 1H, H-2’), 

2.92-3.10 (m, 2H, H-5’), 1.97-2.23 (m, 3H, H-3’ & Aliphatic N-H), 1.69-1.80 (m, 

2H, H-4’).  

13C NMR (100 MHz, CDCl3) δ = 173.6 (Amide C=O), 138.0 (C-1), 129.0 (C-3), 

124.0 (C-4), 119.3 (C-2), 61.1 (C-2‘), 47.4 (C-5‘), 30.8 (C-3‘), 26.4 (C-4‘). 

ESI-MS, low res, 191 (MH+) 

(S)-tert-butyl-2-(methyl(pyridin-4-yl)carbamoyl)pyrrolidine -1-carboxylate (Boc-234) 

N N

O

N

32

3'

2'

5'

4'

O

O

 

N-Boc-proline (0.425 g, 1.98 mmol) was dissolved in dry THF (25 mL) and treated with 

triethylamine (0.202 g, 0.275 mL, 2 mmol). The stirred reaction mixture was cooled to 0 

°C and ethyl chloroformate (0.217 g, 2 mmol) was added dropwise over 15 minutes. After 

the mixture had been stirred for a further 30 minutes at 0 °C, 4-methylaminopyridine 

(0.214 g, 1.98 mmol) was added slowly over 15 minutes. This reaction mixture was stirred 

for 1 hour at 0 °C and 16 hours at room temperature. The mixture was worked up in the 
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standard manner and purified by flash chromatography using a gradient from 50:50 

petroleum ether: ethyl acetate changing to 80:20 ethyl acetate: petroleum ether to yield the 

title compound as a colourless oil (0.202 g, 33%), [α]D
16 = +101.8 (c = 0.1, CHCl3) 

1H NMR (400 MHz, CDCl3) δ = 8.55-8.62 (m, 2H, H-3), 7.28-7.32 (m, 1H, H-2), 

7.12-7.16 (m, 1H, H-2), 4.16-4.42 (m, 1H, H-2’), 3.27-3.57 (m, 2H, H-5’), 3.22-

3.27 (m, 3H, N-CH3), 1.63-1.99 (m, 4H, H-3’ & H-4’), 1.37 (s, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) (Rotation present) δ = 172.5 & 172.3 (Amide C=O), 

154.4 & 153.6 (Boc C=O), 151.4 (C-3), 150.9 & 151.1 (C-1), 121.9 & 121.5 (C-2), 

79.9 & 79.5 (C-(CH3)3), 57.1 & 56.9 (C-2‘), 47.1 & 47.0 (C-5‘), 37.2 & 37.1 (N-

CH3), 30.3 (C-3‘), 28.5 (C-(CH3)3), 24.3 & 23.5 (C-4‘)  

ESI-MS, low res, 306 (MH)+ 

(S)-N-methyl-N-(pyridin-4-yl)pyrrolidine-2-carboxamide (234) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

colourless oil (120mg, 29%), [α]D
14 = -90 (c = 0.05, CHCl3). Lit [α]D

20 = -81.6 (c = 0.5, 

CHCl3).
265  

1H NMR (400 MHz, CDCl3) δ = 8.07-8.10 (m, 2H, H-3), 6.75 (s, br, 1H, aliphatic 

N-H) 6.31-6.34 (m, 2H, H-2), 3.99-4.02 (m, 1H, H-2’), 3.50-3.56 (m, 1H, H-5’), 

3.16-3.23 (m, 1H, H-5’), 2.68-2.71 (m, 3H, N-CH3), 2.14-2.21 (m, 2H, H-3’), 1.87-

2.03 (m, 2H, H-4’).  

13C NMR (100 MHz, CDCl3) δ = 172.9 (C=O), 152.0 (C-1), 149.8 (C-3), 108.1 (C-

2), 63.1 (C-2‘), 48.6 (C-5‘), 31.3 (C-3‘), 26.3 (N-CH3), 23.8 (C-4‘)  

ESI-MS, low res, 206 (MH)+ 

(S)-tert-butyl-2-(methyl(phenyl)carbamoyl)pyrrolidine-1-carboxylate (Boc-235) 
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This compound was synthesised as per the procedure given for Boc-221 using N-

methylaniline (1.072 g, 10 mmol), the crude mixture was washed with with 0.5 M NaOH, 

dried with saturated NaCl and MgSO4, filtered and solvent removed in vacuo. Flash 

chromatography in 90:10 petroleum ether: ethyl acetate yielded the title compound as a 

colourless oil (0.887 g, 29%), [α]D
11 = +66.8 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 7.38-7.45 (m, 2H, H-3), 7.28-7.37 (m, 2H, H-2), 

7.20-7.24 (m, 1H, H-4), 4.1-4.3 (m, 1H, H-2’), 3.30-3.59 (m, 2H, H-5), 3.24-3.27 

(m, 3H, N-CH3), 1.60-2.01 (m, 4H, H-3’ & H-4’), 1.42-1.48 (m, 9H, Boc-H).  

13C NMR (100 MHz, CDCl3) (rotation present)  δ = 172.7 & 172.6 (Amide C=O), 

154.4 & 153.9 (Boc C=O), 143.6 & 143.4 (C-1), 129.9 (C-3), 128.1 & 128.0 (C-3), 

127.9 & 127.8 (C-4), 79.7 & 79.3 (C-(CH3)3), 57.2 & 56.9 (C-2‘), 47.3 & 47.1 (C-

5‘), 37.9 & 37.8 (N-CH3), 31.7 & 30.4 (C-3‘), 28.7 & 28.6 (C-(CH3)3), 24.3 & 23.6 

(C-4‘).  

IR (KBr disc) 2971, 2359, 1689, 1661, 1493, 1408, 1364, 1162 and 770 cm-1 

ESI-MS, low res, 304 (M)+ HRMS (ESI); MNa+, found 327.1695, C17H24N2O3 Na  

requires 327.1685 

(S)-N-methyl-N-phenylpyrrolidine-2-carboxamide (235) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

colourless oil (500mg, 22%), [α]D
14 = +18.2 (c = 0.1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ = 7.62 (s, br, 1H, aliphatic N-H), 7.28-7.34 (m, 2H, 

H-3), 7.21-7.27 (m, 1H, H-4), 7.13-7.18 (m, 2H, H-2), 3.86-3.93 (m, 1H, H-2’), 

2.90-3.29 (m, 2H, H-5’), 3.15 (s, 3H, N-CH3), 1.50-1.78 (m, 4H, H-3’ & H-4’).  

13C NMR (100 MHz, CDCl3) δ = 170.8 (C=O), 141.9 (C-1), 130.1 (C-3), 128.7 (C-

4), 127.7 (C-2), 58.4 (C-2’), 46.7 (C-5’), 38.0 (N-CH3), 30.4 (C-3’), 25.4 (C-4’)  

ESI-MS, low res, 204 (M)+ 
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(S)-tert-butyl-2-(3,5-bis(trifluoromethyl)phenylcarbamoyl)pyrrolidine-1-carb oxylate 

(Boc-236)  

 

N-Boc-proline (1.254 g, 5.83 mmol) was dissolved in dry THF (25 mL) and treated with 

triethylamine (0.590 g, 0.813 mL, 5.83 mmol). The stirred reaction mixture was cooled to 

0 °C and ethyl chloroformate (0.630 g, 0.555 ml 5.83 mmol) was added dropwise over 15 

minutes. After the mixture had been stirred for a further 30 minutes at 0°C, 3,5-

bis(trifluoromethyl)aniline (1.336 g, 5.83 mmol) was added slowly as a solution in 2 ml 

dry THF over 15 minutes. This reaction mixture was stirred for 1 hour at 0 °C, 16 hours at 

room temperature and heated to reflux for 4 hours. The mixture was subsequently 

dissolved in ethyl acetate (40 mL), washed with 0.2 M HCl, (30 ml) saturated aqueous 

sodium bicarbonate (30 ml),  dried with saturated NaCl and MgSO4, filtered and solvent 

removed in vacuo. Flash chromatography in 95:5 petroleum ether: ethyl acetate yielded the 

title compound as a colourless solid (0.489 g, 20%), m. p. = 193.5-119.4 °C; [α]D
18 = -89.8 

(c = 0.1, CHCl3) 

1H NMR (400 MHz, CDCl3) δ = 10.22 (s, br, 1H, Amide N-H), 7.89 (s, 2H, H-2), 

7.36 (s, 1H, H-4), 4.47-4.56 (s, 1H, H-2’), 3.37-3.62 (m, 2H, H-5’), 1.87-2.31 (m, 

4H, H-3’ & H-4’), 1.51 (s, 9H, Boc-H).    

13C NMR (100 MHz, CDCl3) δ = 171.2 (Amide C=O), 156.2 (Boc C=O), 140.1 (C-

1), 131.8 (C-3), 124.5 (CF3) JC-F = 34.5 Hz, 118.8 (C-2), 116.7 (C-4), 81.3 (C-

(CH3)3), 60.7 (C-2‘), 47.4 (C-5‘), 29.0 (C-3‘) 28.8 (C-(CH3)3), 24.6 (C-4‘)  

IR (KBr disc) 3304, 3269, 3120, 1714, 1661, 1578, 1431, 1384, 1169 and 881 cm-1 

ESI-MS, low res, 327 (MH+- Boc group) HRMS (ESI); M-, found 425.1341, 

C18H19F6N2O3  requires 425.1300 

(S)-N-(3,5-bis(trifluoromethyl)phenyl)pyrrolidine-2-carboxamide ( 236)  
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Following general method B for N-Boc-deprotection, the title compound was obtained as a 

pale yellow oil (230 mg, 17%); [α]D
18 = -37 (c = 0.05, CHCl3). Lit [α]D

25 = -37.5 (c = 1.33, 

CHCl3).
361  

1H NMR (400 MHz, CDCl3) δ = 10.10 (s, br, 1H, Amide N-H), 8.10 (s, 2H, H-2), 

7.54 (s, 1H, H-4), 3.84-3.90 (m, 1H, H-2’), 2.94-3.13 (m, 2H, H-5’), 1.95-2.27 (m, 

3H, H-3’ & aliphatic N-H), 1.71-1.79 (m, 2H, H-4’).  

13C NMR (100 MHz, CDCl3) δ = 174.3 (Amide C=O), 139.3 (C-1), 132.4 (C-3), 

124.6 (CF3) JC-F = 32.6 Hz, 119.2 (C-2), 117.1 (C-4), 61.0 (C-2‘), 47.4 (C-5‘), 30.8 

(C-3‘), 26.4 (C-4‘).  

ESI-MS, low res, 327 (MH+) 

(S)-tert-butyl-2-(3,5-bis(trifluoromethyl)phenylsulfonylcarbamoyl)pyrrolidin e-1-

carboxylate (Boc-237) 

 

N-Boc-proline (824 mg, 3.83 mmol) was dissolved in a 50:50 mixture of dichloroethane:t-

butanol (20 mL) and to this stirred suspension was added DMAP (1.404 g, 11.49 mmol), 

EDCI (1.839 g, 9.576 mmol) and 3,5-bis(trifluoromethyl)-benzene sulphonamide (2.66 

mmol, 780 mg). The reaction mixture was stirred for 16 hours at room temperature and 

after this time Amberlyst 15 anion exchange resin (2 g) was added and the mixture was 

diluted with ethyl acetate (10 mL). This mixture was stirred for a further 2 hours and 

subsequently passed through a plug of silica gel and washed with ethyl acetate. The filtrate 

was collected and solvent removed in vacuo. The mixture was redissolved in 

dichloromethane (20 mL), washed with distilled water (20 ml), the aqueous layer was 

extracted with a further 2 x 10 ml portions of dichloromethane, the combined organics 

were washed with 0.2 M HCl, saturated NaCl, dried with MgSO4, filtered and solvent 

removed in vacuo. The mixture was purified by flash chromatography (50:50 ethyl acetate: 

petroleum ether) to give the title product as a white solid (496 mg, 38%), m. p. = 122.8-

124.2 °C; [α]D
21 = -81.2 (c = 0.05, CHCl3).  
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1H NMR (400 MHz, CDCl3) δ = 8.34 (s, 2H, H-2), 7.73 (s, 1H, H-4). 4.1-4.25 (m, 

1H, H-2’), 3.25-3.46 (m, 2H, H-5’), 1.68-2.18 (m, 4H, H-3’ & H-4’), 1.29-1.40 (m, 

9H, Boc-H). 

13C NMR (100 MHz, CDCl3) δ = 181.4 (Amide C=O), 155.9 (Boc C=O), 145.5 (C-

1), 132.2 (C-3), 126.9 (C-2), 125.0 (C-4), 124.1 (CF3) JC-F = 37.4 Hz, 81.5 (C-

(CH3)3), 63.5 (C-2'), 47.3 (C-5‘), 28.2 (C-(CH3)3), 29.9 (C-3‘), 24.4 (C-4‘). 

IR (KBr disc) 3472, 3089, 2982, 1670, 1582, 1425, 1362, 1138  and  904 cm-1 

ESI-MS, low res, 489 (M – H)- HRMS (ESI); MNa+, found 513.0899, 

C18H20F6N2O5SNa  requires 513.0895 

 (S)-N-(3,5-bis(trifluoromethyl)phenylsulfonyl)pyrrolidine-2-carbo xamide (237) 

 

Following general method B for N-Boc-deprotection, the title compound was obtained as a 

White solid (200mg, 27%), m.p. = 222.3-223.1 °C;   

1H NMR (400 MHz, DMSO-d6) δ = 8.30 (s, 2H, H-2), 8.24 (s, 1H, H-4), 3.86 (t, J 

= 6.9 Hz, 1H, H-2’), 2.94-3.14 (m, 2H, H-5’), 2.06-2.12 (m, 1H, H-3’), 1.62-1.83 

(m, 2H, H-4’), 1.62-1.83 (m, 1H, H-3’). 

13C NMR (100 MHz, DMSO-d6) δ = 173.0 (Amide C=O), 148.3 (C-1), 130.7 (C-

3), 128.2 (C-2), 124.9 (C-4), 122.1 (CF3) JC-F = 33.6 Hz, 62.4 (C-2‘), 45.8 (C-5‘), 

29.4 (C-3‘), 23.7 (C-4‘). 

IR (KBr disc) 3447, 3187, 1622, 1361, 1310, 1279, 1128 and 852 cm-1 

 ESI-MS, low res, 389 (M – H)- HRMS (ESI); MH+, found 391.0551, 

C13H13N2O3F6S  requires 391.0551 

1-benzylindoline-2,3-dione (N-benzyl isatin) 

 
A solution of isatin (5.0 g, 34 mmol) in dry DMF (62 mL) was cooled to 0°C. NaH (60% 

dispersion in mineral oil, 1.4 g, 36 mmol) was carefully added in small portions. The 
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colour of the solution was observed to change from orange to a strong purple colour. When 

the H2 evolution had stopped, benzyl bromide (6.7 g, 39 mmol) was slowly added and the 

mixture was observed to change to a brown colour. After the mixture had been stirred for a 

further 15 minutes at room temperature, H2O (300 mL) was added, the resulting 

suspension was filtered by Buchner filtration and the product collected. The residue was 

washed with hexane and dried under vacuum to give the title compound as orange needles 

(7.0 g, 92%).  

1H NMR (400 MHz, CDCl3) δ = 7.58-7.62 (m, 1H, H-4), 7.44-7.50 (m, 1H, H-6), 

7.27-7.38 (m, 5H, Ar-H), 7.05-7.10 (m, 1H, H-5), 6.74-6.77 (m, 1H, H-7), 4.94 (s, 

2H, Ph-CH2);  

13C NMR (100 MHz; CDCl3) δ = 183.2, 158.2, 150.6, 138.3, 134.4, 129.0 (2C), 

128.1, 127.3 (2C), 125.3, 123.8, 117.6, 110.9, 43.9. 

ESI-MS, low res, 237.9 (M.H+), 259.9 (M.Na+), 275.9 (M.K+)   

 

6.9 General Method of Reaction of Isatin with Aceto ne 

The catalyst (0.03 mmol, 10 mol%) was stirred in a mixture of anhydrous acetone (2 mL) 

and additive (if applicable) at the temperature stated for 10 minutes. After this time, solid 

isatin (0.3 mmol, 44 mg) was added and the reaction mixture was stirred for the stated 

time. After this time, acetone was removed in vacuo and the mixture was purified by flash 

chromatography using a gradient initially eluting with 80:20 petroleum ether: ethyl acetate, 

gradually increasing polarity to 50:50 petroleum ether: ethyl acetate. The enantiomeric 

excess was determined by chiral stationary phase HPLC (Daicel-Chiralpak ASH) with the 

absolute configuration assigned based on literature values.318 For the solvent screen, 2 mL 

of solvent and 1 mL of acetone was used for the test reactions. 

