Synthesis of Artificial Receptor Motifs for Anion
Binding and Organocatalysis

By
Michael Kinsella

A dissertation submitted to WIT for the degree acir of Philosophy

October 2011

Based on research carried out under the supenasgion
Principal supervisor: Dr. Claire Lennon
and

Co-supervisor: Dr. Patrick Duggan.

Pharmaceutical & Molecular Biotechnology Researentéz
Department of Chemical and Life Sciences,
Waterford Institute of Technology,
Waterford,
Ireland.



Declaration

| hereby declare that this thesis is my own workfulfilment of the requirements of
Doctor of Philosophy degree. It is based on re$easrried out in the Department of

Chemical and Life Sciences, Waterford Institutd e€hnology, Ireland.

Michael Kinsella

Date



Acknowledgements

Firstly I would like to extend a sincere thank youmy supervisors Dr. Claire Lennon and
Dr. Pat Duggan for their expert supervision, entmrma, support, help and never-ending
guidance throughout this project. | am forever bitdd to you and it has been a privilege
to work with you both. Also sincere thanks to Deléh Hughes for her help, advice and

direction.

This research was funded by the Irish Research €lotor Science, Engineering and
Technology (IRCSET), to whom | am very gratefulwould like to thank the staff of
W.L.T, in particular to the chemistry and biologiores technicians John, Hubert, Pat,

Aidan, Walter and Karen, for the endless supplgt@micals | seemed to go through!

| would like to acknowledge the help of Dr. Jimmyboon in UCD with the early NMR
titrations, Dr. Florence McCarthy in UCC for higlsolution mass spectroscopy, Dr.

Simon Laurence and Kevin Eccles for X-ray crysgiphy work conducted.

To all the Postgrads and Postdocs in the PMBRUg¢er tbunch of people to share the
highs and lows of scientific research | could nevave hoped for, the best of luck to you

all in the future.

| have been very fortunate to meet many good fsealdng this journey. Many thanks, to
all who have supported me through my endeavourgedially Larry who has been a
friend, colleague and advisor since the beginnihthis journey. We started it together
and now finish it together. A special word of thardso to Panagiotis, for his valuable
opinions and advice, tireless willingness to held &iendship.

To my family, without whom this would not have beenssible, for your support,
understanding, encouragement and never-ending ihoers over the last four years, a
heart filled thank you.

Finally, thank you to Celina for your support, loaed patience over the last number of
years and for being there every step of the way ¥stened and supported me when

things were working and also when they weren’t.nKsafor all that you are.



Table of Contents

D =Tod =T = 11 0] o PP TPPPPPP Il
Table Of CONIENLS ..ot e e e e e e e eeeeeaaaes v
ADSTTACT. ..o a e e e e e e e e e e e e e e eeeeaaarae Vil
ADDIEVIALIONS ...t e e VI
(@4 g F=T o] (=] i USSR 1
Designed Organic Molecules as Anion Receptors agdidcatalysts............ccccevvvvneeees 1
00 A [ 01 {0 To 18 T £ o o TSRS 2
1.2 Acyclic Receptors for Anion BINAING ..........cemmeeiieieeeeeeeieieeeeeeeiiienee e 2.
I B @ 1o =T g To o= 1= 1Y 1P 23
1.4 The Application of Acyclic Receptors in OrganoCy$ds............ccoevvveeeeeeeereeene. 47
IR T O o4 [ 1S [ 1 U 53
(@ g F=T o] (=] USRS 54

Synthesis andH NMR Spectroscopic Binding Studies towards Rafidbesign of a

Series of Electron-Withdrawing Diamide Receptorg@docatalysts ............cccccevvvveeeee 54
P20 R = - Tox o | o 18 [ o [ 55
A2 Toto] o =0 ) = (0] [T o U PUPRRPN 55
2.3 Morita-Baylis-Hillman (MBH) Reaction...........cccceivivviiiriiiiiiiiiiee e 56
2.4  Receptor/CatalySt DESIQN ......cccciiieee e e e e e e e e e e e e e e e eeeeeeaeeenn e 61
2.5 Synthesis of Diamide Receptors 145-151....coeeeeeeiiiiiieieiiiiiiiiiiinnnne . 4.6
2.6 'H NMR Spectroscopic Binding Studies of 145-151 we.vcveveeeeeceeeeeeeeeneenn. 68
2.7 Conformational Analysis in Solid and Liquid State.............ccccceeveiiiiieeeeennnnen. 87
2.8 Screening of 145-151 for CatalytiC ACHVItY...ccceeuurreiiiiiiieeieee e 0.9
2.9 Further Bifunctional RECEPLOIS.......ceiiiiiuiiee e 100
2.10 X-Ray Diffraction & Conformational Studies of 157X58..........ccccceeeeennnn. 112
2.11  Screening of 157 & 158 for CatalytiC ACHVILY wevevevvvveiiiiiiiiieeeeeeeeeeeeee, 115
2.12  CONCIUSIONS ..ottt e e e e e e e e e e e e e e eeenreeees 119
(@4 gF=T o] (=] g PP UUUURRPPPPPTRTRTRTTPPN 121
Proline and Proline Derivatives as Organocatalystshe Direct Asymmetric Aldol
REACHION ...t ettt et e e e e e e e e st r e e e e e e e e e e e as 121
3.1 INTrOAUCTION ..ottt bbb ae e e e ee s e e e 122
ICTZZ AN [0 (o] I =T Tei 1o o PP UUUUURPRRRPPTRR 122
3.3 Development of Proline as Organocatalyst for AlBeBhction ...............cccc...... 124