(S)-3-hydroxy-3-(2-oxopropyl)indolin-2-one (208) 

 

The title compound was obtained using the general procedure to give the title compound as 

a white solid, yield: see tables in Chapter 4, [α]D
18 = -20.0 (c = 0.03, CH3OH).  The ee was 

determined on the crude reaction mixture by chiral HPLC (Chiralpak ADH column, 70:30 
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hexane: i-PrOH, flow rate 1.0 mL/min; tR = 7.1 min (S isomer); tR = 9.3 min (R isomer), λ 

= 254 nm).  

1H NMR (400 MHz, CD3OD) δ =  7.29 (d, J = 7.3 Hz, 1H, Ar-H), 7.21 (dt, J = 7.6 

and 1.5 Hz, 1H, Ar-H), 6.98 (t, J = 7.6 Hz, 1H, Ar-H), 6.86 (m, 1H, Ar-H), 3.36 (d, 

J = 16.8 Hz, 1H, CH2) 3.15 (d, J = 16.8 Hz, 1H, CH2), 2.04 (s, 3H, CH3) 

13C NMR (100 MHz; CD3OD) δ = 206.1 (CH3-CO-CH2), 179.8 (amide C=O), 

142.3 (C-7a), 130.9 (C-3a), 129.4 (C-6), 123.5 (C-4), 122.1 (C-5), 109.9 (C-7), 

73.4 (C-3), 49.8 (CH2), 29.3 (CH3); 

IR (KBr disc) 3359, 3258, 2359, 1718, 1620, 1470, 1362 and 1057 cm-1 

ESI-MS, low res, 228 (MNa+) HRMS (ESI); MNa+, found 228.0637, C11H11NO3Na  

requires 228.0637. 

(S)-1-benzyl-3-hydroxy-3-(2-oxopropyl)indolin-2-one (238) 

 

The title compound was obtained using the general procedure to give the title compound as 

a white solid, yield: see tables in Chapter 4, [α]D
19 = -4.0 (c = 0.05, CH3OH). The ee was 

determined on the crude reaction mixture by chiral HPLC (Chiralpak ADH column, 90:10 

hexane: i-PrOH, flow rate 0.7 mL/min; tR = 39.5 min (minor enantiomer); tR = 42.3 min 

(major enantiomer), λ = 254 nm).  

1H NMR (400 MHz, CD3CN) δ = 7.37-7.41 (m, 2H,Bz protons), 7.29-7.35 (m, 3H, 

Bz protons), 7.25-7.28 (m, 1H, Ar-H), 7.14-7.19 (m, 1H, Ar-H), 6.96-7.01 (m, 1H, 

Ar-H), 6.70 (d, J = 7.8 Hz, 1H, Ar-H), 4.77-4.91 (m, 2H, Bz-CH2), 4.25 (s, br, 1H, 

OH), 3.40 (d, J =17.0 Hz, 1H, CH2), 3.20 (d, J = 17.0 Hz, 1H, CH2), 2.0 (s, 3H, 

CH3) 

13C NMR (100 MHz, CD3CN) δ = 206.9 (CH3-CO-CH2), 177.4 (amide C=O), 

144.3 (C-7a), 137.4 (C-1’), 130.4 (C-3’), 129.6 (C-3a), 128.4 (C-6), 128.2 (C-2’), 

124.4 (C-4’), 123.4 (C-5 and C-6), 110.1 (C-7), 74.0 (C-3), 50.5 (N-CH2-Ph), 44.1 

(CH2C=O), 30.9 (CH3) 

IR (KBr disc) 3315, 3060, 2359, 1698, 1616, 1467, 1360 and 1079 cm-1 
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ESI-MS, low res, 296 (MH+), 318 (MNa+). HRMS (ESI); MH+, found 296.1294, 

C18H18NO3  requires 296.1287 

(S)-3-hydroxy-3-(2-oxobutyl)indolin-2-one (239) 

 

The title compound was obtained using the general procedure to give the title compound as 

a white solid, yield: see tables in Chapter 4, [α]D
14 = -40.0 (c = 0.01, CH3OH). The ee was 

determined on the crude and also purified reaction mixtures using chiral HPLC (Chiralpak 

ADH column, 70/30 hexane/i-PrOH, flow rate 0.7 mL/min; tR = 9.9 min (S isomer); tR = 

11.0 min (R isomer), λ = 254 nm) 91% regioselectivity of reaction, C-C bond formation at 

the less substituted methyl group of the ketone (determined by 1H NMR). 

1H NMR (400 MHz, DMSO-d6) δ = 10.20 (s, br, 1H, N-H), 7.22 (d, J = 7.2 Hz, 1H, 

H-3), 7.15 (t, J = 8.0 Hz, 1H, H-4), 6.88 (t, J = 7.6 Hz, 1H, H-5), 6.76 (d, J = 7.6 

Hz, 1H, H-6), 5.96 (s, 1H, OH), 3.25 (d, J = 16.4 Hz, 1H, CH2-a), 2.97 (d, J = 16.4 

Hz, 1H, CH2-a), 2.24-2.42 (m, 2H, CH2-b), 0.74 (t, J = 7.2 Hz, 3H, CH3).  

13C NMR (100 MHz; DMSO-d6) δ = 207.4 (CH2-CO-CH2), 178.2 (amide C=O), 

142.5 (C-7a), 131.5 (C-3a), 128.9 (C-6), 123.7 (C-4), 121.2 (C-5), 109.4 (C-7), 

72.7 (C-3), 49.1 (C-CH2-CO), 35.6 (CH3-CH2-CO), 7.3 (CH3).  

IR (KBr disc) 3356, 2972, 2360, 1723, 1621, 1473, 1180 and 777 cm-1 

ESI-MS, low res, 228 (MNa+) HRMS (ESI); MNa+, found 242.0797, C12H13NO3Na  

requires 242.0793 

 

6.10 General Method for Reaction of Isatins with Ac etaldehyde 

These reactions were conducted using conditions which were almost identical to those 

previously used in the 4-hydroxydiarylprolinol catalysed reaction of benzyl Isatin with 

acetaldehyde.323 To a solution of optimum catalyst 223 (30 mol%, 0.09 mmol, 17.2 mg), 

chloroacetic acid (60 mol%, 17 mg, 0.06 mmol) and isatin (0.3 mmol) in DMF (0.3 mL) 

was added acetaldehyde (84 µL, 1.50 mmol). This reaction mixture was stirred at room 

temperature under N2 for 48 hours, subsequently, methanol (0.5 mL) and NaBH4 (56 mg, 

1.5 mmol) were added and the mixture was stirred for 1 hour at -20 °C. The resulting 
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mixture was quenched with pH 7.0 phosphate buffer solution and this mixture was 

extracted with ethyl acetate (3 x 25 mL) and the combined extracts were dried over 

anhydrous Na2SO4, filtered and solvent removed in vacuo. The product was isolated by 

flash chromatography (80:20 ethyl acetate: petroleum ether for the Isatin derivative 240 

and 50:50 ethyl acetate: petroleum ether for the benzyl Isatin product 241). 

 

(R)-3-hydroxy-3-(2-hydroxyethyl)indolin-2-one (240) 

 

The title compound was obtained using the general procedure to give the title compound as 

a white solid (85%). The ee was determined on the purified reaction mixture (flash 

chromatography) using chiral HPLC (Chiralpak IA column, 10:1 hexane: i-PrOH, flow 

rate 0.7 mL/min; tR = 30.9 min (minor enantiomer); tR = 44.1 min (major enantiomer), λ = 

254 nm); White solid; Yield: See Tables in Chapter 4; [α]D
14 = +19.1 (c = 0.01, CHCl3);    

1H NMR (400 MHz, CDCl3) δ = .35 (s, br, 1H, N-H), 7.30 (d, J = 6.9 Hz, 1H, Ar-

H), 7.22 (t, J = 6.9 Hz, 1H, Ar-H), 7.0 (t, J = 7.6 Hz, 1H, Ar-H), 6.85 (d, J = 7.6 

Hz, 1H, Ar-H), 4.30 (s, br, 1H, OH), 3.53-3.59 (m, 2H, CH2OH), 2.98 (s, br, 1H, 

OH), 1.95-2.09 (m, 2H, CH2CH2OH) 

13C NMR (100 MHz, CD3CN) δ = 180.0 (amide C=O), 142.0 (C-7a), 132.4 (C-3a), 

130.3 (C-6), 125.1 (C-4), 123.2 (C-5), 110.8 (C-7), 76.2 (C-3), 58.3 (CH2OH), 40.5 

(C-CH2) 

IR (KBr disc) 3379, 2963, 1664, 1529, 1269, 997, 750 and 694 cm-1 

ESI-MS, low res, 216 (MNa+) HRMS (ESI); MNa+, found 216.0638, C10H11NO3Na  

requires 216.0637 

(R)-1-benzyl-3-hydroxy-3-(2-hydroxyethyl)indolin-2-one (241) 

 

The title compound was obtained using the general procedure to give the title compound as 

a white solid, (28%). The ee was determined on the purified reaction mixture (after flash 



 

chromatography) using chiral HPLC (Chiralpa

rate 0.7 mL/min; tR = 36.2 min (

254 nm). Colourless oil

CHCl3) 

1H NMR (400 MHz, CDCl

protons), 7.17-7.22 (m, 1H, H

4.96 (d, J = 16.0 Hz, 1H, C

1H, OH), 3.92-4.04 (m, 2H, C

CH2-C(OH)), 2.03

13C NMR (100 MHz; CDCl

(C-2), 129.6 (C-4), 128.8 (C

3), 109.6 (C-6), 58.6 (

IR (KBr disc) 3395, 2924, 1705, 1613, 1269, 1468, 1174 and 753 cm

ESI-MS, low res, 306 (MNa

requires 306.1106

Figure 6.1: Product 223 catalysed reaction of isatin with acetone to give 72% ee of (S)
 

Figure 6.2: Product of 237 catalysed 
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chromatography) using chiral HPLC (Chiralpak IA column, 10:1 hexane: 

= 36.2 min (minor enantiomer); tR = 40.2 min (major enantiomer

254 nm). Colourless oil; yield: see relevant table in Chapter 4, [α]

400 MHz, CDCl3) δ = 7.38-7.42 (m, 1H, H-5), 7.24

7.22 (m, 1H, H-4), 7.03-7.09 (m, 1H, H-3), 6.68

= 16.0 Hz, 1H, CH2-Ph), 4.77 (d, J = 16.0 Hz, 1H, C

4.04 (m, 2H, CH2-OH), 2.99 (s, br, 1H, OH), 2.26

C(OH)), 2.03-2.12 (m, 1H, CH2-C(OH)).  

C NMR (100 MHz; CDCl3) δ = 178.4 (C=O), 141.9 (C-1), 135.3 (C

4), 128.8 (C-3’), 127.7 (C-4’), 127.2 (C-2’), 123.9 (C

6), 58.6 (CH2-OH), 43.8 (CH2-Ph), 39.3 (CH2-C(OH)).

IR (KBr disc) 3395, 2924, 1705, 1613, 1269, 1468, 1174 and 753 cm

MS, low res, 306 (MNa+) HRMS (ESI); MNa+, found 306.1107, C

requires 306.1106 

 
catalysed reaction of isatin with acetone to give 72% ee of (S)

 

catalysed reaction of isatin with acetone to give 68% ee of (

k IA column, 10:1 hexane: i-PrOH, flow 

major enantiomer), λ = 

]D
14 = +14.0 (c = 0.01, 

5), 7.24-7.33 (m, 5H, Bz 

3), 6.68-6.72 (m, 1H, H-6), 

= 16.0 Hz, 1H, CH2-Ph), 4.43 (s, br, 

br, 1H, OH), 2.26-2.34 (m, 1H, 

1), 135.3 (C-1’), 130.6 

2’), 123.9 (C-5), 123.3 (C-

C(OH)).  

IR (KBr disc) 3395, 2924, 1705, 1613, 1269, 1468, 1174 and 753 cm-1 

found 306.1107, C17H17NO3Na  

catalysed reaction of isatin with acetone to give 72% ee of (S)-product 208. 

reaction of isatin with acetone to give 68% ee of (R)-product 208. 
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A related series of bisamides have been evaluated for ratio-
nal correlation between anion complexation and organoca-
talysis: remarkable enhancement of hydrogen bonding to
anions was observed along with significant increases in cata-
lytic activity in the Baylis–Hillman reaction. In addition, X-

Introduction
The recognition of anions is an ever-expanding field.[1]

Many hosts incorporating functional groups such as in-
doles, pyrroles, sulfonamides, ureas and amides have been
successful in selectively complexing a range of anionic
guests via hydrogen bonding.[2] Often, these receptor mole-
cules are designed with some degree of pre-organisation in
mind, for example creating a cleft-like structure.[3,4] The use
of metal-free organic molecules to catalyse reactions has
also received intense interest.[5] The catalytic activity of sev-
eral such organocatalysts involves coordination of groups
such as those listed above via hydrogen bonding to highly
negative or anionic intermediates.[6] Considering a major
objective of both receptor and organocatalyst design is the
molecular recognition of anions, much can be gained from
taking a cooperative view between both areas, giving rise to
the potential of dual application of molecular receptors for
anion recognition and organocatalysis.[7]

Our interest lies in the rational design of receptors for
selective anion binding and catalysis, specifically reactions
where hydrogen bonding and electrophile activation play
key mechanistic roles. Instead of the lengthy and potentially
troublesome synthesis of transition state analogues for
binding studies, we look to the binding characteristics of
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ray crystallography showed a large degree of pre-organi-
sation was observed in one receptor by incorporation of bis-
(trifluoromethyl)aniline groups along with a thioamide func-
tionality. A novel bifunctional amide/N-acylsulfonamide
within the series gave the best catalytic profile.

our target receptors with anions as a guide to catalytic
mechanisms and in some cases, use anion binding proper-
ties as a mechanistic probe into organic reactions.

Results and Discussion

We assessed compounds 1–7 (Figure 1), based on the
simple, flexible, minimally pre-organised motif first evalu-
ated by Crabtree for anion binding, using binding charac-
teristics to predict their applicability as efficient organic cat-
alysts.[8] The well known receptor building blocks of iso-

Figure 1. Structure of receptors 1–7 and their possible conforma-
tions.[11]
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phthalic acid and 2,6-pyridinedicarboxylic acid[8] were used
to generate a series of open-cleft bisamides 2–7 while 1 was
used as a reference starting point.[9,10]

Each receptor differed by the nature of the groups at-
tached to the amide skeleton, altering amide acidity and
structural rigidity. To increase the acidity of the amide N–
H groups and therefore increase hydrogen bonding,[12,13] the
highly electron-withdrawing 4-trifluoromethylphenyl group
(see 2), 3,5-bis(trifluoromethyl)phenyl group (see 3–7)[12]

and also an additional p-nitro group (see 6) were incorpo-
rated into the diamide structure. In addition, receptor 4 was
designed to hold a degree of cleft pre-organisation and was
expected to preferentially exist in the syn-syn conformation
(Figure 1) most suitable for binding.[11,14] To circumvent the
H-bond accepting properties of amides,[15] thioamide 5,
which is less likely to self associate[16] was also evaluated.
This receptor might exist in the syn–syn conformation due
to intramolecular interactions between acidic aromatic C–H
groups and the sulfur atom as observed for some thiourea
molecules.[13] Finally, a bifunctional hybrid amide/N-acyl-
sulfonamide 7 was prepared incorporating both increased
hydrogen bond donating properties and also the possibility
to deprotonate the sulfonyl N–H; a potentially useful fea-
ture where proton transfer may occur and/or where acti-
vation of an electrophile plays a key role in the catalytic
cycle.[17,18] In this paper, we report the synthesis, compara-
tive anion binding properties, X-ray structure of 5 and pre-
liminary catalytic and kinetic results in the Baylis–Hillman
reaction.[19]

Receptor 1 was prepared according to literature pro-
cedures[20] while 2–6 were synthesised in a single step in
good yields from commercially available starting materials.
A four step synthetic sequence was employed for 7
(Scheme 1).

Initial binding studies conducted in CDCl3 indicated
strong association but were hindered by low solubility in
some cases; therefore CD3CN was used for further studies.
The anion complexation properties were evaluated with
tetra-n-butylammonium salts of bromide, chloride, acetate
and benzoate. These anions represent different topologies

Scheme 1. Synthesis of bifunctional receptor 7. (a) 3,5-bis(trifluoromethyl)aniline, EDCI, DMAP, dichloromethane, room temp., 16 h,
92% (b) NaOH, methanol, reflux, 1 h, 77% (c) NH3, Et3N, DMF, room temp., 16 h, 98% (d) EDCI, DMAP, 50:50 dichloroethane:tert-
butyl alcohol, room temp., 16 h, 43%.

www.eurjoc.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2011, 1125–11321126

(spherical vs. coplanar) and sizes and were chosen to give
good indications of receptor selectivity and catalytic poten-
tial.

Standard 1H NMR titration in CD3CN at 298 K was
employed with titration continued up to the addition of
10 equiv. of anion relative to receptor. Stability constants
were obtained using the WINEQNMR2 program[21]

(Table 1). JOB plot analysis was carried out for all receptors
revealing 1:1 binding in most cases. The JOB plot for com-
pound 6 with acetate and chloride possessed a minor con-
tribution from 2:1 receptor: anion stoichiometry as ob-
served by a small shoulder on the plot at 0.65 mol fraction
receptor; however 1:1 stoichiometry was deemed to domi-
nate. Interestingly, JOB plot analysis of 7 with chloride and
bromide pointed solely to 2:1 receptor: anion stoichiometry.
In the cases of 5 and 7 with acetate and benzoate, binding
could not be accurately fitted to a 1:1 isotherm. This will
be discussed later.

Table 1. Binding constants Ka (m–1) for receptors 1–7 with bromide,
chloride, acetate and benzoate as tetrabutylammonium salts at
298 K in CD3CN. Ka values calculated based on N–H proton.

Receptor Bromide Chloride Acetate Benzoate

1 80 260 920 650
2 700 8,900 4,900 12,100
3 4,700 10,800 14,300 19,200
4 290 3,800 8,700 3,800
5 5,900 17,500 –[a,b] –[a,b]

6 6,100 11,100 16,600 21,000
7 Ka

1:1 900 Ka
1:1 4,000 –[a,b] –[a,b]

Ka
2:1 6,100 Ka

2:1 3,700

[a] Deprotonation prevented the calculation of an accurate associa-
tion constant. [b] Did not reliably fit to a 1:1 model.

Receptor 1 was observed to bind all anions with associa-
tion constants in the range 80–950 m–1. Significantly en-
hanced anion complexation was found for receptors 2–6,
for example a 73-fold increase in binding strength in the
case of 6 with bromide. A second notable example was
thioamide 5 with chloride where, a 66-fold increase in Ka
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was achieved; 17,500 m–1 for 5 compared to 260 m–1 for 1.
Receptor 6 gave the best 1:1 binding characteristics with
strong binding to all anions studied.[22]

In all cases, the receptors were more efficient for chloride
than bromide and this was ascribed to differing hydrogen
bond capabilities[23] and also the size constraint of bromide
as previously observed by Crabtree et al.[8] Receptors 3, 4
and 6 gave highly efficient binding for the coplanar acetate
and benzoate ions, particularly for benzoate with receptors
3 and 6 exhibiting 30- and 33-fold increases respectively in
benzoate binding over the control 1.

When comparing binding affinity for each of the anions
with structural variation and amide acidity, 3 yielded signif-
icantly enhanced binding constants compared to the mono-
trifluoromethyl variant 2. The more acidic thioamide 5 and
also p-nitro derivative 6 gave even superior anion binding.
However, the less flexible, more pre-organised 4 gave con-
siderably lower Ka values, possibly due to electrostatic re-
pulsion.[8]

Receptor 7 with bromide and chloride produced an excel-
lent fit to a 1:1 and 2:1 receptor: anion species (Table 1).[24]

We postulate these high 2:1 receptor: anion Ka values were
due to the formation of a stable complex in which one
anion is complexed between two receptors, with the higher
2:1 Ka for 7 with bromide ascribed to the large size of the
bromide anion better able to accommodate this stoichiome-
try. Similar binding stoichiometries were previously re-
ported by others.[25]

Receptors 5 and 7 produced interesting titration curves
with acetate and benzoate as illustrated in Figure 2. For ex-
ample in the case of 5 with acetate, the N–H signal disap-
peared and the titration was tracked using the isophthaloyl
H2 proton between the thioamide groups. Initially, a minor
upfield shift was observed followed by a significant down-
field shift, with a second minor upfield shift upon addition

Figure 2. Binding curves of 5 with acetate and 7 with acetate and benzoate.

Eur. J. Org. Chem. 2011, 1125–1132 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 1127

of 1 equiv. acetate followed by significant downfield mi-
gration once again. We suggest this is due to initial desol-
vation of the receptor,[26] followed by strong hydrogen
bonding to the anion, indicated by the subsequent down-
field shift. The minor upfield shift at 1 equiv. anion poses
two possibilities. With the increased acidity of the thioam-
ide N–H, proton transfer to the carboxylate from the recep-
tor could account for the chemical shift perturbation. Alter-
natively, the observed behavior may purely be a conse-
quence of changing complex stoichiometries as the titration
proceeds which may be facilitated by the more acidic recep-
tor 5. In either case a subsequent conformational change
could allow for further binding events resulting in migration
downfield of the H2 signal. Similar behavior was observed
in the case of 5 with benzoate.

A similar but more pronounced effect was observed in
the case of the more acidic 7 with both acetate and benzo-
ate. As the sulfonyl N–H was not visible in the NMR spec-
trum, the titration was monitored using the amide N–H
proton. Addition of up to 0.5 equiv. anion caused a down-
field shift of the N–H resonance. Upon addition of a fur-
ther 0.5 equiv. anion an upfield shift occurred, with an al-
most linear downfield migration upon further additions.
Furthermore, the isophthaloyl H2 and the H4 protons of
the bis(trifluoromethyl)phenyl rings broadened significantly
up to addition of 1 equiv. anion but subsequently sharp-
ened. We suggest this was due to an overall equilibrium
process involving binding of the first 0.5 equiv. of anion
generating a 2:1 receptor:anion complex followed by depro-
tonation of the highly acidic sulfonyl N–H which is known
to have a similar pKa to carboxylic acids.[17] This equilib-
rium process may account for the broadened signals up to
1 equiv. anion with the equilibrium driven to a single com-
plexed species by addition of further anion. A conforma-
tional change may have occurred following the addition of
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1 equiv. of anion allowing the amide N–H and isophthaloyl
H4 to further bind anionic species. A similar trend involv-
ing deprotonation was observed for sulfonamide function-
alised urea compounds[27] with evidence of conformational
change allowing further binding events reported by
Crabtree et al.[8] and Kilburn et al.[28]

In a number of cases, Ka values in excess of 104 m–1 were
obtained for the most efficient receptors 2, 3, 5 and 6 with
several anions. These titrations were repeated in the more
competitive [D6]DMSO and Ka values calculated
(Table 2).[21]

Table 2. Binding constants Ka (m–1) for strong binding systems in
[D6]DMSO at 298 K. 1:1 stoichiometry was observed in all cases.

Receptor Chloride Acetate Benzoate

2 100 480 160
3 120 1,370 720
5 80 2,700[a] 2,540[a]

6 100 5,200 800

[a] Calculated based on isophthaloyl H2 signal.

For titrations conducted in [D6]DMSO, the receptors ap-
peared to possess a degree of selectivity for acetate, in par-
ticular receptor 6. We suggest the increase in Ka values for
2–6 with acetate is linked to the increased acidity of the N–
H bond as discussed earlier. Interestingly, 5 appeared to
bind strongly to benzoate compared to 2, 3 and 6. This may
be due to proton transfer as indicated by the broadening
and subsequent loss of amide N–H signal after the addition
of 1 equiv. of anion. In addition, conformational change is
likely to play a role in accommodating the benzoate anion.
Overall our results highlight the key role of solvent in bind-
ing and selectivity.

Gratifyingly, diffraction grade crystals of 5 (Figure 3)
through slow evaporation of a chloroform/methanol mix-
ture revealed its structure, with a crystallographic twofold
axis through the middle of the molecule. The two nitrogen
atoms are twisted in opposite directions out of the plane to
minimise steric conflict and enable hydrogen bonding to a
neighboring sulfur atom (Figure 3, b). In addition, 5 was
found to exist in the solid state in its syn-syn conformation,
possibly due to internal interactions with the polarized C–
H bonds (H-7) ortho to the CF3 group and the Lewis basic
sulfur atom.[13] Further evidence supporting this conforma-
tion came from 1H NMR spectroscopy. The chemical shift
of this proton (H-7) lay further downfield in the case of
thioamide 5 (δ = 8.53 ppm for 5; 8.38 ppm for 3), suggesting
possible H-bonding interactions. Moreover, the proton or-
tho to both amide moieties (H2) was further upfield for
5 compared to the corresponding proton on 3. This is in
agreement with previously reported similar systems in
which isophthaloyl H2 existed most upfield for an isoph-
thalamide in the syn-syn conformation.[4] Therefore, it ap-
pears that a remarkable level of pre-organisation was
achieved in this receptor, comparable to similar preorgani-
sation effects which make some thiourea molecules effective
for binding and catalysis.[13]

www.eurjoc.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2011, 1125–11321128

Figure 3. (a) X-ray crystal structure of 5 showing measurements
between protons in the proposed anion binding cleft. (b) Crystal
packing of 5.

With the strong affinity of 2–7 for the acetate and benzo-
ate anions in particular, they were applied as organocata-
lysts in the DABCO catalysed Baylis–Hillman reaction of
benzaldehyde with methyl acrylate (Scheme 2).[19] It was en-
visaged that the oxyanion binding ability of these receptors
would facilitate the catalysis of this highly useful reaction
through stabilisation of the negative oxyanion intermediates
of the reaction. In addition possible proton transfer steps
could be accelerated by deprotonation of the catalyst as in
the case of 5 and 7.

Scheme 2. Baylis–Hillman reaction of methyl acrylate and benzal-
dehyde.

Initial reactions conducted in acetonitrile gave inferior
yields to those under neat reaction conditions (Table 3).
Under neat conditions in all cases, yield and rate enhance-
ments were observed. Reaction yield after 20 h was deter-
mined after product isolation by column chromatography.
A kinetic study by 1H NMR spectroscopy using (E)-stilbene
as an internal standard was undertaken in order to calculate
the rate constant (kobs) during the initial stages of the reac-
tion (� 20 % conversion). Receptor 7 gave the largest yield
and rate constant, producing a 76% yield, a 2.2-fold in-
crease in product formation, a factor of 3.9 times greater
rate constant than the uncatalysed process (Figure 4). In
addition, in the case of 7 it was possible to recycle the cata-
lyst 3 times with less than a 5% reduction in catalytic ac-
tivity.
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Figure 4. Kinetic plots and least square fits of –Ln[PhCHO] vs. time for receptor 5 and 7 catalysed Baylis–Hillman reaction. The uncata-
lysed reaction is also shown.

Table 3. Catalysis of Baylis–Hillman reaction of benzaldehyde and
methyl acrylate using 1–7 as H-bond donating organocatalysts.

Receptor Yield [%][a] kobsd �10–2 [h–1][b] krel

Uncatalysed 34 0.82 1
1[c] 44 0.77 0.94
2[c] 50 0.55 0.67
3 68 2.38 2.9
4 –[d] –[d] –[d]

5 71 2.5 3.1
6 51 2.68 3.3
7 76 3.19 3.9

[a] Reagents and conditions: benzaldehyde (1 equiv.). DABCO
(1 equiv.), methyl acrylate (3 equiv.), catalyst 1–7 (20 mol-%), room
temp., 20 h. [b] Initial rates (� 20% conversion), 10 equiv. of
methyl acrylate used; (E)-stilbene was used as an internal standard
for 1H NMR.[30] [c] Poor solubility in kinetic experiment. [d] Not
determined due to complete insolubility of 4 in reactants.

We propose that binding of our anion receptors to the
negative intermediates in the reaction medium through the
N–H group accelerates the reaction. In general, the increase
in amide N–H polarisation of the receptor led to enhanced
catalytic activity which was consistent with the findings of
the binding studies; in the case of 1, 2 and 3 there was
excellent correlation between acetate Ka and catalytic per-
formance. In addition, pre-organisation of the catalytic site
of 5 may have contributed to its catalytic success. In the
case of 5 and 7 proton transfer as observed in the binding
studies along with increased acidity may account for the
further increase in yield and reaction rate, particularly in
light of reported mechanistic studies.[29]

Receptor 6 produced a disappointing yield of 51%. How-
ever, it produced an initial rate constant of 2.68 h–1, slightly
higher than that of the more successful catalysts 3, 5 and 7.
We propose this is linked to strong binding of one of the
several anionic species involved in the reaction cycle causing
inhibition. This is supported by the earlier binding studies
(Table 1).
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In addition, kinetic experiments conducted for 3 and 7
in the presence of 1 equiv. of tetra-n-butylammonium ben-
zoate resulted in substantially diminished rate constants;
86% and 50 % respectively. This was deemed to be due to
competition between the anionic intermediates and benzo-
ate for the H-bonding sites of these catalysts.

Table 4. Baylis–Hillman reaction using a variety of substrates and
bases catalysed by 7.

[a] Isolated yield after flash chromatography.
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Following on from this work, we examined the generality

and scope of our most successful catalyst 7. Initially varia-
tion of the base in the reaction of benzaldehyde with methyl
acrylate was examined. Triphenylphosphane, DBU and
DMAP were evaluated and in all cases inferior yields com-
pared to DABCO were obtained. Subsequently, with the
optimum catalyst and base in hand, we examined the sub-
strate scope of the reaction of methyl acrylate with activated
and de-activated aldehydes. Finally, reaction of a number
of different Michael acceptors with benzaldehyde were in-
vestigated. In all cases, 7 afforded significant yield enhance-
ment compared to the uncatalysed reactions (Table 4) with
catalytic effect observed for all substrates and Michael ac-
ceptors studied.

Considerable yield enhancement was observed in many
cases, particularly in systems where deactivated aldehyde
derivatives were employed, e.g. a 4.8- and 9.2-fold increase
in product formation for deactivated 2- and 4-substituted
methoxybenzaldeyde. Another notable example is reaction
of benzaldehyde with 2-cyclohexen-1-one, where a 15-fold
increase in product formation was observed. It is also worth
noting the ease of recoverability of the catalyst in each reac-
tion. The catalyst could be obtained with high purity during
the catalytic product isolation step of flash chromatography.

Further catalytic studies are currently underway in our
laboratory including application of the receptors in alterna-
tive reactions.

Conclusions

To summarise, we synthesised a series of rationally de-
signed diamides and evaluated their properties as anion re-
ceptors and organocatalysts in the Baylis–Hillman reaction.
Equilibrium binding was determined by NMR titration and
catalytic activity was assessed by product yield and kinetic
measurements. X-ray crystal structure of receptor 5 also
showed an unexpected level of preorganisation within the
flexible thioamide motif. The anion binding constants of
the receptor series with increasing hydrogen bond donating
capability provided a useful tool to probe the catalytic ac-
tivity of these receptors. Ongoing work in this area involves
further structural modification of the motif along with their
application to other reactions.

Experimental Section
Synthesis of New Receptors

Receptor 2: To a solution of 4-trifluoromethylaniline (1.60 g,
9.9 mmol) in DMF (30 mL) was added triethylamine (1.52 g,
15 mmol) and DMAP (1.21 g, 9.9 mmol). The reaction mixture was
cooled to 0 °C and isophthaloyl dichloride (1 g, 4.9 mmol) was
added in small portions over 2–3 min. The solution was stirred at
90 °C for 20 h. After this time the dark brown mixture was added
to water (300 mL) and extracted with ethyl acetate (3�50 mL).
The combined organic layers were washed with 5% lithium chlo-
ride solution (2� 80 mL) and deionised water (2�100 mL) to re-
move DMF. The product was dried with MgSO4 and solvent re-
moved in vacuo. The crude was purified by column chromatog-
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raphy, eluting with 80:20 hexane/ethyl acetate. The solvent was re-
moved in vacuo to give 2 (1.20 g, 54%) as a white solid; m.p. 256–
258 °C. IR (KBr): ν̃max = 3296, 3144, 1651, 1605, 1537, 1321, 1258,
837 and 715. 1H NMR (400 MHz, CD3CN, 22 °C): δ = 9.17 (s, 2
H, N–H), 8.53 (t, JH,H = 1.53 Hz, 1 H, 2-H), 8.15 (dd, JH,H = 8.4
and 1.53 Hz, 2 H, 2�-H), 7.97 (d, JH,H = 8.4 Hz, 2 H, 3�-H), 7.76
(d, JH,H = 7.6 Hz, 2 H, 4-H), 7.69 (t, JH,H = 7.6 Hz, 1 H, 5-H)
ppm. 13C NMR (100 MHz, CD3CN, 22 °C): δ = 166, 143, 135, 132,
129, 128 126.5, 126.2, 124.2, 121 ppm. LRMS (ES+): m/z = 453 [M
+ H]+. HRMS: m/z for C22H15N2O2F6 (M+) calcd. 453.1038; found
453.1026.