v



3.4 Intermolecular Ketone:Aldehyde Aldol Reactions............cccovvvvvvvvvviiiinnnennn. 126

3.5 Intermolecular Ketone:Ketone Aldol ReaCtioNS.....c.....uvvvviiiiiiiiiiiiiiiiiieeeeen, 155
3.6 CONCIUSIONS. ..ot ean e e e e e e e e e e 165

(@4 gF=T o] (=] g PP UUURUPPPPPPRRRTRRRRPN 166
o R = 7= T o | o 11 ] o [ 167
A o (0] [=Tod BTt 0] o= 171
4.3  Prolinamide CatalySts ..........coouiiiiiiiiiiiie e 189
4.4 N-Quinolinyl Derived Prolinamide catalystS....cccc..ovvviiiiiiiiiiieeeeiieeeeeeis 197
4.5 BisN-pyridyl Prolinamide 228 ..........cccooiiiiiieeieeiiiieeee e 012
4.6 Hydroxyprolinamide & Ring Derivatised CatalysStS..........cccovvvvvvvvviiinnnnnnnnn. 203
4.7  Synthesis of Hydroxy-Prolinamide CatalySt 230. .. cooveeeeeeeiiiiiiiiiiiiiiinnnnns 206
4.8 Effects of Acid Additives on Catalytic Performance............ccccceeevveneieeennnnnn. 208
4.9 Role of Solvent in 223 Catalysed Reaction ............ccoeevvvvvviveeiiiiiiiiiiiiea e 210
4.10  Study of Conditions for Optimal Enantioselectivitying 223 ...................... 211
411  Structural CoNSIAEratioNsS ..........u.ueeuircce et e e e 212
412 N-Methylated Catalysts 234 & 235......couuuuiiiiiiiiiieee e 214
4.13  Synthesis of Catalysts with Enhanced N-H Bindinglifb......................... 217
4.14  Substrate and Further Mechanistic StudiesS ........c.ccceeeiiiiiiiiiiiiiiiiiiiie, 221
4.15  Mechanistic CONSIAErations .................wummmmmreeeerunnnnnanaaaeeeeeeeeeeeeeeeeeennn 225

(@4 gF=T o] (=] gl TP UUUURRPPPPPPRUTPRRTRPN 229
CoNClUSIONS & FULUIE WOTK.......uuuiiiiiiiit ittt mnnnne e 229
5.1 Conclusions from Chapters 1 & 2..........uuvemmmmmieeeeeeeeeeeeeeeeeene e 230
5.2  Future Work Arising from Chapters 1 & 2. 232
5.3 Conclusions from Chapters 3 & 4.........uuuumcccee e 233
5.4 Future Work Arising from Chapters 3 & 4....ooceeevevveeeiiiiiiieee e 234

(@4 g F=T o] (=] PSP 236
6.1 General Experimental CONAItIONS............meeeeeeeeeeeieeeeeeeeiiiiiiii 237
6.2 Achiral MBH Catalyst SYNtheSIS ...........uuuimmmmeeeeeeeeeeeeeeeeeeeeeiii 238
6.3  H NMR BiNdiNG STUIES ......voveeeeeeeeeeeeeeeeeeee ettt 249
6.4 Conformational Studies & X-Ray Crystallography..ccc....ccceeeeeiiiieieiiiiieeieeinnn, 249
6.5 Morita-Baylis-Hillman Catalysis REaCHONS ....cccciiiiiiiiiiiiiiiiiiiiiiiieeee e 250
G I Q1 1] (o= S 255
6.7 Synthesis of Chiral Catalysts for the Aldol Reagtio................cccccvvvvvvvriinnnnnns 255