Receptor 4: To a solution of 3,5-bis(trifluoromethyl)aniline (2.27 g,
9.9 mmol) in DMF (30 mL) was added triethylamine (1.52 g,
15 mmol) and DMAP (1.21 g, 9.9 mmol). The mixture was cooled
to 0 °C and pyridine-2,6-dicarboxyl chloride (0.99 g, 1 mmol) was
in small portions over 4–5 min. The reaction was held at 75–80 °C
for 18 h and subsequently poured into a large volume of water
(300 mL). The resulting white solid product was isolated from the
solvent by filtration. The crude was purified by trituration using
ethyl acetate to give the title product 4 (0.96 g, 34%) as a white
solid; m.p. 341–342 °C. IR (KBr): ν̃max = 3284, 3101, 1686, 1550,
1572, 1472, 1437, 1383, 1279, 1175, 1146, 1068, 1001, 936, 889, 840
and 683. 1H NMR (400 MHz, CD3CN, 22 °C): δ = 10.51 (s, 2 H,
N–H), 8.60 (s, 4 H, 2�-H), 8.50 (d, JH,H = 8.2 Hz, 2 H, 4-H), 8.29
(t, JH,H = 8.2 Hz, 1 H, 5-H), 7.82 (s, 2 H, 4�-H) ppm. LRMS (ES+):
m/z = 590 [M + H]+. HRMS: m/z for C23H12N3O2F12 (M+) calcd.
590.0738; found 590.0716.

Receptor 6: To 5-nitroisophthalic acid (1 g, 4.74 mmol) was added
dry dichloromethane (30 mL) under N2 atmosphere. To this was
added DMAP (1.16 g, 9.47 mmol), EDCI (1.82 g, 9.47 mmol) and
3,5-bis(trifluoromethyl)aniline (2.17 g, 9.47 mmol) and the off-
white coloured suspension was stirred at room temperature for
16 h. The resulting reaction mixture was washed with 1 m HCl,
10% aqueous sodium hydrogen carbonate, saturated NaCl, and the
product dried with MgSO4. The solvent was removed in vacuo to
leave a yellow crude oil, 1.48 g. which was purified by flash
chromatography (85% hexane:15% ethyl acetate) to give the title
compound 6 (1.52 g, 51%) as a white solid; m.p. 310–312 °C. IR
(KBr): ν̃max = 3245, 3084, 1659, 1549, 1381, 1280, 1179, 1136 and
893. 1H NMR (400 MHz, CD3CN, 22 °C): δ = 9.53 (s, 2 H, N–H),
8.99 (d, JH,H = 1.5 Hz, 2 H, 4-H), 8.94 (t, JH,H = 1.5 Hz, 1 H, 2-
H), 8.38 (s, 4 H, 2�-H), 7.81 (s, 2 H, 4�-H) ppm. 13C NMR
(125 MHz, CD3CN, 22 °C): δ = 163, 148.5, 140, 136, 132.5, 131.5,
125.5, 124.5, 122, 120 ppm. LRMS (ES+): m/z = 634 [M + H]+.
HRMS: m/z for C24H10N3O4F12 (M–) calcd. 632.0480; found
632.0497.

Receptor 7: To mono-methyl isophthalate (1.0 g, 5.55 mmol) in
dichloromethane (30 mL) was added DMAP (0.68 g, 5.55 mmol),
EDCI (1.06 g, 5.55 mmol) and 3,5-bis(trifluoromethyl)aniline
(1.27 g, 5.55 mmol) and the mixture was stirred at room tempera-
ture for 16 h. The reaction mixture was then washed with water
and 1 m HCl. The white solid precipitate was collected by filtration
and purified by flash chromatography (80% hexane:20% ethyl acet-
ate) to give 8 as a white solid, (2.0 g, 92%); m.p. 293–295 °C. IR
(KBr): ν̃max = 3416, 3271, 3104, 3003, 2958, 1717, 1661, 1569, 1471,
1443, 1382, 1278, 1258, 1172, 1123, 943, 891, 720 and 686. 1H
NMR (400 MHz, CDCl3, 22 °C): δ = 8.51 (s, 1 H, 2-H), 8.32 (s, 1
H, N–H), 8.26 (d, JH,H = 7.6 Hz, 1 H, 6-H), 8.23 (s, 2 H, 2�-H),
8.17 [d, JH,H = 7.6 Hz, 1 H, 4-H], 7.68 (s, 1 H, 4�-H), 7.64 (t, JH,H =
7.6 Hz, 1 H, 5-H), 3.98 (s, 3 H, OCH3) ppm. 13C NMR (100 MHz,
CD3CN, 22 °C): δ = 166.5, 164.5, 139.2, 134.1, 133.5, 132.3, 130.9,
129.6, 127.6, 124.5, 122, 120, 118, 52.7 ppm. LRMS (ES+): m/z =
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392 [M + H]+. HRMS: m/z for C17H10NO3F6 (M–) calcd. 390.0565;
found 390.0562.

To ester 8 (1.67 g, 4.26 mmol) dissolved in hot methanol (40 mL)
was added 1 m NaOH, (20 mL, 20 mmol) and the mixture was re-
fluxed with stirring for one hour. Distilled water (100 mL) was
added to the mixture which was then acidified to pH 3 with concen-
trated aqueous HCl. The mixture was cooled and filtered to give 9
(1.24 g, 77%) as a white solid; m.p. 194–196 °C. IR (KBr): ν̃max =
3292, 3092, 2662, 2551, 1690, 1651, 1562, 1470, 1441, 1381, 1305,
1279, 1175, 1146, 943, 893, 728 and 683. 1H NMR (400 MHz; [D6]-
DMSO, 22 °C): δ = 13.3 (br. s, 1 H, OH), 11.02 (s, 1 H, N–H), 8.57
(s, 1 H, 2-H), 8.51 (s, 2 H, 2�-H), 8.21 (d, JH,H = 7.6 Hz, 1 H, 6-
H), 8.15, (d, JH,H = 7.6 Hz, 1 H, 4-H), 7.80 (s, 1 H, 4�-H), 7.67 (t,
JH,H = 7.6 Hz, 1 H, 5-H) ppm. 13C NMR (100 MHz; [D6]DMSO,
22 °C): δ = 166.7, 165.4, 134.2, 132.8, 132.2, 130.8, 129.1, 128.5,
124.6, 121.9, 120, 116.6 ppm. LRMS (ES+): m/z = 378 [M + H]+.
HRMS: m/z for C16H8NO3F6 (M–) calcd. 376.0484; found
376.0423.

Aqueous ammonia (2 mL), triethylamine (3.64 mmol, 0.5 mL) were
added to DMF (20 mL), the reaction mixture cooled to 0 °C and
to this was added dropwise 3,5-bis(trifluoromethyl)benzenesulfonyl
chloride (0.5 g, 1.6 mmol). The reaction mixture was stirred at
room temperature for 16 h and to this was added 300 mL distilled
water. The basic reaction mixture was acidified to pH 2 by addition
of concentrated HCl causing the product to precipitate out of solu-
tion. The off-white precipitate 10 (0.46 g, 98 %) was collected by
filtration; m.p. 184.5–185 °C. IR (KBr): ν̃max = 3356, 3262, 3097,
3067, 1862, 1833, 1626, 1531, 1457, 1324, 1197 and 907. 1H NMR
(400 MHz; [D6]DMSO, 22 °C): δ = 8.46 (s, 1 H, 4-H), 8.40 (s, 2 H,
2-H), 7.79 (s, 1 H, NH2) ppm. 13C NMR (100 MHz; [D6]DMSO,

22 °C): δ = 147, 131, 127, 124.6, 121.9 ppm. LRMS (ES+): m/z =
294 [M + H]+. HRMS: m/z for C8H4NO2F6S (M–) calcd. 291.9867;
found 291.9864.

Acid 9 (370.5 mg, 0.98 mmol) was dissolved in a 50:50 mixture of
dichloroethane:tert-butyl alcohol (20 mL) and to this stirred sus-
pension was added DMAP (360 mg, 2.95 mmol), EDCI (472 mg,
2.46 mmol) and 3,5-bis(trifluoromethyl)benzenesulfonamide (10)
(200 mg, 0.68 mmol). The reaction mixture was stirred for 72 h at
room temperature and after this time Amberlyst 15 anion exchange
resin (2 g) was added and the mixture was diluted with ethyl acetate
(10 mL). This mixture was stirred for a further 2 h and sub-
sequently passed through a plug of silica gel and washed with ethyl
acetate. The filtrate was collected and solvent removed in vacuo.
The crude product was purified by flash chromatography (98%
dichloromethane/2% methanol) to give product 7 (187 mg, 43%)
as an off white solid, m.p. 241.5–242.3 °C. IR (KBr): ν̃max = 3450,
3318, 3093, 2927, 1667, 1608, 1553, 1471, 1380, 1353, 1179, 888,
844 and 682. 1H NMR (400 MHz, CD3CN, 22 °C): δ = 9.37 (s, 1
H, Amide N–H), 8.61 (s, 1 H, 2-H), 8.52 (s, 2 H, 2��-H), 8.33 (s, 2
H, 2�-H), 8.13 (d, JH,H = 7.6 Hz, 1 H, 6-H), 8.09 (s, 1 H, 4��-H),
7.96 (d, JH,H = 7.6 Hz, 1 H, 4-H), 7.69 (s, 1 H, 4�-H), 7.39 (t, JH,H =
7.6 Hz, 1 H, 5-H) ppm. 13C NMR (100 MHz; [D6]DMSO, 22 °C): δ
= 169, 166, 148, 141, 138, 133, 132, 130, 128, 127.9, 127.6, 124.7,
124.4, 123.9, 122, 121.7, 120, 116 ppm. LRMS (ES–): m/z = 651
[M – H]–. HRMS: m/z for C24H11N2O4F12S (M–) calcd. 651.0248;
found 651.0242.

CCDC-796511 contains the supplementary crystallographic data
for 5. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Supporting Information (see footnote on the first page of this arti-
cle): Full experimental procedures, characterisation data, NMR
stack plots and rate plots.
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a b s t r a c t

We have screened a range of simple N-aryl and N-heteroaryl pyrrolidine amide organocatalysts incorpo-
rating N-pyridyl and N-quinolinyl groups in the synthetically useful aldol reaction of isatin with acetone.
The ‘reverse amide’ N-pyridyl pyrrolidinylmethyl amide catalysts proved highly catalytically active but
gave disappointing enantioselectivities. However, an N-3-pyridyl prolinamide catalyst gave the aldol
adduct in high yields and high enantioselectivity with up to 72% ee of the (S)-isomer. Conditions were
optimised for this catalyst and in particular an additive screen identified a link between the pKa of the
acid additive and the yield and enantioselectivity. An N-arylsulfonamide prolinamide was also identified
as a catalyst for this reaction giving the (R)-enantiomer in 68% ee.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The synthesis of natural products remains a significant chal-
lenge for synthetic organic chemists and is an area which requires
continuing attention. In particular, compounds based on the indole
substructure appear in many natural products and drug molecules.
More specifically, oxindoles, which possess a carbonyl group at the
2-position of the 5 membered ring and a stereogenic quaternary
carbon centre at the 3-position of this ring, are present in a number
of natural products including biologically active alkaloids and
pharmacological agents.1–11 As a result, many techniques have
been used to synthesise compounds bearing the aforementioned
functionality with particular interest in the enantioselective addi-
tion to the 3-position.12–17

The aldol addition of ketones to substituted and unsubstituted
isatins would appear to be a simple and suitable route towards
these important biological compounds (Scheme 1).18–21 In addi-
tion, the biological activity of oxindoles may be linked to the con-
figuration at the stereogenic centre, creating a need to develop
enantioselective methods for their synthesis.19

There has been renewed interest in the organocatalyst pro-
moted aldol reaction,22–27 in particular due to the discovery that
proline is a successful catalyst for this reaction.28–30 This discovery
has pushed the resurgence of organocatalysis and has allowed pre-
viously difficult reactions to be successfully accomplished in a ster-
eoselective manner.31–35

Some examples of biologically active products generated from
the aldol reaction of ketones to isatins include convolutamydines
A–E and 3-cycloalkanone-3-hydroxy-2-oxindoles36–38 (Fig. 1). An
organocatalyst promoted stereoselective aldol reaction for the syn-
thesis of these compounds is highly attractive and prompted us to
investigate this further.20,38

Since 2005 work has been conducted by a number of research
groups with the common aim of designing the successful organo-
catalytic enantioselective reactions of isatin and isatin derivatives
with ketones.16,20,21,39,40 Overall, this work has produced varied
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Scheme 1. Aldol reaction of acetone with isatin.
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results and there still exists a strong need to develop new, success-
ful, catalytic systems for this reaction.

In response to this challenge, we designed a library of catalysts
and tested them in the aldol reaction of isatin with acetone. We
chose this reaction as a model for other more complex syntheses
towards larger natural products due to the commercial availability
of the starting materials and also the challenging nature of this
reaction which would give us a good indication of our catalysts
performance; herein we report our results.

2. Results and discussion

In order to design potential catalysts for the aldol reaction of
isatin and acetone, we considered natural enzymatic processes.
Many of these processes function through molecular recognition
between enzymes and substrates and many artificial systems have
been developed based on the enzyme–substrate model.41 In 2006,
Gong and co-workers studied an organocatalytic system based on
an artificial molecular recognition system.42 They applied the dis-
covery by Hamilton and co-workers that an N-pyridyl amide was
a suitable group to bind a carboxyl molecule43 and in doing so
developed a successful series of hydrogen bond donating organo-
catalysts for the aldol reaction of a-keto acids with acetone. Our
interest also lies in the application of key artificial receptor motifs
as organocatalysis.

Therefore, we wanted to apply a similar strategy to the aldol
reaction of isatin with acetone by designing a number of chiral
amide based catalysts incorporating N-pyridyl and N-quinolinyl
groups. We hoped to exploit cooperatively the hydrogen bond
donating and accepting properties of such catalysts. We envisioned
that the hydrogen bond donating amide N–H group would bind to
and activate the isatin ketone group while concurrently the hydro-
gen bond accepting pyridine moiety could form hydrogen bonds
with the isatin amide N–H group. A cooperative effect of both

could serve to enhance binding effects and improve reaction rate
and enantioselectivity.

2.1. Pyrrolidinylmethyl amide ‘reverse amide’ based catalysts

We initially designed and created a series of pyrrolidinyl methyl
amide based catalysts 1–4 (Fig. 2). Each of these catalysts con-
tained the ‘reverse amide’ group when compared to typical proli-
namide catalysts. The combination of this functionality with the
hydrogen bond accepting pyridine group in a single molecule
was expected to be of a suitable size and shape to bind the reaction
intermediates by hydrogen bonding and thereby impart stereose-
lectivity to the product.44 We postulated that the larger distance
between the amide N–H and the enamine formed at the amine
N–H as well as the inherent increased flexibility of these groups
compared to the pyridine carboxyl group may result in a good
hydrogen bonding fit for isatin.

The ‘reverse amide’ catalysts were synthesised in four steps
with moderate yields starting from commercially available L-pro-
line. We used a borane reduction step originally devised by Brown
and Heim45 and recently used by Wang et al. in the case of the Cbz
protected analogue, to convert the Boc-amide to the Boc-amine.46

A modified work-up procedure, which included the azeodistillation
of the borane salts was employed for the acid-sensitive Boc-amine
product.47 This amine was used without further purification for
ethyl chloroformate coupling with the appropriate pyridine car-
boxylic acid and subsequent purification followed by Boc-depro-
tection to yield the pyrrolidine catalysts 1–4.