Vv



6.8 General Method B fON-BOC deprotection..................uuveveiiimmmmmmieeeeeeeeeeeenn, 259

6.9 General Method of Reaction of Isatin with Acetane............cocovveevveivneennn. 286
6.10  General Method for Reaction of Isatins with Acegdigde ........................... 288
RETEIEINCES ....oeeeeee e et e e e e e e e et e e e e e e e e e et e e e e e e e e e e e e eeneenaans 291

\



Abstract

The initial part of this works involves the evaloat of a related series of bisamides for
rational correlation between anion complexation aojanocatalysis: remarkable
enhancement of hydrogen bonding to anions was wddelong with significant increases
in catalytic activity in the Morita-Baylis-Hillmanreaction. In addition, X-ray
crystallography showed a large degree of pre-osgdioin was observed in one receptor by
incorporation ohis(trifluoromethyl)aniline groups along with a thioata functionality. A
novel bifunctional amid&-acylsulfonamide within the series gave the bedalgi#c
profile for the initial receptors/organocatalysts.

Following on from the initial work, a series of ifctional hybrid (thio)urea/amide

molecules were designed and also tested for tméanabinding properties and catalytic
activites. A urea/amide hybrid produced the highéstding constants while a

thiourea/amide analogue gave optimal catalytic @riogs in the aforementioned reaction
with yield of up to 79% obtained. Catalyst-substrbinding studies were undertaken for
the most successful catalysts and a catalytic nmestmarelated to receptor/catalyst acidity
was proposed.

Another major part of this work involved the desmmd screening of a range of simple
aryl andN-heteroaryl pyrrolidine amide organocatalysts ipooating N-pyridyl and N-
quinolinyl groups in the synthetically useful ald@action of isatin with acetone. The
‘reverse amideN-pyridyl pyrrolidinylmethyl amide catalysts provéughly catalytically
active but gave disappointing enantioselectivitidewever, anN-3-pyridyl prolinamide
catalyst gave the aldol adduct in high yields aiggh lenantioselectivity with up to 72% ee
of the §)-isomer. Conditions were optimised for this casalgnd in particular an additive
screen identified a link between the pkf the acid additive and the vyield and
enantioselectivity. ArN-acylsulfonamide prolinamide was also identifiedaasatalyst for
this reaction giving theR)-enantiomer in 68% ee.
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1 Chapter 1

Designed Organic Molecules as Anion Receptors and
Organocatalysts



1.1 Introduction

The recognition of anions is an ever-expandingdftél Many hosts incorporating functional
groups such as indoles, pyrroles, sulfonamidesasuesd amides have been successful in
selectively complexing a range of anionic guesiss hydrogen bonding® Often, these
receptor molecules are designed with some degrg@esbrganisation in mind, creating a
cleft-like structure:® The use of metal-free organic molecules to catatgsmctions has also
received intense intereStThe catalytic activity of several such organocats involves
coordination of groups such as those listed alvav@ydrogen bonding (H-bonding) to highly
negative or anionic intermediat¥s:’ Considering a major objective of both receptor and
organocatalyst design is the molecular recognitibanions, much can be gained from taking
a cooperative view between both areas, giving toes¢he potential of dual application of

molecular receptors for anion recognition and cogatalysis->*°

The focus of Chapter 2 of the thesis lies in th®nal design of receptors for selective anion
binding and catalysis, specifically reactions whidrbonding and electrophile activation play
key mechanistic roles. Instead of the lengthy awdtermgially troublesome synthesis of
transition state analogues for binding studies,l@ek to the binding characteristics of our
target receptors with anions as a guide to catalygchanisms and in some cases, use anion

binding properties as a mechanistic probe intordoyaeactions.

This review Chapter will present a separate revidwhe areas of anion recognition and
organocatalysis giving a brief history, some keydiings and more recent developments in
each field. Finally, both themes will be broughgether in a more detailed analysis of their

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

1.2  Acyclic Receptors for Anion Binding

This section will provide a general overview of@nbinding including a consideration of the
design parameters of simple anion receptors andpanson of their anion complexation
abilities. It will focus on acyclic (non-macrocycjireceptors for simple anions containing the

secondary amide binding functionality such as dispyrroles and isophthalamides and also
2



urea and thiourea binding sites. A number of apgibois of anion binding will be described,
including transport across cell membranes, aniams@s and organocatalysis, the latter

forming an integral part of the work presented magter 2.

The design of anion receptors is a quite challemgiea. Anions tend to be larger than cations
and therefore have a lower charge to radius fa#mions may be sensitive to pH and become
protonated under acidic conditions, thus losingrthkarge. Solvent effects can play a key
role in controlling binding strength and seleciviEor example some solvents can form H-
bonds to anions and an anion receptor must compititethe solvent for the binding site.
Anions possess a wide range of geometries and la degree of pre-organisation may be
necessary to design effective anion receptors.deslsuch as fluoride {F chloride (CI),
bromide (Br) and iodide () are spherical in shape while linear anions inelbgdroxide (OH

) and cyanide (CN. Carbonate (C€) and nitrate (N&) ions are trigonal planar in nature
and phosphate (R®), dihydrogen phosphate {PIOy) and sulfate (S§) are tetrahedral

anions. Acetate (Acpand benzoate (BZDare examples of Y-shaped anions (Figure 1.1).

® °y°
Lol 2177 ks of
C=N 0-H 0= _ O=Nr_ ﬁ/ 0\0 070
(D) 5 5 0750 0750

Halides Nitrile, Hydroxide Carbonate, Nitrate  Benzoate, Acetate Phosphate, Sulphate
Spherical  Linear Trigonal planar Y-shaped Tetrahedral

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

Despite the 1968 development of the first syntheation receptor by Park and Simméhthe
coordination of anions was largely unexplored uapiproximately 30 years ago. It has since
become a well studied area of supramolecular chigmdsie to potential binding applications
in the fields of biology, the environment and chemhiprocesses-%® Anion coordination
chemistry was initially concerned with the desigl gynthesis of simple uncharged receptors
which could complex anions in an organic environtii@More recently, the focus has shifted
towards the selective anion binding in aqueous esthcondition’ selective sensing of
biologically significant anionsn vivo,?® detection of anionic pollutants at very low lev&ls
anion transport across cell membra&fesd extraction and transport of specific anioreiras)

Hofmeister bias from aqueous to organic conditfdrReceptors may complex an anionic

3



guest through strong electrostatic interactihsetal-anion complexatidh®® or through
weaker but more directional interactions includireyvis acid-basé® r-anion3* hydrophobic

effects or hydrogen bonding (H-bondirfg)}’ the most common being through H-bonding.
2,23,38

Hydrogen bonds are directional, therefore receptotis specific H-bond arrangements can
distinguish between anions of different geometiieson-polar solvent®’ Several hydrogen
bonds can also be incorporated into a supramolestrlzcture to form a cleft with convergent
H-bonding groups, capable of cooperative anion ibjpdNeutral receptors incorporating
amide>® squaramidé®** urea and thioure¥!**°pyrrole?*"*®and indol&*° groups as H-bond

donors have been reported to bind anions (Figue 1.

X
R'

R
o 0 0 A A o 0 X N = N’
A R SR r IR
R™ °N” N N RTN R“N N’R H H
1 R- _R' I N H i
H N© N H " HooH 0.0
i H H ! L . > X =0; Urea
A A A A A A- T X=8; Thiourea
Amide Squaramide Pyrrole Indole Sulfonamide  Urea/Thiourea Urea/Thiourea

Figure 1.2: Some functional groups capable of Helimg to anions including 6-membered and 8-membered
chelated system which ureas and thioureas mayvatimanions.

In particular, secondary amides are commonly useghion receptors as they act as efficient
H-bond donors® They can also act as H-bond acceptors leadingttanmolecular H-bonding,
self-association and disruption to anion bindingespite this, they have been found to
efficiently bind anions! and neutral molecules such as barbituPatsd dicarboxylic acid®
Squaramides have been observed to bind halides>arahions with high binding strength.
Sulfonamide moieties have also been shown to bectafé anion receptors, due to their
highly acidic H-bond donating groups (Figure T2Pyrrole and indole based receptors can
only act as H-bond donors and therefore, intramdéedd-bond formation which can inhibit
anion binding is not possible (Figure 1.2). Uread thioureas are known to be very efficient
anion receptors as both possess two N-H groupshwdd@no bind a single acceptor atom such
as a halide anion forming a six-membered chelaig or can also bind two adjacent oxygen
atoms of an oxyanion producing an eight-memberad system. A review of receptors

containing the motifs described above will be pnéseé in the following sections.