The results for catalysts 1–4 are presented in Table 1. In all
cases, the absolute configuration of the aldol product was assigned
through comparison of the specific rotations with the reported va-
lue16 and of our HPLC chromatograms, based on triplicate analysis,
with those in the literature.19–21,39 In general, these catalysts were
highly catalytically active at the expense of enantioselectivity; a
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maximum ee of 32% was obtained for catalyst 2. After testing a
number of acidic additives and also water, we concluded that
AcOH was the most successful additive enhancing both the reac-
tion rate and enantioselectivity. Attempts to improve the enanti-
oselectivity of the most reactive catalyst 3 by varying the
temperature, additive, catalyst loading and stoichiometry proved
unsuccessful. However, the solvent was found to have the most
significant effect on the configuration of the product and its enanti-
oselectivity. When the reaction was conducted in non-polar tolu-
ene as a solvent, the (S)-enantiomer was formed preferentially;
however, the (R)-product was obtained when using the polar apro-
tic DMF solvent (Table 1, entries 11–14).

2.2. Prolinamide based catalysts

With the limited success of our ‘reverse amide’ pyrrolidine
catalysts, we subsequently synthesised and screened a series of
prolinamide catalysts derived from aminopyridines and amino-
quinolines.27,42,43,48 The synthesis was achieved through the cou-
pling of Boc-proline to an aminopyridine or aminoquinoline;
subsequent Boc-deprotection yielded prolinamide catalysts 5–12
in good yields.49

These catalysts were tested in the reaction of isatin with ace-
tone under similar conditions as used for the pyrrolidine catalysts;
however, a 20 mol % catalyst loading was used in this screen due to
a general improvement in results when using this loading for the
previous screen. The 2-aminopyridine derivative 5 and its picoline
derivative 6 yielded disappointing results; 11% and 15% ee of the
(R)-product, respectively, with long reaction times (Table 2, entries
1 and 2). The C2-symmetric bis-prolinamide catalyst 12 gave im-
proved results, however, the ee was still at a moderate level of
47% in favour of the (S)-product. The position of the nitrogen in
the ring proved to have the most pronounced effect on both the

yield and enantioselectivity. Overall, the 3- and 4-aminopyridinyl
catalysts 7 and 8 and the 3-aminoquinolinyl catalyst 10 provided
the best results (Table 2, entries 3–9, 14 and 15). As with the pre-
vious series, the use of common aldol additives enhanced yield and
enantioselectivity.22,50 In general, the inclusion of 20 mol % AcOH
and a reduction in temperature to �20 �C resulted in improved
yield and ee values.21,51 The addition of an appropriate quantity
of H2O was also effective at improving the ee (Table 2, entries 8
and 9), but it decreased the reaction rate. This has previously been
observed for proline-based catalysts.18,40,52 The 4-aminopyridine
derivative 8 proved slightly inferior to 7 in terms of both yield
and ee, in particular when H2O was used as an additive. Both 7
and 8 were far superior to the 2-aminopyridine derivatives 5 and
6 and the 2- and 8-aminoquinoline derivatives 9 and 11.

In the reaction of isatin with acetone catalysed by 7 with H2O
and AcOH, the enantioselectivity of the product increased slightly
as the reaction progressed. This phenomenon has been previously
observed and reported for this aldol reaction using a dipeptide
based catalyst and was ascribed to the formation of diastereomeric
complexes between the catalyst and product.52

2.3. Hydroxyprolinamide based catalysts

Previous success with hydroxyproline catalysts in aldol reac-
tions motivated us to investigate this functionality.53 We based
our bifunctional hydroxyprolinamide catalysts on our most suc-
cessful catalysts to date (catalyst 7) and examined the effect of
the additional stereogenic centre, a benzyloxy group (catalyst 13)
and the unprotected hydroxyl group (catalyst 14). Catalyst 13
was synthesised in 4 steps with moderate yield starting with N-
Boc-trans-4-hydroxy-L-proline methyl ester and 14 was prepared
in 3 steps in an analogous way to the synthesis of 5–12. The benzyl
protected catalyst 13 produced the (S)-product in 54% ee using

Table 1
Aldol reaction of isatin with acetone catalysed by pyrrolidine catalysts 1–4a

N
H

O

O
O

N
H

O

HO

O

10 mol% 1-4

20 mol% AcOH or
40 equiv H2O,

+

temp

Entry Catalyst Additive Temp (�C) Time (h) Yieldb (%) eec (%) Config

1 1 — rt 44 85 22 (R)
2 1 — �20 63 95 26 (R)
3 1 AcOH rt 16.5 70 18 (R)
4 1 AcOH �20 15 98 30 (R)

5 2 AcOH �20 18 95 32 (R)
6 2d AcOH �20 11 97 31 (R)
7 2 TFA rt 120 52 10 (R)
8 2 p-TSA rt 120 <10 8 (R)

9 3 (20) AcOH �20 14 Quant 7 (S)
10 3 (30) H2O �20 6 92 8 (R)
11 3e (20) AcOH �20 18 85 18 (S)
12 3f (20) AcOH �20 16 87 21 (R)
14 3f,g (20) AcOH �20 135 31 24 (R)

15 4 — rt 44 84 6 (S)

a All reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone at the temperature specified with 10 mol % catalyst loading unless catalyst loading is specified
in parentheses in the Table. In cases where the additive was employed, 20 mol % acid or 40 equiv H2O were used. TLC and HPLC were used to monitor the progression of the
reaction.

b Isolated yield.
c Determined by chiral HPLC.
d 0.3 mL Acetone used.
e Toluene solvent (2 mL) used with 1 mL acetone.
f DMF solvent (2 mL) used with 1 mL acetone.
g Two equivalents (0.044 mL) acetone used.
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20 mol % catalyst loading and 40 equiv H2O at �20 �C (Table 2, en-
try 22). The unprotected hydroxy proline derivative 14 furnished
product the (S)-product in up to 58% ee, using the same conditions
(Table 2, entry 24). Therefore, the incorporation of a second func-
tional group and stereogenic centre into the prolinamide catalyst
resulted in a slight reduction in ee.

With the screening results in hand, we identified catalyst 7 as
the catalyst with the most potential for the reaction. We subse-
quently undertook a study to optimise the reaction conditions
and hence improve the yield and enantioselectivity further.

2.4. Variation of acid additive

Having observed the positive effect of AcOH as an additive on
the yield and enantioselectivity in our preliminary studies we con-
sidered the effect of the strength of the acid additive. We tested a
range of additives across a pKa range of �2 to 16 (literature values)
and found a correlation between the pKa of the acid additive and
the enantioselectivity (Table 3 and Fig. 3).54,55 Interestingly, a plot
of pKa versus enantioselectivity gave a curve resembling a pH titra-
tion curve. The ee appeared to rise sharply and linearly between
additive pKa 2–6. A plateau was reached at pKa 7 after which an
essentially constant ee value was obtained regardless of the pKa

of the additive; (Fig. 3). A correlation between the pKa of the addi-

Table 2
Aldol reaction of isatin with acetone catalysed by prolinamide catalysts 5–14a

N
H

O

O
O

N
H

O

HO

O

20 mol% 5-14
20 mol% additive or
40 equiv H2O
temp

+

Entry Catalyst Additive Temp (�C) Time (h) Yieldb (%) eec (%) Config

1 5 — rt 168 80 11 (R)

2 6 — rt 168 74 15 (R)

3 7 — rt 17 98 55 (S)
4 7 — �20 32 96 57 (S)
5 7 AcOH rt 15 92 60 (S)
6 7 AcOH �20 30 95 66 (S)
7 7 AcOHd �20 37 84 66 (S)
8 7 H2Oe �20 37 76 58 (S)
9 7 H2O �20 37 72 69 (S)

10 8 AcOH �20 22 89 65 (S)
11 8 H2O �20 24 87 54 (S)

12 9 AcOH �20 504 <20 17 (R)
13 9 H2O �20 312 <20 7 (S)

14 10 AcOH �20 50 71 64 (S)
15 10 H2O �20 44 89 66 (S)

16 11 AcOH �20 44 76 13 (R)
17 11 H2O �20 60 75 5 (R)

18 12(10) AcOH �20 88 81 47 (S)
19 12 AcOH �20 88 99 39 (S)
20 12 H2O �20 88 99 43 (S)

21 13 AcOH �20 90 77 50 (S)
22 13 H2O �20 90 79 54 (S)

23 14 AcOH �20 15 85 44 (S)
24 14 H2O �20 17 87 58 (S)

a All reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone at the temperature specified with 20 mol % catalyst loading unless the catalyst loading is
specified in parentheses in the Table. In cases where the additive was employed, 20 mol % AcOH or 40 equiv H2O was used unless otherwise specified. TLC and HPLC were
used to monitor the progression of the reaction.

b Isolated yield.
c Determined by chiral HPLC.
d 40 mol % AcOH used.
e 6.6 equiv H2O used.

Table 3
Variation of the acid additive and relationship between pKa of additive and ee of (S)-
product for 7 catalysed reactiona

N
H

O

O
O

N
H

O

HO

O

20 mol% 7

20 mol% additive,
-20oC

+
O

Entry Additive Additive pKa Time (h) Yield (%) ee (%)

1 p-TSA �1.34 88 52 13
2 TFA 0.26 12 97 12
3 ClCH2COOH 2.85 6 98 37
4 HCOOH 3.75 14 94 58
5 PhCOOH 4.21 14 90 63
6 AcOH 4.76 65 95 66
7 4-NO2-phenol 7.14 78 84 69
8 4-Cl-phenol 9.38 89 85 70.5
9 Phenol 9.94 89 80 71
10 Methanol 15 89 77 69
11 Water 15.7 32 96 57

a Unless otherwise noted, all reactions for the acid additive study were conducted
using 20 mol % catalyst loading of 7 at �20 �C with 20 mol % of additive. TLC and
HPLC were used to monitor the progress of the reaction. Literature pKa data, as
measured in water.56
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tive and the reaction rate and yield was also observed. It was noted
that the reaction proceeded at a slower rate when using additives
with pKa values >6 (Table 3, entry 6 vs entries 8 and 9). Addition-
ally, an increase in ee was observed at the expense of product yield.
It could, therefore, be said that the optimum acid additive for yield
and enantioselectivity should have a pKa value of approximately
4.0–6.0. Water as an additive at 20 mol % was found to be an
exception to the aforementioned trends resulting in lower ee and
higher yield than expected based on its pKa of 15.7 (Table 3, entry
11). It should be noted, however, that the quantity of water present
in the media has been demonstrated to be critical to the level of
enantioselectivity.52 A quantity of 40 equiv (4000 mol %) has been
found to be optimum by us and also reported in the literature.52

Additionally, above the optimum level, water was shown to have
a negative effect on the enantioselectivity of the reaction.52

2.5. Variation of solvent

We conducted a detailed study to investigate the effects of vary-
ing the reaction solvent (Table 4). Due to the similar performance
of 7 using AcOH or 40 equiv H2O as additive, we conducted the sol-
vent study for both additives independently. We tested a range of
solvents of varying polarities and in the case of the AcOH additive,
found that a marginally higher ee value could be obtained when
the reaction was conducted in non-polar CHCl3 or CH2Cl2 (Table 4,
entries 7 and 8) but this came at the expense of the reaction yield.
However, using H2O as an additive, the reaction in acetone was
found to be marginally superior in terms of ee when compared
to the use of alternative reaction solvents. When relatively non-po-
lar solvents were used, an increase in reaction yield was observed
in hexane and CHCl3, however, significantly longer reaction times
were required (Table 4, entries 9–16).

2.6. Optimisation of the reaction conditions

We finally attempted to further optimise conditions for 7. We
studied the effects of catalyst loading, temperature and additive
loading. Overall, our best results in terms of enantioselectivity
were obtained using 30 mol % loading of catalyst in the presence
of 40 equiv H2O at �20 �C for 37 h, producing the (S)-product in
a yield of 88% and 72% ee (Table 5, entry 5).52 It was noted that
the reaction with the AcOH additive proceeded with marginally
less enantioselectivity and improved yield; however, reactions
using water were slower but provided higher enantioselectivities.
To compare our catalysts with related organocatalysts, (S)-proline
gave 33% ee while Tomasini et al. obtained 73% ee for their proline
dipeptide catalyst39 and up to 86% ee in the presence of H2O.52 Xiao
et al. obtained up to 88% ee at �50 �C,21 while Nakamura et al. pro-
duced 3% ee from their N-heteroarylsulfonamide catalyst but 95%
ee for the reaction of acetone with 4,6-dibromoisatin.18 In general,
organocatalysts have been found to give better enantioselectivities
with 4,6-dibromoisatin compared to isatin itself.18,19,40 A highly
efficient enantioselective example of this reaction was reported
by Malkov et al. with up to 94% ee being obtained for an amino
alcohol catalyst.16 Chen et al. obtained a product in up to 67% ee
using a carbohydrate derived alcohol catalyst.57 It is worth noting
that the work reported herein represents an extension of the scope

Figure 3. Relationship between the pKa of the additive and ee of the product using
20 mol % catalyst 7 and 20 mol % additive.

Table 4
Variation of solvents in reaction catalysed by 7a

N
H

O

O
O

N
H

O

HO

O
20 mol% 7
1 mL acetone

20 mol% AcOH or
40 equiv H2O
2mL solvent, -20oC

+

Entry Solvent Additive Time (h) Yield (%) ee (%)

1 Acetone AcOH 65 95 66
2 Toluene AcOH 22 91 66
3 DMF AcOH 61 78 54
4 Dioxane AcOH 42 85 64
5 THF AcOH 48 78 64
6 Hexane AcOH 38 96 58
7 CH2Cl2 AcOH 46 82 68.5
8 CHCl3 AcOH 40 80 69

9 Acetone H2O 37 72 69
10 Toluene H2O 108 72 63
11 DMF H2O 108 85 61
12 Dioxane H2O 13.5 97 50
13 THF H2O 41 92 63
14 Hexane H2O 88 98 68
15 CH2Cl2 H2O 108 68 66
16 CHCl3 H2O 90 85 68

a Unless otherwise noted, all of the reactions for the solvent study were con-
ducted using 20 mol % catalyst loading of 7 at �20 �C with either 20 mol % AcOH or
40 equiv H2O additive to give excess of the (S)-product. TLC and HPLC were used to
monitor the progress of the reaction.

Table 5
Variation of the conditions and additives in the reaction of isatin and acetone
catalysed by 7a

N
H

O

O
O

N
H

O

HO

O

x mol% 7

20 mol% AcOH or
40 equiv H2O,
temp

+

Entry Loading Additive Temp (�C) Time (h) Yield (%) ee (%)

1 30 AcOH rt 15 95 60
2 30 AcOH �20 37 95 63
3 30 AcOHb �20 37 84 69
4 20 H2Oc �20 37 76 58
5 30 H2O �20 37 88 72
6 30 H2Od �20 37 87 72
7 40 H2O �20 33 68 69

a Unless otherwise noted, all of the reactions for the catalyst optimisation study
were conducted using 30 mol % catalyst loading of 7 with either 20 mol % AcOH or
40 equiv H2O additive to yield an excess of (S)-product. TLC and HPLC were used to
monitor the progress of the reaction.

b 40 mol % AcOH used.
c 6.6 equiv H2O used.
d One millilitre acetone used.
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of catalyst 7 from the enantioselective aldehyde:ketone to ketone:-
ketone aldol reactions.

2.7. Structural considerations

Our studies identified several key structural design parameters
that were critical with regard to the yield and enantioselectivity.
The results indicate that the position of the pyridyl nitrogen was
important for achieving high yield and enantioselectivity. The loss
of enantioselectivity in the 2-pyridyl catalyst is possibly due to
electron repulsion between the lone pair of electrons in the pyri-
dine nitrogen and the non-hydrogen bonded carbonyl group of
isatin upon hydrogen bonding of the reactive carbonyl with the
amide N–H. This repulsion may not arise when the N lies at the
3- or 4-position in the pyridyl ring. The pKa of the acid additive
was also key with regard to the yield and enantioselectivity. A loss
in enantioselectivity seems to occur when an additive with a pKa

lower than 4 is employed. Using an acid with a lower pKa could
lead to possible protonation of the pyridine nitrogen and/or accel-
eration of the direct reaction of acetone with isatin, which could
account for the loss of selectivity. Water may alternatively be used
as an additive for 7, with 40 equiv at �20 �C giving the highest
enantioselectivity.