1.2.1 Isophthalamides and Analogues as Amide Based Anion Receptors

An isophthalamide unit consists of a 1,3-dicarboximattached to a benzene scaffold. It
contains two complementary amide N-H groups arrdnige “cleft-like” structure capable of
binding to anions. Inspired by the findings of HHam regarding the binding ability of
isophthalamide receptors for neutral nucleotidee®’s barbiturate¥ and dicarboxylic
acids®® Crabtree et al. designed a simple acyclic isophthalamide with miti pre-
organisation to bind halide anions in 1997 (Schémé)?* Previous to this, Hunte al. had
studied the conformations of isophthalamide andpgr&ine-dicarboxamide unif. Using
conformational studies antH NMR NOESY experiments, they found that teg-anti
conformation was most stable for isophthalamideg8endyn-syn was optimal for the pyridyl
diamide derivative (Scheme 1.1a). Alternative comi@tions were disfavoured in the case of

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

N X N
@ H L. o o P o) H L. “
R’ X -~ X = R’ X "R X=CHorN
o) HN. _NH HN. ¢ o]
R R R

syn-anti syn-syn anti-anti

OY@YO o&o
N H N
oSO O L
1 Br n-Bu 2 Br n-Bu

syn-syn syn-syn

H
®

O
N
e
1

syn-anti

Br-

Scheme 1.1: (a) Possible conformations for isopathides and 2,6-pyridine-dicarboxamides. (b) Chaimge
conformation ofl from syn-anti to syn-syn conformation upon introduction of Banion>*

In accordance with the work of Huntetral.>® X-ray diffraction studies conducted by Crabtree
et al. confirmed 1:1 complexation between [RBn and both amide N-H groups a&f The
conformation switched from thsyn-anti preferred conformation in the absence of anionic
guest to thesyn-syn conformation for anion binding (Scheme 1.1). Dagoor solubility of
the N-phenyl isophthalamidé, *H NMR spectroscopic titrations were carried outhaN-(n-
butyl phenyl) derivative?, producing large downfield shifts of the N-H andraatic C-H
protonsortho to the amide groups consistent with H-bonding.geaassociation constants
(Kass values) of 6.1 x 1OM™ and 7.1 x 1®M™ were obtained fo2 with CI and BFf
respectively. Crabtreet al. later studied the effects of structural rigiditpydaH-bonding



functionality (amide vs sulfonamide) on the selatti and binding efficiency to anions
(Figure 1.3)*

| X
O 0 O\\ @\ /,O © N/ o
O L
_N. N N o O N H W
A" H O OHT A b X ©/ \©
1: Ar=Ph 4 5
2: Ar = p-(n-Bu)CgH,

3: Ar = 2,4,6-Me;CgH,

Figure 1.3: Receptork5 analysed by Crabtrest al >

'H NMR spectroscopic titrations @5 with CI', Br, I, AcO were indicative of a cleft-like H-
bonding structure in all cases involving the amidesulfonamide N-H, C-Hortho to both
amide groups (present #34) and phenyl C-2 protor@rtho to the N-H groups. ksvalues of
the order of 1HM™ were found for the most efficient isophthalamideaptor2, ascribed to
the absence of rigid or bulky groups and the fllexitature of the host skeleton which could
undertake slight conformational adjustments to asoodate anions of varying sizes. In the
case of pyridyl diamidé, repulsion due to the lone pair on the nitrogesmatvas a major
factor when binding large anions such asd@md I but less significant for smaller anions. A

1:1 binding stoichiometry was found f2r3 & 5.

Smith et al. incorporated a Lewis-acidic boronate group intotred urea and amide based
receptors producing a series of boronate ureasaethtedbis(boronate-amide) incorporated
into an isophthalamide structure (Figure T.4Jigh Kass values up to 6 x TOM™ were
obtained for the urea based receptors with AcODMSO! Incorporation of the boronate
substituent into an isophthalamide produ6éedhere intramolecular coordination between the
amide oxygen atom and Lewis acidic boronate sufestit pre-organised the receptor to the
syn-syn conformation. This receptor produced gdalue which was a factor of 10 greater
than a related isophthalamide with Acl@ DMSO-ds. The enhanced Ac(inding for the
boronate ureas and amides was proposed to be dgamolecular coordination, inducing a

larger host dipole moment and increased surfacenfiat at the urea and amide groups.



I Ni¥e) 0.-.0
-B g . BZ @[B\o R = alkyl
N
N . R
oW © P
6 H H
isophthalamide based boronate receptor urea based boronate receptor

Figure 1.4: Smith’dis(boronate-amide) and urea receptors.

In 2003, Galeet al. studied the Fbinding abilities of isophthalamides with enhandédd
acidity due to an electron withdrawing 3-nitrophleryor 3,5-dinitrophenyB group attached
to the amide (Figure 1.5y.In both cases, the amide N-H signal disappeaesliting the
titration to be monitored through the isophthaldyi2 resonance. A comple}d NMR
titration curve for7 was suggestive of multiple equilibria while the2Hesonance @ shifted
upfield and plateaued upon the addition of 1 edaitaof F. At higher F concentration,
upfield shift continued, suggesting initial formati of a 1:1 or 2:2 receptor:FEomplex
followed by a 1:2 receptor:Eomplex at higher concentrations of k-ray crystal structure of
the F complex of the dinitrophenyl derivative showed fbemation of an unusual “2+2”
double helix formed by two isophthalamides wrappangund two Fanionsvia N-HF H-

bonds and potentiatttinteractions between the nitroaromatic rings.

NO, NO,
= O =1
o o O,N ~n-H H-N “NO,
S ——
R N. N R o ,f‘o
o

OM (o]
N~ — -N NO
. M=ttt =
NO, NO,

7.R=H
8:R=NO, F~ Double helix with 8

Figure 1.5: Structure of isophthalamide based ftecsf & 8 developed by Galet al.*>’ Fluoride double helix
with 8 also shown.

In 2005, the same group studied 1,3-dicarboxamid@-@nthraquinone derivatives where
steric interactions between the amide in the 1tjppsand the anthraquinone oxygen in the 9-
position twisted the amide out of the anthraquinpla@e, forcing theyn-syn conformation to
be disfavoured in the hope of favouring higher oréeeptor:anion complex®qFigure 1.6).

'H NMR spectroscopic titration data in DMS#g/0.5% water for Fcould not be fitted to a
1:1 or 1:2 binding model in some cases. Bnd hydrogen sulphate,&0;* were not

significantly bound and only the most efficient atd-substituted receptdrl complexed Cl

7



H,PO, was bound more strongly to the twisted methoxpligisalamidel0 compared to the
standard methoxy isophthalamifle(Kass= 214 M* vs 120 MY), which was ascribed to oxo-
anion bridging between the amide groups in the ragthinone derivatives. X-ray

crystallography of the tetrabutylammonium fluoridemplex of 12 revealed a 2:2

R R
| X
) o Lo
prd 10: R = OMe
0. _NH
O&O ) 11:R=H Ny N
MeO NH HN OMe 12:R=Cl E
H N-HT H-N
N R — _
OMe 9 OMe 0] 0] \Q/
R

Figure 1.6: Structure of non-twisted & twisted ihtigalamide analogue® & 10-12.%8 |sopththaloyl & pyridyl
receptorsl3 & 14 incorporating indole groups also shown.

receptor:anion complex.

13: X =CH
14: X =N

In 2007, Galeet al. examined isophthalamide and 2,6-dicarboxamidogyddrived receptors
substituted with pendant indole groups (Figure .3°6¥-ray crystallography confirmed that
these receptors bound &hions in a twisted conformation while @y above the plane of the
complex.’H NMR spectroscopic titrations in DMS@-+ 0.5% HO and DMSOds + 5%

H>O showed a high selectivity of the pyridyl receptdrfor F, however a binding constant
could not be measured for the isophthaloyl demneali3, possibly due to multiple binding

stoichiometries.

In 2007, Galeet al. designed a pre-organised isophthalanfiecapable of anion transport
across membran&sThe incorporation of hydroxyl groups at the 4,&ifions of the
isophthalamide forced it to assume thg-syn conformation through intramolecular H-
bonding (Figure 1.7)'*H NMR spectroscopic titrations with CBr and I in CD;CN showed
downfield shifts of the N-H and isophthaloyl H-2opwn, confirming cleft H-bonding
interactions. This pre-organisation increased thguélue significantly; 5230 M with CI for

16 compared to 195 M with CI for 15. Receptorl6 was also shown to be a potent
transmembrane Cltransporter. A methoxy substituted isophthalamidé did not bind
appreciably to anions, possibly due to intramolacui-bonding favouring thenti-anti

conformation.



15 16 17

Figure 1.7: Transmembrane @ceptorsl5-17 synthesised by Gakt al. including the pre-organisekb.

In further membrane transport work, the same gaeyeloped synthetic HCI receptors with a
2,6-dicarboxamidopyridyl corg9 or an isophthalamide co® incorporating two H-bonding
sites and a basic imidazole ring (Figure 1.8) whieacted as a control recepf8rin the
presence of one equivalent of HPHA9 exhibited increased Clbinding compared to

isophthaloyl derivativR0 in this acidic environment.