In order to study the effect of the pyridine N in the ring and
hence determine the potential mode of action of 7, catalyst 15
(Fig. 4), in which a phenyl ring was used in place of a pyridine ring,
was prepared. We obtained a relatively high ee of 65% using
30 mol % loading and 40 equiv water additive at �20 �C; however,
the reaction was considerably slower with catalyst 15 compared to
7 (Table 6, entry 3).

In order to assess the role of the amide N–H proton, prolinamides
16 and 17 (Fig. 4) were synthesised from proline coupled to the
appropriate methylamine. As expected, the 4-methylaminopyridine
prolinamide catalyst 16 failed to catalyse the reaction (Table 6, entry
4). In the case of the methylaniline prolinamide derivative 17, the
product was obtained in good yield while the enantioselectivity
was significantly lower and the opposite enantiomer was obtained
(Table 6, entry 5), indicating a loss of special fit.

Therefore, we suggest that in the case of aminopyridine and
aminoquinoline based catalysts, the relative position of the amino
group and the pyridine nitrogen atom has a major impact on the
enantioselectivity of the reaction. The presence of N in the ring is
not crucial, however, as the aniline derived prolinamide 15 also
catalysed the reaction, albeit with lower enantioselectivity. In both
cases the amide N–H was necessary to obtain high yields and
enantioselectivity.

With a relatively high ee obtained using the aniline derived cat-
alysts, we also considered catalysts 18 and 19 (Fig. 4) with en-
hanced N–H acidities compared to 15. Catalyst 18 was derived
from proline coupled to 3,5-bis(trifluoromethyl)aniline and 19 de-
rived from 3,5-bis(trifluoromethyl)benzenesulfonamide.53,58–60

Previously, our group reported acidic amides and N-acyl sulfona-
mides as successful acidic anion receptors and organocatalysts
for the Baylis–Hillman reaction; therefore, we were interested in
studying the effects of increased N–H acidity on this reaction.61

The results for these acidic catalysts, in particular 19, (the acidity
of such a compound would be expected to be similar to carboxylic
acids)62,63 were surprising. Catalyst 18 furnished the aldol product
in high yield and with up to 71% ee of the (S)-product using the
previously determined optimum conditions (Table 6, entry 8). This
result is very similar to the optimum catalyst 7 under the same
conditions, however, the latter catalyst produced a higher yield

Figure 4. Catalysts synthesised and tested for mechanistic investigations.

Table 6
Aldol reaction of isatin with acetone catalysed by catalysts 15–19a

N
H

O

O
O

N
H

O

HO

O

x mol% 15-19

20 mol% AcOH or
40 equiv H2O,
-20oC

+
N
H

O

O
O

+

Entry Catalyst Cat loading (mol %) Additive Time (h) Yieldb (%) eec (%)

1 15 20 — 91 90 58
2 15 20 AcOH 91 92 61
3 15 30 H2O 91 89 65

4 16 20 AcOH 336 Trace -

5e 17 20 AcOH 12 99 46e

6e 17 30 H2O 12 96 37e

7 18 20 AcOH 39 85 69
8 18 30 H2O 39 71 71

9e 19 20 AcOH 37 92 68e

10d,e 19 20 AcOH 37 87 68e

11e 19 20 H2O 37 32 3e

a Unless otherwise noted, all reactions were conducted with 0.3 mmol of isatin and 2 mL of acetone at �20 �C to yield an excess of (S)-product. Unless otherwise noted,
20 mol % AcOH was used and 40 equiv H2O; TLC and HPLC were used to monitor the progress of the reaction.

b Isolated yield.
c Determined by chiral HPLC.
d 40 mol % AcOH used.
e The (R)-product was obtained as the major enantiomer.
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(Table 5, entry 5 vs Table 6, entry 8). Catalyst 17 was observed to
give the opposite enantiomer [the (R)-product] in 68% ee using
20 mol % catalyst loading with 20 mol % AcOH (Table 6, entry 9).

2.8. Substrate scope

The final study undertaken was a substrate scope of our most
successful catalyst 7. We examined a number of substrates using
catalyst 7 and the optimum catalyst conditions as obtained from
our previous studies. The reaction of N-benzylisatin with acetone
produced the (S)-product in 61% ee after 44 h (Table 7, entry 1).
This result has implications for the binding to the N–H of isatin
which will be discussed below. We tested the reaction of isatin
with 2-butanone and obtained the product in good ee and regiose-
lectivity with 52% ee of the major product, 9:1 regioselectivity in
favour of C–C bond formation at the less substituted methyl group
(Table 7, entry 2).64 We also attempted the reaction of isatin with
cyclohexanone, but were unsuccessful in assessing the perfor-
mance of this difficult substrate due to the formation of many
products, which proved to be inseparable from the desired and bio-
logically active product.38 We also studied the reaction of isatin
and N-benzylisatin with acetaldehyde (Table 7, entries 4 and 5).
We deviated from our prescribed conditions in these cases and fol-
lowed a previously reported method.65 We observed the formation
of the product from both reactions. It has been previously reported
that isatin was inactive with acetaldehyde when the highly suc-
cessful 4-hydroxydiarylprolinol was used as a catalyst.65 We ob-
tained the product (R)-product in 39% ee for the isatin reaction
and in 33% ee for the reaction of the acetaldehyde with N-
benzylisatin.

2.9. Mechanistic considerations

We postulate that a combination of hydrogen bonding and p–p
stacking of the aromatic rings of our catalysts with isatin is respon-
sible for the observed catalytic activity and enantioselectivity. Ini-
tially, we suggest that the acid additive promotes the reaction of
the catalyst with acetone to form a reactive enamine intermediate.
In the case of aminopyridine and aminoquinoline based catalysts,
the relative position of the amino group and the pyridine nitrogen
atom had a major impact on the enantioselectivity of the reaction.

With catalyst 7, it is possible to envisage p-stacking of isatin in
the enamine modified catalyst cleft. The hydrogen bonding of isat-
in C@O with the catalyst N–H could facilitate enamine attack on
the Re face of the isatin C@O leading to the (S)-product. An addi-
tional hydrogen bond is possible between isatin and the pyridyl

N-atom, but clearly it is not as important as was shown with
results using the aniline derived catalyst 15, albeit with lower
enantioselectivity and longer reaction time. The relatively high ee
found for N-benzylisatin with 7 also suggests that binding to the
amide N–H of isatin may not play a significant role in the mecha-
nism. Similar interactions to 7 are possible with the structurally re-
lated aminoquinoline based catalyst 10.

The suggested interactions above are consistent with the results
for the hydroxyproline derived catalysts 13 and 14 where the
added stereogenic centre had only minor effects as the added
groups point away from the cleft. Furthermore, the importance of
hydrogen bonding to the amide group in 7 is supported by the re-
duced activity and enantioselectivity of the N-methylated catalysts
16 and 17 and the good results found for the activated amide in
catalyst 18.

The sulfonamide catalyst 19 gave high enantioselectivity to-
wards the (R)-product. With this catalyst, p-stacking of isatin in
the catalyst cleft could allow the formation of two hydrogen bonds,
one between the C@O on isatin and the sulfonamide N–H and the
other binding between the N–H on isatin and the S@O of the cata-
lyst, facilitating an attack on the Si face leading to the (R)-product.
In addition, when catalyst 19 was tested in the reaction of N-ben-
zylisatin with acetone, the (R)-product was formed with a slightly
lower ee compared to the reaction catalysed by 7. It is interesting
to note the low yield and enantioselectivity obtained when water
was used as an additive instead of AcOH; this may be due to the
deprotonation of the highly acidic sulfonamide N–H in this reac-
tion media forming a zwitterionic state which could inhibit enam-
ine formation.

With the ‘reverse amide’ catalysts, while the catalytic activity
was high, the enantioselectivity was poor and more variable be-
tween (R) and (S)-selectivity. With these catalysts, the extra carbon
can be expected to impart greater flexibility to the cleft site and the
high catalytic activity observed may be related to the reduced
steric strain involved during the enamine attack with these more
flexible catalysts. Considering catalyst 3, it is possible to envisage
p-stacking of isatin in the catalyst cleft, which facilitates two
hydrogen bonds between isatin and the amide group of the cata-
lyst. Due to the greater flexibility of the ‘reverse amide’, similar
complexes are possible by a conformational change leading to
either the (R)- or (S)-product. The results for 3 also highlight the
likely importance of the solvation in all these catalytic processes.

3. Conclusions

In conclusion, we have designed and tested a range of simple
organocatalysts for the synthetically useful reaction of isatin to
acetone. Our ‘reverse amide’ N-pyridyl pyrrolidinylmethyl amide
catalysts produced disappointing enantioselectivities but were
highly catalytically active. We achieved more success with our
N-pyridyl prolinamide and N-quinolinyl prolinamide catalysts
obtaining the (S)-isomer product in up to 72% ee. Conditions were
optimised and in particular an additive screen showed a link
between the pKa of the acid additive used and the yield and enanti-
oselectivity. A small substrate screen was carried out. Investiga-
tions into the mode of action of the most successful catalyst 7
also provided interesting results and led to the discovery of two
other catalysts, which may be applied to the reaction; the acidic
prolinamides 16 and 17. Thus one can choose the catalyst to use
based on the desired configuration of the product. Structural mod-
ifications were made to the catalysts and substrates to study the
catalytic action, and mechanisms are proposed for the catalytic
action based on p-stacking and hydrogen bonding of the substrate
in the catalyst cleft. Work is currently underway to apply these
catalysts to the enantioselective synthesis of biologically active
compounds.

Table 7
Substrate scope of catalyst 7 varying each component of the reactiona

Entry Isatin Ketone Time (h) Yieldb(%) eec(%)

1 N-benzyl Acetone 44 62 61
2 Isatin 2-Butanone 23 72 52
3 Isatin Cyclohexanone >100 —d —d

4 Isatin Acetaldehydee 48 85 39
5 N-benzyl Acetaldehydee 48 28 32

a Unless otherwise noted, all reactions for the substrate scope study were con-
ducted using 30 mol % catalyst loading of 7 with 40 equiv H2O additive at �20 �C to
give excess of the (S)-product.

b Isolated yield.
c Determined by chiral HPLC.
d Multiple products formed with product separation impossible.
e Reaction conducted using 30 mol % 7, 0.3 mmol isatin/N-benzylisatin, 5 equiv

CH3CHO, 17 mg chloroacetic acid at rt and reduced (NaBH4 reduction) to the alcohol
product prior to analysis with excess of the (R)-product. Absolute configurations
were assigned through comparison of the specific rotations and chiral chromatog-
raphy with literature data.
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4. Experimental section

4.1. General information

All commercial chemicals were obtained from Sigma and were
used as received unless otherwise stated. Flash chromatography
was conducted using 200–300 mesh silica gel. Nuclear Magnetic
Resonance (NMR) spectra were measured using a Joel ECX-400
spectrometer operating at 400 MHz for 1H NMR and at 100 MHz
for 13C NMR. Chemical shift values (d) are reported in ppm relative
to either TMS at 0.0 ppm or the NMR solvent peak. NMR data are
reported as follows: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), cou-
pling constant expressed in Hertz, integration, assignment of peak.
Chiral HPLC was conducted on HP 1050 HPLC using a chiral column
(Chiralpak AD-H or IA columns). Low resolution mass spectra were
performed using an Agilent 1200 series LC-MSD Trap XCT Ultra LC–
MS instrument and Varian Saturn 2000 GC/MS/MS with high reso-
lution mass spectrometry conducted using a Waters Xevo G2 Q-
TOF mass spectrometer. An external reference standard of Leucine
enkephalin was infused in order to confirm mass accuracy of the
HRMS data acquired. Melting points were measured on a Stuart
Scientific Melting point apparatus SMP3 and are uncorrected. Opti-
cal rotations were measured on an AA series polAAr 20 automatic
polarimeter. FTIR spectra were recorded on a Varian 660-IR FTIR
spectrometer and KBr discs were produced using a KBr press; Spe-
cac ATLAS T25.

4.2. General method for the synthesis of catalysts 1–4

To a suspension of the appropriate pyridine-carboxylic acid
(5 mmol) in dichloromethane (30 mL) was added EDCI (0.959 g,
5 mmol) and DMAP (0.611 g, 5 mmol) and this suspension was
stirred for 10 min. Next, Boc-pyrrolidinylmethyl amine (1 g,
5 mmol) was added slowly as a solution in dichloromethane
(20 mL) and the reaction mixture was stirred at room temperature
for 16 h. After this time, the solvent was removed in vacuo and the
product was purified by flash chromatography (hexane:ethyl ace-
tate gradient) eluting the Boc-protected catalysts as oily residues
in moderate yields. The Boc-deprotection was conducted as per
the general method.

4.3. General method for synthesis of catalysts 5–19

At first, Boc-L-proline (10 mmol, 2.15 g) was dissolved in dry
THF (30 mL) and treated with triethylamine (10 mmol, 1.01 g,
1.38 mL). The stirred reaction mixture was cooled to 0 �C and ethyl
chloroformate (1.09 g, 10 mmol) was added dropwise over 15 min.
After the mixture had been stirred for a further 30 min at 0 �C,
amine (10 mmol) was added slowly over 15 min. This reaction
mixture was stirred for 1 h at 0 �C, 16 h at room temperature and
heated at reflux for 3 h with the reaction monitored by TLC. The
mixture was subsequently diluted with ethyl acetate and the
TEA. HCl removed by filtration and the solvent removed from the
filtrate in vacuo. The resulting residue was dissolved in ethyl ace-
tate, washed with saturated aqueous ammonium chloride, dried
over MgSO4, filtered and evaporated. The crude product was puri-
fied by flash chromatography using ethyl acetate and petroleum
ether mixtures. The Boc-deprotection was conducted as per the
general method.

4.4. General method for the Boc-deprotection of 1–19

A solution of Boc-protected catalyst (5 mmol) in dichlorometh-
ane (5 mL) was cooled to 0 �C. To this chilled solution was added

dropwise trifluoroacetic acid (5 mL) and the reaction mixture stir-
red at room temperature for 2 h. After this time, the solvent and
excess TFA were removed in vacuo. The residue was redissolved
in dichloromethane (10 mL), neutralised with 5% NaOH and the
aqueous layer extracted with dichloromethane (5 � 15 mL). The
combined extracts were washed with saturated NaCl, dried
over MgSO4, filtered and the solvent removed in vacuo to yield cat-
alysts 1–19.

4.5. Catalysts 1–19

4.5.1. (S)-N-(Pyrrolidin-2-ylmethyl)picolinamide 1
Brown oil; yield: 258 mg, 43%; ½a�21

D ¼ þ27:6 (c 0.5, CH2Cl2);
mmax (KBr disc) 3379, 2963, 1664, 1529, 1269, 997, 750,
694 cm�1; dH (400 MHz, CDCl3) 8.54–8.57 (m, 1H, H-6), 8.44 (s,
br, 1H, amide N–H), 8.18 (d, J = 8.39 Hz, 1H, H-3), 7.81–7.87 (m,
1H, H-4), 7.39–7.44 (m, 1H, H-5), 3.59–3.66 (m, 1H, H-20), 3.31–
3.49 (m, br, 2H, CONH–CH2), 2.96–3.03 (m, 2H, H-50), 2.66 (s, br,
1H N–H), 1.45–2.0 (m, br, 4H, H-30 and H-40); dC (100 MHz, CDCl3)
166.3 (amide C@O), 149.1 (C-2), 148.5 (C-6), 137.4 (C-4), 126.6 (C-
5), 122.4 (C-3), 59.9 (C-20), 45.2 (C-50), 41.0 (CH2NH), 27.9 (C-30),
24.3 (C-40). m/z 205 (M+); HRMS (ESI): MH+, found 206.1298,
C11H16N3O requires 206.1293.