X
A o Z o
(@) | N/ @] X
N
NH HN j\
NZ N,Me
\—/
18

|
NH H
19:X =N
20: X =CH

Figure 1.8: Imidazole & non-imidazole functionatiseeceptors/transporters8-20 tested under acidic and
neutral conditions by Galk al.*°

An additional strategy employed to enhance thealvbmding properties of isophthalamides
and 2,6-dicarboxamides has been the incorporatfoadditional thiourea groups into the
structure. In 2008, Gunnlaugssetnal. developed a pre-organises-amidothiourea receptor
21 based on a pyridine-2,6-dicarboxamide skeletorguiiéi 1.9). The coordination of
biologically significant adenosine monophosphat®f and adenosine diphosphate (ADP)
in a 20% aqueous solution was accompanied by aicolange with Kssvalues of up to 4 x
10> M™ reported along with selectivity for AMP and ADP esvATP®' In 2010 they
developed a fluorescent anion sen2arbased on dis-quinoxaline amidothiourea receptor
molecule (Figure 1.9F Approximately equal K& and Ka? values from fluorescence
titrations indicated both thiourea units bound an®n each'H NMR spectroscopic titrations
showed initial broadening of the amide N-H and abmprotons with sharpening of signals
following addition of 2 equiv AcOwith no subsequent signal migration observed duwnion

induced deprotonation of the thiourea N-H groupsheyanion.
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Figure 1.9: Gunnlaugssonbss-amidothiourea recept@1 with a pyridine skeleton binding to AMP anidhThe
bis-quinoxaline recepto22 binding 2 equivalents of Ac@lso showr}?

1.2.2 Amidopyrrole Bisamide based Anion Receptors

Using *H NMR spectroscopy, Galet al. studied the anion binding abilities of arbutyl
derived amidopyrrole bisamide receps in CD;CN while the phenyl analogu24 was
assessed in DMSO/0.5%,® (Figure 1.10%3 Both receptors possessed similar binding
affinities and were selective for oxyanions overGt or Br. Crystals o3 in the presence of
excess tetrabutylammonium benzoate showed the 828 held within the binding cleft by
three H-bonds (Figure 1.18%.The same group subsequently incorporated chlaioms at
the 3- and 4- positions of the pyrrole ring to #ase N-H acidify (25 & 26, Figure 1.10)'H
NMR spectroscopic binding studies showed that amdiof F caused an initial amide N-H
downfield shift followed by an upfield migration taeeen 1 and 2 equivalents, plateauing
following addition of 2 equivalents of anion. X-ragystallography confirmed this was due to
deprotonation of the pyrrole N-H and this was abserved for BzOand HPQ,". Titration of
CI" with the acidic receptof25 & 26 produced up to 15 fold increases igfalues compared

to the 3,4-phenyl substituted analogd@8s 24.

Ry~ 0”0
NH 4 HN-Ri 23:R, = n-Bu, R, =Ph ‘\L
W 24:R, = Ph, R, = Ph N H H\N
I
N

© W/ "©0  25R,=nBuR,=Cl

R, R, 26: R, =Ph, R, =Cl 23 + benzoate

Ph Ph

Figure 1.10: 2,5-Diamidopyrrole23-26 studied by Gal&*® Structure of23 in presence of excess benzoate
determined by X-ray diffractioff.

Galeet al. subsequently incorporated electron withdrawingugsointo the amide side-groups
of a diamidopyrrol® (27 & 28 in Figure 1.11)*H NMR spectroscopic titrations of the 4-
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nitrophenyl derivative7 in DMSO-dg/0.5% water produced&svalues of 1245 M for F, 39
M™ for CI' and 4150 M for BzO while the HPO, titration could not be fitted to a 1:1
model. Under the same conditions, 3,5-dinitrophemdlogue?8 suffered deprotonation with
BzO and F. The first equivalent of anion was coordinated thg receptor, the second
equivalent promoted deprotonation and the thirdivadent of F was bound by the
deprotonated receptor. In 2005, Jurczak and Ziglinsestigated similar 2,5-diamidopyrrole
receptors and compared binding between an amidehemamide derivative in this receptor
motif (Figure 1.11f. Anion binding studies produced lower binding canss compared to the
phenyl-substituted diamidopyrroles developed by e&alThey reported anion binding
strength differences for the amide and thioamidepeors; thioamides had stronger affinity

towards BzOand C1 while amides were more selective toward®@; .

Ry

R, <

RWQ\ /Q/Rw NH 5 HN-R
NH N

R H HN W

XN /X

2 N R
o) 2
b/ o 27:R{=NOy, R, =H R = Me, n-Bu or Ph
™ 2> N2~ ’
Ph Ph 28: Ry = H, R, =NO, X=0orS

Figure 1.11: Structure of nitrophenyl derivativelspyrrole-2,5-diamides studied by Gageal.®® Structure of
amidopyrroles and thioamidopyrroles examined bgzaket al.* also shown.