4.5.2. (S)-6-Methyl-N-(pyrrolidin-2-ylmethyl)picolinamide 2
Viscous yellow oil; yield: 330 mg, 32%; ½a�19

D ¼ þ26:6 (c 0.2,
CH2Cl2); mmax (KBr disc) 3379, 3290, 2959, 1662, 1593, 1406, 994,
761 cm�1; dH (400 MHz, CDCl3) 8.42 (s, br, 1H amide N–H), 7.95
(d, 1H, J = 7.63 Hz, H-3), 7.67 (t, 1H, J = 7.63 Hz, H-4), 7.23 (d, 1H,
J = 7.63 Hz, H-5), 3.52–3.54 (m, 1H, H-20), 3.25–3.42 (m, 2H,
CONH–CH2), 2.88–2.99 (m, 2H, H-50), 2.53 (s, 3H, Ar-CH3), 2.47 (s,
1H, N–H), 1.38–1.95 (m, 4H, H-30 and H-40); dC (100 MHz, CDCl3)
164.8 (amide C@O), 157.2 (C-6), 149.3 (C-2), 137.4 (C-4), 125.8
(C-5), 119.2 (C-3), 58.1 (C-20), 46.6 (C-50), 44.2 (CH2NH), 29.4 (C-
30), 25.8 (C-40), 24.3 (Ar-CH3); m/z 220 (M+); HRMS (ESI): MH+,
found 220.1455, C12H18N3O requires 220.1450.

4.5.3. (S)-N-(Pyrrolidin-2-ylmethyl)nicotinamide 3
Brown oil; yield: 450 mg, 53%; ½a�21

D ¼ þ22:6 (c 0.1, CHCl3); mmax

(KBr disc) 3407, 3066, 2968, 1655, 1545, 1420, 1133, 708 cm�1; dH

(400 MHz, CDCl3); 8.99 (d, J = 1.53 Hz, 1H, H-2), 8.61 (dd, J = 3.05
and 1.53 Hz, 1H, H-6), 8.05–8.09 (m, 1H, H-4), 7.89 (s, br, 1H, amide
N–H), 7.27–7.30 (m, 1H, H-5), 4.19 (s, br, 1H, aliphatic N–H), 3.31–
3.72 (m, 3H, H-20 and CONH–CH2), 3.03–3.10 (m, 2H, H-50), 1.50–
2.05 (m, 4H, H-30 and H-40). dC (100 MHz, CDCl3) 166.1 (amide
C@O), 151.9 (C-6), 148.3 (C-2), 135.3 (C-4), 129.6 (C-1), 123.3 (C-
3), 59.0 (C-20), 45.3 (C-50), 42.1 (CH2NH), 28.4 (C-30), 24.7 (C-40);
m/z 206 (MH+), 136, 106, 70; HRMS (ESI): MH+, found 206.1299,
C11H16N3O requires 206.1293.

4.5.4. (R)-N1-(6-Methylpyridin-2-yl)-N3-(pyrrolidin-2-
ylmethyl)isophthalamide 4

This catalyst was synthesised by first reacting mono-methyl
isophthalate with 2-amino-6-picoline and hydrolysis to produce
the appropriate carboxylic acid. This acid was coupled to previ-
ously synthesized Boc-pyrrolidine amine and Boc-deprotection re-
leased catalyst 4; colourless oil; yield: 500 mg, 38%; ½a�14

D ¼ þ19:0
(c 0.1, EtOAc); mmax (KBr disc) 3400, 3332, 2932, 1675, 1603,
1538, 1398, 1113 cm�1; dH (400 MHz, CDCl3) 8.89 (s, 1H, N–Hb);
8.34 (s, 1H, H-2), 7.93–7.98 (m, 1H, H-4), 7.87–7.93 (m, 2H, H-6
and H-30), 7.48–7.54 (m, 1H, H-5), 7.29–7.34 (m, 1H, H-40), 6.78–
6.82 (m, 1H, H-50), 6.08 (s, br, 1H, N–Ha), 3.67–3.76 (m, 1H, H-
200), 3.37–3.68, (m, 2H, CONH–CH2), 3.03–3.23 (m, 2H, H-500), 2.30
(s, 3H, Ar-CH3), 1.85–2.12 (m, 1H, H-300), 1.35–1.70 (m, 1H, H-300),
1.70–2.02 (m, 2H, H-400); dC (100 MHz, CDCl3) 167.8 (CONHCH2),
165.3 (CONH–Py), 156.9 (C-20), 150.8 (C-60), 138.8 (C-40), 134.3
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(C-3), 133.8 (C-1), 131.2 (C-6), 131.0 (C-4), 129.1 (C-5), 126.0 (C-2),
119.7 (C-50), 111.6 (C-30), 59.9 (C-100), 45.2 (CH2), 41.5 (C-500), 28.1
(C-300), 24.1 (C-400), 23.9 (Ar-CH3). m/z 339 (MH+). HRMS (ESI):
MH+, found 339.1823, C19H23N4O2 requires 339.1821.

4.5.5. (S)-N-(Pyridin-2-yl)pyrrolidine-2-carboxamide 542,66

Viscous brown oil; yield: 900 mg, 43%; mp = 48–51 �C;
½a�22

D ¼ �56:2 (c 0.4, EtOAc); dH (400 MHz, CDCl3) 10.20 (s, 1H,
amide N–H), 8.20–8.31 (m, 2H, H-6 and H-3), 7.65–7.72 (m, 1H,
H-4), 6.99–7.04 (m, 1H, H-5), 3.86–3.92 (m, 1H, H-20), 2.98–3.12
(m, 2H, H-50), 2.39 (s, br, 1H, aliphatic N–H), 1.98–2.25 (m, 2H,
H-30), 1.71–1.81 (m, 2H, H-40). dC (100 MHz, CDCl3) 174.0 (amide
C@O), 151.2 (C-2), 148.0 (C-6), 138.3 (C-4), 119.7 (C-5), 113.7 (C-
3), 61.0 (C-20), 47.3 (C-50), 30.9 (C-30), 26.1 (C-40); m/z 191 (M+).

4.5.6. (S)-N-(6-Methylpyridin-2-yl)pyrrolidine-2-carboxamide
642

Off-white solid; yield: 1.50 g, 66%; mp = 59–62 �C; ½a�22
D ¼ �40:2

(c 0.4, EtOAc); dH (400 MHz, CDCl3) 10.1 (s, br, 1H, N–H), 8.04 (d,
J = 8.2 Hz, 1H, H-3), 7.56 (t, J = 8.2 Hz, 1H, H-4), 6.86–6.89 (m, 1H,
H-5), 3.83–3.88 (m, 1H, H-20), 2.99–3.10 (m, 2H, H-50), 2.46 (s,
3H, Ar-CH3), 1.97–2.26 (m, 2H, H-30), 1.8 (s, br, 1H, aliphatic N–
H) 1.67–1.81 (m, 2H, H-40); dC (100 MHz, CDCl3) 174.4 (amide
C@O), 156.9 (C-6), 150.5 (C-2), 138.5 (C-4), 119.1 (C-5), 110.4 (C-
3), 61.0 (C-20), 47.3 (C-50), 30.9 (C-30), 26.2 (C-40), 24.2 (Ar-CH3);
m/z 205 (M+).

4.5.7. (S)-N-(Pyridin-3-yl)pyrrolidine-2-carboxamide 742,66

Colourless oil; yield: 1.15 g, 40%; ½a�18
D ¼ �65:8 (c = 0.1, CHCl3);

dH (400 MHz, CDCl3) 9.87 (s, br, 1H, amide N–H), 8.59 (d,
J = 2.75 Hz, 1H, H-2), 8.28- 8.32 (m, 1H, H-4), 8.21–8.25 (m, 1H,
H-6), 7.20–7.26 (m, 1H, H-5), 3.83–3.89 (m, 1H, H-20), 2.92–3.12
(m, 2H, H-50), 2.25 (s, br, 1H, aliphatic N–H), 1.97–2.25 (m, 2H,
H-30), 1.70–1.81 (m, 2H, H-40); dC (100 MHz, CDCl3) 174.3 (amide
C@O), 145.1 (C-4), 141.0 (C-6), 134.7 (C-2), 126.4 (C-5), 123.7 (C-
3), 61.1 (C-20), 47.5 (C-50), 30.8 (C-30), 26.4 (C-40); m/z 192 (MH+).

4.5.8. (S)-N-(Pyridin-4-yl)pyrrolidine-2-carboxamide 866

White solid; yield: 500 mg, 31%; mp = 171–173 �C;
½a�18

D ¼ �84:2 (c 0.2, CHCl3); dH (400 MHz, CDCl3) 9.93 (s, br, 1H,
amide N–H), 8.43–8.51 (m, 2H, H-2), 7.49–7.55 (m, 2H, H-3),
3.83–3.89 (m, 1H, H-20), 2.92–3.13 (m, 2H, H-50), 1.98–2.28 (m,
2H, H-30), 1.77 (s, br, 1H, aliphatic N–H), 1.68–1.88 (m, 2H, H-40);
dC (100 MHz, CDCl3) 174.6 (amide C@O), 150.8 (C-4), 144.6 (C-2),
113.4 (C-3), 61.2 (C-20), 47.5 (C-50), 30.8 (C-30), 26.4 (C-40); m/z
191 (M+).

4.5.9. (S)-N-(Quinolin-2-yl)pyrrolidine-2-carboxamide 9
Off-white solid; yield: 1.4 g, 49%; mp = 108.3–109.1 �C;

½a�14
D ¼ þ7:4 (c 0.1, CHCl3); mmax (KBr disc) 3347, 3213, 2967,

1678, 1499, 1233, 1105, 828 cm�1; dH (400 MHz, CDCl3) 10.43 (s,
br, 1H, amide N–H), 8.48 (d, J = 8.70 Hz, 1H, H-3), 8.16 (d,
J = 9.16 Hz, 1H, H-4), 7.86 (d, J = 8.70 Hz, 1H, H-8), 7.76 (d,
J = 9.16 Hz, 1H, H-5), 7.61–7.68 (m, 1H, H-7), 7.40–7.46 (m, 1H,
H-6), 3.88–3.95 (m, 1H, H-20), 3.04–3.15 (m, 2H, H-50), 2.01–2.30
(m, 2H, H-30), 2.15 (s, br, 1H, aliphatic N–H), 1.73–1.85 (m, 2H,
H-40); dC (100 MHz, CDCl3) 174.9 (amide C@O), 150.7 (C-2), 146.8
(C-b), 138.4 (C-4), 129.8 (C-7), 127.5 (C-5), 127.4 (C-8), 126.3 (C-
a), 124.9 (C-6), 113.9 (C-3), 61.1 (C-20), 47.4 (C-50), 30.9 (C-30),
26.2 (C-20); m/z 242 (MH+). HRMS (ESI): MH+, found 242.1297,
C14H16N3O requires 242.1293.

4.5.10. (S)-N-(Quinolin-3-yl)pyrrolidine-2-carboxamide 10
Brown paste; yield: 400 mg, 22%; ½a�17

D ¼ �20:0- (c 0.05, CHCl3);
mmax (KBr disc) 3354, 2969, 1686, 1523, 1490, 1369, 902, 751 cm�1;
dH (400 MHz, CDCl3) 10.11 (s, br, 1H, amide N–H), 8.83–8.85 (m,

1H, H-2), 8.75–8.77 (m, 1H, H-4), 8.0–8.04 (m, 1H, H-5), 7.77–
7.81 (m, 1H, H-7), 7.57–7.62 (m, 1H, H-6), 7.49–7.53 (m, 1H, H-
8), 3.91–3.97 (m, 1H, H-20), 3.0–3.20 (m, 2H, H-50), 2.01–2.31 (m,
2H, H-3’), 2.09 (s, 1H, aliphatic N–H), 1.75–1.85 (m, 2H, H-40); dC

(100 MHz, CDCl3) 174.4 (amide C@O), 145.2 (C-b), 144.0 (C-2),
131.4 (C-3), 128.8 (C-4), 128.2 (C-a), 128.1 (C-6), 127.7 (C-7),
127.1 (C-8), 123.0 (C-5), 61.1 (C-20), 47.5 (C-50), 30.9 (C-30), 26.5
(C-40); m/z 242 (MH+); HRMS (ESI): MH+, found 242.1297,
C14H16N3O requires 242.1293.

4.5.11. (S)-N-(Quinolin-8-yl)pyrrolidine-2-carboxamide 11
Brown viscous oil; yield: 1.8 g, 84%; ½a�24

D ¼ þ18:6 (c 0.1, CHCl3);
mmax (KBr disc) 3257, 2965, 1670, 1516, 1382, 1102, 824, 791 cm�1;
dH (400 MHz, CDCl3) 11.61 (s, br, 1H, amide N–H), 8.81–8.89 (m,
2H, H-2 and H-7), 8.12–8.16 (m, 1H, H-4), 7.48–7.56 (m, 2H, H-5
and H-6), 7.41–7.45 (m, 1H, H-3), 3.98–4.05 (m, 1H, H-20), 3.11–
3.21 (m, 2H, H-50), 2.08–2.33 (m, 2H, H-30), 2.18 (s, br, 1H, aliphatic
N–H), 1.71–1.90 (m, 2H, H-40); dC (100 MHz, CDCl3) 174.3 (amide
C@O), 148.6 (C-2), 139.2 (C-a), 136.1 (C-4), 134.5 (C-8), 128.1 (C-
b), 127.2 (C-6), 121.6 (C-5), 121.4 (C-3), 116.4 (C-7), 61.8 (C-20),
47.5 (C-50), 31.0 (C-30), 26.3 (C-40); m/z 242 (MH+); HRMS (ESI):
MH+, found 242.1296, C14H16N3O requires 242.1293.

4.5.12. (2S,20S)-N,N0-(Pyridine-2,6-diyl)dipyrrolidine-2-
carboxamide 1267

Off-white solid; yield: 800 mg, 21%; mp = 177.5–177.9 �C;
½a�20

D ¼ þ10:0 (c 0.1, CHCl3); dH (400 MHz, CDCl3) 9.97 (s, br, 2H,
amide N–H), 7.95 (d, J = 7.63 Hz, 2H, H-3), 7.70 (t, J = 7.63 Hz, 1H,
H-4), 3.78–3.87 (m, 2H, H-20), 2.9–3.13 (m, 4H, H-50), 1.62–2.25
(m, 10H, H-30, H-40 and aliphatic N–H); dC (100 MHz, CDCl3)
174.2 (amide C@O), 149.4 (C-2), 140.2 (C-4), 108.9 (C-3), 61.0 (C-
20), 47.3 (C-50), 30.8 (C-30), 26.2 (C-40); m/z 326 (MNa+), 304 (MH+).

4.5.13. (2S,4R)-4-(Benzyloxy)-N-(pyridin-3-yl)pyrrolidine-2-
carboxamide 13

Brown oil; yield: 95 mg, 29%; ½a�14
D ¼ �22:5 (c 0.05, CHCl3); mmax

(KBr disc) 3377, 2921, 1670, 1583, 1425, 1259, 806, 741 cm�1; dH

(400 MHz, CDCl3) 9.85 (s, 1H, amide N–H), 8.58–8.61 (m, 1H, H-
2), 8.28–8.31 (m, 1H, H-4), 8.19–8.23 (m, 1H, H-6), 7.20–7.38 (m,
6H, H-5 and aromatic benzyl protons), 4.41–4.52 (m, 2H, OCH2Ph),
4.12 (s, 1H, H-40), 4.03–4.09 (m, 1H, H-20), 3.20–3.25 (m, 1H, H-50),
2.76–2.82 (m, 1H, H-50), 2.55 (s, br, 1H, N–H), 2.47–2.56 (m, 1H, H-
30), 1.93–2.0 (m, 1H, H-30); dC (100 MHz, CDCl3) 173.7 (amide C@O),
145.1 (C-4), 141.0 (C-6), 138.0 (C-100), 134.6 (C-3), 128.6 (C-300),
127.9 (C-400), 127.7 (C-200), 126.5 (C-2), 123.7 (C-5), 80.5 (C-40),
70.8 (O–CH2–Ph), 60.4 (C-20), 52.8 (C-50), 36.3 (C-30); m/z 298
(MH+); HRMS (ESI): MH+, found 298.1559, C17H20N3O2 requires
298.1556.

4.5.14. (2S,4R)-4-Hydroxy-N-(pyridin-3-yl)pyrrolidine-2-
carboxamide 14

Orange solid; yield: 200 mg, 42%; mp = 142.5–143.2 �C;
½a�18

D ¼ �1:0 (c 0.1, CHCl3); dH (400 MHz, CD3OD) 8.77–8.81 (m,
1H, H-2), 8.26–8.29 (m, 1H, H-4), 8.08–8.14 (m, 1H, H-6), 7.37–
7.42 (m, 1H, H-5), 6.93 (s, 1H, amide N–H), 4.51 (s, 1H, H-40),
4.31–4.37 (m, 1H, H-20), 3.11–3.28 (m, 2H, H-50), 2.36–2.43 (m,
1H, H-30), 2.01–2.10 (m, 1H, H-30); dC (100 MHz, CD3OD) 161.8
(amide C@O), 144.3 (C-4), 140.8 (C-2), 127.8 (C-6), 124.0 (C-5),
118.2 (C-3), 71.1 (C-40), 59.8 (C-20, 54.2 (C-50), 39.0 (C-30); HRMS
(ESI): MH+, found 208.1089, C10H14N3O2 requires 208.1086.

4.5.15. (S)-N-Phenylpyrrolidine-2-carboxamide 1559

Off-white solid; yield: 250 mg, 29%; mp = 115.5–116.2 �C;
½a�19

D ¼ �62:0 (c 0.1, CHCl3); dH (400 MHz, CDCl3) 9.72 (s, br, 1H,
N–H), 7.59 (d, J = 7.79 Hz, 2H, H-2), 7.30 (t, J = 7.79 Hz, 2H, H-3),
7.04–7.10 (m, 1H, H-4), 3.80–3.85 (m, 1H, H-20), 2.92–3.10 (m,
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2H, H-50), 1.97–2.23 (m, 3H, H-30 and aliphatic N–H), 1.69–1.80 (m,
2H, H-40); dC (100 MHz, CDCl3) 173.6 (amide C@O), 138.0 (C-1),
129.0 (C-3), 124.0 (C-4), 119.3 (C-2), 61.1 (C-20), 47.4 (C-50), 30.8
(C-30), 26.4 (C-40); m/z 191 (MH+).

4.5.16. (S)-N-Methyl-N-(pyridin-4-yl)pyrrolidine-2-carboxamide
1666

Colourless oil; yield: 120 mg, 29%; ½a�14
D ¼ �90:0 (c 0.05, CHCl3);

dH (400 MHz, CDCl3) 8.07–8.10 (m, 2H, H-3), 6.75 (s, br, 1H, ali-
phatic N–H), 6.31–6.34 (m, 2H, H-2), 3.99–4.02 (m, 1H, H-20),
3.50–3.56 (m, 1H, H-50), 3.16–3.23 (m, 1H, H-50), 2.68–2.71 (m,
3H, N–CH3), 2.14–2.21 (m, 2H, H-30), 1.87–2.03 (m, 2H, H-40); dC

(100 MHz, CDCl3) 172.9 (C@O), 152.0 (C-1), 149.8 (C-3), 108.1 (C-
2), 63.1 (C-20), 48.6 (C-50), 31.3 (C-30), 26.3 (N–CH3), 23.8 (C-40);
m/z 206 (MH+).

4.5.17. (S)-N-methyl-N-phenylpyrrolidine-2-carboxamide 1768

Colourless oil; yield: 500 mg, 22%; ½a�14
D ¼ þ18:2 (c 0.1, CHCl3);

dH (400 MHz, CDCl3) 7.62 (s, br, 1H, aliphatic N–H), 7.28–7.34 (m,
2H, H-3), 7.21–7.27 (m, 1H, H-4), 7.13–7.18 (m, 2H, H-2), 3.86–
3.93 (m, 1H, H-20), 2.90–3.29 (m, 2H, H-50), 3.15 (s, 3H, N–CH3),
1.50–1.78 (m, 4H, H-30 and H-40); dC (100 MHz, CDCl3) 170.8
(C@O), 141.9 (C-1), 130.1 (C-3), 128.7 (C-4), 127.7 (C-2), 58.4 (C-
20), 46.7 (C-50), 38.0 (N–CH3), 30.4 (C-30), 25.4 (C-40); m/z 204 (M+).

4.5.18. (S)-N-(3,5-Bis(trifluoromethyl)phenyl)pyrrolidine-2-
carboxamide 1859

Pale yellow oil; yield: 230 mg, 17%; ½a�18
D ¼ �37:0 (c 0.05,

CHCl3); dH (400 MHz, CDCl3) 10.10 (s, br, 1H, amide N–H), 8.10
(s, 2H, H-2), 7.54 (s, 1H, H-4), 3.84–3.90 (m, 1H, H-20), 2.94–3.13
(m, 2H, H-50), 1.95–2.27 (m, 3H, H-30 and aliphatic N–H), 1.71–
1.79 (m, 2H, H-40); dC (100 MHz, CDCl3) 174.3 (amide C@O),
139.3 (C-1), 132.4 (C-3), 127.3, 124.6 (CF3), 121.9, 119.2 (C-2),
117.1 (C-4), 61.0 (C-20), 47.4 (C-50), 30.8 (C-30), 26.4 (C-40); m/z
327 (MH+).

4.5.19. (S)-N-(3,5-Bis(trifluoromethyl)phenylsulfonyl)-pyrrolid-
ine-2-carboxamide 19

A deviation from the general procedure was used to synthesise
this catalyst. The synthesis was achieved through EDCI coupling of
Boc-L-proline with the previously synthesized 3,5-bis(trifluoro-
methyl)benzylsulfonamide61 to give Boc-19; subsequent Boc-
deprotection produced 19; white solid; yield: 200 mg, 27%;
mp = 222.3–223.1 �C; mmax (KBr disc) 3447, 3187, 1622, 1361,
1310, 1279, 1128, 852 cm�1; dH (400 MHz, DMSO-d6) 8.30 (s, 2H,
H-2), 8.24 (s, 1H, H-4), 3.86 (t, J = 6.9 Hz, 1H, H-20), 2.94–3.14 (m,
2H, H-50), 2.06–2.12 (m, 1H, H-30), 1.62–1.83 (m, 2H, H-40), 1.62–
1.83 (m, 1H, H-30); dC (100 MHz, DMSO-d6) 13C NMR (100 MHz,
DMSO-d6) d = 173.0 (amide C@O), 148.3 (C-1), 130.7 (C-3), 128.2
(C-2), 124.9 (C-4), 122.1 (CF3), 62.4 (C-20), 45.8 (C-50), 29.4 (C-30),
23.7 (C-40); m/z 389 (M�H); HRMS (ESI): MH+, found 391.0551,
C13H13N2O3F6S requires 391.0551.

4.5.20. General procedure for the aldol reaction of isatin with
acetone21

The organocatalyst 20 mol % (0.06 mmol) and additive (either
40 equiv H2O or 20 mol % acid additive) were stirred in 2 mL anhy-
drous acetone for 10 min at the specified temperature. Isatin
(0.3 mmol, 44 mg) was subsequently added and the mixture was
stirred at the desired temperature for the specified time. The pro-
gression of the reaction was monitored by TLC and HPLC. Acetone
was subsequently removed in vacuo and the mixture was purified
by flash chromatography (petroleum ether:ethyl acetate 2:1). The
ee of the product was determined by chiral HPLC on the crude
reaction mixture.

4.5.21. (S)-3-Hydroxy-3-(2-oxopropyl)indolin-2-one 2021

The ee was determined on the crude reaction mixture using chi-
ral HPLC–Chiralpak ADH column, hexane/i-PrOH 70/30, flow rate
1 mL/min; tR = 7.0 min [(S)-isomer]; tR = 9.0 min [(R)-isomer],
k = 254 nm. Off-white solid; yield: see Tables; ½a�18

D ¼ �20:0 (c
0.03, CH3OH); mmax (KBr disc) 3359, 3258, 2359, 1718, 1620,
1470, 1362, 1057 cm�1; dH (400 MHz, CD3OD) 7.29 (d, J = 7.33 Hz,
1H, Ar-H), 7.21 (dt, J = 7.63 and 1.53 Hz, 1H, Ar-H), 6.98 (t,
J = 7.63 Hz, 1H, Ar-H), 6.86 (m, 1H, Ar-H), 3.36 (d, J = 16.78 Hz,
1H, CH2), 3.15 (d, J = 16.78 Hz, 1H, CH2), 2.04 (s, 3H, CH3); dC

(100 MHz, CD3OD) 206.1 (CH3–CO–CH2), 179.8 (amide C@O),
142.3 (C-7a), 130.9 (C-3a), 129.4 (C-6), 123.5 (C-4), 122.1 (C-5),
109.9 (C-7), 73.4 (C-3), 49.8 (CH2), 29.3 (CH3); m/z 228 (MNa+);
HRMS (ESI): MNa+, found 228.0637, C11H11NO3Na requires
228.0637.

4.5.22. (S)-1-Benzyl-3-hydroxy-3-(2-oxopropyl)indolin-2-one
2121

The ee was determined on the crude reaction mixture using chi-
ral HPLC–Chiralpak ADH column, hexane/i-PrOH 90/10, flow rate
0.7 mL/min; tR = 39.5 min (minor isomer); tR = 42.3 min (major iso-
mer), k = 254 nm; Off-white solid; yield: see Tables; ½a�19

D ¼ �4:0 (c
0.05, CH3OH); mmax (KBr disc) 3315, 3060, 2359, 1698, 1616, 1467,
1360, 1079 cm�1; dH (400 MHz, CD3CN) 7.37–7.41 (m, 2H, Bz pro-
tons), 7.29–7.35 (m, 3H, Bz protons), 7.25–7.28 (m, 1H, Ar-H),
7.14–7.19 (m, 1H, Ar-H), 6.96–7.01 (m, 1H, Ar-H), 6.70 (d,
J = 7.79 Hz, 1H, Ar-H), 4.77–4.91 (m, 2H, Bz-CH2), 4.25 (s, br, 1H,
OH), 3.40 (d, J = 17.0 Hz, 1H, CH2), 3.20 (d, J = 17.0 Hz, 1H, CH2),
2.0 (s, 3H, CH3); dC (100 MHz, CD3CN) 206.9 (CH3–CO–CH2), 177.4
(amide C@O), 144.3 (C-7a), 137.4 (C-10), 130.4 (C-30), 129.6 (C-
3a), 128.4 (C-6), 128.2 (C-20), 124.4 (C-40), 123.4 (C-5 and C-6),
110.1 (C-7), 74.0 (C-3), 50.5 (N-CH2-Ph), 44.1 (CH2C@O), 30.9
(CH3); m/z 296 (MH+); HRMS (ESI): MH+, found 296.1294,
C18H18NO3 requires 296.1287.

4.5.23. (S)-3-Hydroxy-3-(2-oxobutyl)indolin-2-one 2221

The ee was determined on the crude reaction mixture using chi-
ral HPLC–Chiralpak ADH column, hexane/i-PrOH 70/30, flow rate
0.7 mL/min; tR = 10.0 min (major isomer); tR = 11.0 min (minor iso-
mer), k = 254 nm. 91% regioselectivity of reaction, C–C bond forma-
tion at the less substituted methyl group of the ketone (as
determined by NMR). Off-white solid; yield: see Tables;
½a�14

D ¼ �40:0 (c 0.01, CH3OH); mmax (KBr disc) 3356, 2972, 2360,
1723, 1621, 1473, 1180, 777 cm�1; dH (400 MHz, DMSO-d6) 10.20
(s, br, 1H, N–H), 7.22 (d, J = 7.2 Hz, 1H, H-3), 7.15 (t, J = 8.0 Hz,
1H, H-4), 6.88 (t, J = 7.6 Hz, 1H, H-5), 6.76 (d, J = 7.6 Hz, 1H, H-6),
5.96 (s, 1H, OH), 3.25 (d, J = 16.4 Hz, 1H, CH2-a), 2.97 (d,
J = 16.4 Hz, 1H, CH2-a), 2.24–2.42 (m, 2H, CH2-b), 0.74 (t,
J = 7.2 Hz, 3H, CH3); dC (100 MHz, DMSO-d6) 207.4 (CH2–CO–
CH2), 178.2 (amide C@O), 142.5 (C-7a), 131.5 (C-3a), 128.9 (C-6),
123.7 (C-4), 121.2 (C-5), 109.4 (C-7), 72.7 (C-3), 49.1 (C–CH2-CO),
35.6 (CH3CH2–CO), 7.3 (CH3); m/z 242 (MNa+); HRMS (ESI):
MNa+, found 242.0797, C12H13NO3Na requires 242.0793.

4.6. General procedure for aldol reaction of isatins with
acetaldehyde followed by reduction65

To a solution of optimum catalyst 7 (30 mol %, 0.09 mmol,
17.2 mg), chloroacetic acid (60 mol %, 17 mg, 0.18 mmol) and isatin
(0.3 mmol) in DMF (0.3 mL) was added acetaldehyde (84 lL,
1.50 mmol). This reaction mixture was stirred at room temperature
under N2 for 48 h, followed by the addition of methanol (0.5 mL)
and NaBH4 (56 mg, 1.5 mmol and the mixture was stirred for 1 h
at �20 �C. The resulting mixture was quenched with pH 7.0 phos-
phate buffer solution, extracted with ethyl acetate (3 � 25 mL),
dried over anhydrous Na2SO4, filtered and the solvent removed in
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vacuo. The product was isolated by flash chromatography (80:20
ethyl acetate:petroleum ether for the isatin derivative and 50:50
ethyl acetate:petroleum ether for the benzylisatin product).

4.6.1. (R)-3-Hydroxy-3-(2-hydroxyethyl)indolin-2-one 2336

The ee was determined on the purified reaction mixture (flash
chromatography) using chiral HPLC (Chiralpak IA column, 10:1
hexane:i-PrOH, flow rate 0.7 mL/min; tR = 30.9 min (minor enan-
tiomer); tR = 44.1 min (major enantiomer), k = 254 nm). White so-
lid; yield: see Tables; ½a�14

D ¼ þ19:1 (c 0.01, CHCl3); mmax (KBr
disc) 3379, 2963, 1664, 1529, 1269, 997, 750, 694 cm�1; dH

(400 MHz, CD3CN) 8.35 (s, br, 1H, N–H), 7.30 (d, J = 6.87 Hz, 1H,
Ar-H), 7.22 (t, J = 6.87, 1H, Ar-H), 7.0 (t, J = 7.63, 1H, Ar-H), 6.85
(d, J = 7.63 Hz, 1H, Ar-H), 4.30 (s, br, 1H, OH), 3.53–3.59 (m, 2H,
CH2OH), 2.98 (s, br, 1H, OH), 1.95–2.09 (m, 2H, CH2CH2OH); dC

(100 MHz, CD3CN) 180.0 (amide C@O), 142.0 (C-7a), 132.4 (C-3a),
130.3 (C-6), 125.1 (C-4), 123.2 (C-5), 110.8 (C-7), 76.2 (C-3), 58.3
(CH2OH), 40.5 (C–CH2); m/z 216 (MNa+); HRMS (ESI): MNa+, found
216.0638, C10H11NO3Na requires 216.0637.

4.6.2. (R)-1-Benzyl-3-hydroxy-3-(2-hydroxyethyl)indolin-2-one
2436

The ee was determined on the purified reaction mixture (after
flash chromatography) using chiral HPLC (Chiralpak IA column,
10:1 hexane:i-PrOH, flow rate 0.7 mL/min; tR = 36.2 min (minor
enantiomer); tR = 40.2 min (major enantiomer), k = 254 nm). Col-
ourless oil; yield: see Tables; ½a�14

D ¼ þ14:0 (c 0.01, CHCl3); mmax

(KBr disc) 3395, 2924, 1705, 1613, 1269, 1468, 1174, 753 cm�1;
dH (400 MHz, CDCl3) 7.38–7.42 (m, 1H, H-5), 7.24–7.33 (m, 5H,
Bz protons), 7.17–7.22 (m, 1H, H-4), 7.03–7.09 (m, 1H, H-3),
6.68–6.72 (m, 1H, H-6), 4.96 (d, J = 16.0 Hz, 1H, CH2–Ph), 4.77 (d,
J = 16.0 Hz, 1H, CH2–Ph), 4.43 (s, br, 1H, OH), 3.92–4.04 (m, 2H,
CH2–OH), 2.99 (s, br, 1H, OH), 2.26–2.34 (m, 1H, CH2–C(OH)),
2.03–2.12 (m, 1H, CH2–C(OH)); dC (100 MHz, CDCl3) 178.4 (amide
C@O), 141.9 (C-7a), 135.3(C-10), 130.6 (C-3a), 129.6 (C-30), 128.8
(C-20), 127.7 (C-40), 127.2 (C-6), 123.9 (C-4), 123.3 (C-3), 109.6
(C-7), 58.6 (CH2OH), 43.8 (N–CH2-Ph), 39.3 (C–CH2); m/z 306
(MNa+); HRMS (ESI): MNa+, found 306.1107, C17H17NO3Na requires
306.1106.
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