In 2006, Galest al. synthesised a number of ‘naked-eye’ colorimetnm@a receptors which
combined amidopyrroles with urea and thiourea gsdigure 1.12)°" X-ray crystal analysis
and 'H NMR spectroscopy showed that deprotonation oecuin the thiourea containing
analogues with basic anions. The 2,5-diamidopysra®31 proved the most efficient anion
receptors providing Ksvalues of the order 15,000'Mn DMSO.

R, R, R
R, R,
HoO
Me H
H O
\ // H/NW/N R =Hor NO, HN\( O§/NH 29:R,; =R, =H
PR Ph X X=0ors AN-NH f pn-NH 30: Ry = NO,, Ry = H
N 31:R; =H, R, = NO,
R o N/ o
Ph Ph

Figure 1.12: Structure of amidopyrrole thioureaepors reported by Gake al .’

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

expected to experience less strain, as the receptotwist around the pyrrole-GRyrrole
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group with less strain on the receptor compareithéotwist of an amide bond in recep®t
and they also now possessed four cooperative H-bondatitan sites (Figure 1.13§.
Compound32 possessed exceptionally high affinity fosfD,” with a Kussin excess of 10M°
in DMSO-de/5% water. Receptdd3in which the carbon between the two pyrrole rings
substituted with two methyl groups preferentialoubd HPO; with a Kyssof 1092 M*.%°

33: Ry =Ph,R,=Ph
34: Ry =Ph,R,=n-Bu
35: Ry = n-Bu, Ry, = n-Bu

Figure 1.13: Structure of RO, selective 2,2bisamidodipyrrolylmethanes developed by Getlal .%*°°

Chenget al. evaluated a number of pyrrole bearing isophthadoyl bisamide derived pyridyl
receptors for their anion binding properties in DB (Figure 1.14Y° The binding to F
was more efficient than toJRO, or AcO and was ascribed to anion basicity, size and shape
effects.N-Boc protected receptors were found to be lessieffi due to the bulkyert-butyl
groups where the pre-organisation imparted by gy receptor was outweighed by the
Boc group inhibiting formation of a cleft structul@FT calculations confirmed the adoption

of thesyn-syn conformation by the isophthaloyl receptor upomadtiction of anion.

X X=N or CH
(0] | X/ (0] “
H. H | P
FI X
4 N,H H~N AN
— — SipC-
0O NHBoc BocHN

MeO OMe

Figure 1.14: Structure of pyrrole derived recepteith selective binding to'F

1.2.3 Indole based Amide/Urea Receptors for Anion B inding

Indoles and indole-derived receptors are a morentedeature of anion coordination
chemistry®® The indole group is more acidic than the pyrraleug and contains a single H-

bond donor group which would be expected to fomongter H-bonds to anions.
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In 2007, Pfefferet al. developed indole receptors which also incorporaeude, urea and
thiourea groups antH NMR spectroscopic titrations with various aniomere conducted
monitoring all four N-H groups of the recept@®8-38 (Figure 1.15§ Deprotonation of the
urea N-H and indole N-H groups occurred withfér 36-38 while 36 & possessed strong
AcO binding and weaker Cand Br binding through the urea groups with only minarcing
observed to the indole and amide N-H groups. IrctHse of the larger recept®8 with AcO,
the amide and indole bound anion strongly followihg addition of 1 equivalent of anion, at
which point the large size could accommodate inddpet anion binding at these sitessK
values of approximately 7,900 Mwere obtained foB8 with both AcO and HPQ, while

lower values were observed for Ginding.

AN
N
WH/\ ° NH H x NH H
HN N HN-R' N HN-R'
X HN. 28 / /
HN Y o o

HN
:X=0 \® \©\ X=0ors
LY = 38 =
: S NO, R, R' = alkyl or aryl

Figure 1.15: Structure of Indole urea and thioureeeptors studied by Pfeffet al.> Gale & Albrecht’s 2,7-
functionalised indole receptors also shaWwn.

Gale and Albrecht synthesised a series of fundimedindoles with attachdas-amides and
ureas in a similar cleft arrangement to an isoghthame and found strongest binding for
AcO in wet DMSO (Figure 1.15} Later X-ray crystallography studies confirmed aitop
of a cleft conformation in the presence of aniogiest’> The amide functionalised indoles
bound anions more weakly compared to the urea gunetowhile a thiourea derivative gave

lower Kassvalues due to steric effects with the S atom iitilnidp the approach of anions.

Having recognised the minor role which the amid#hat2-position played in the coordination
of anions evaluated in previous indole receptorale@t al. subsequently synthesised 1,3-
diindolylurea and 1,3-diindolylthiourea based reoep (Figure 1.16§° The urea receptors
exhibited a high affinity for oxoanions and a partar selectivity for HPO, (Kass> 10*M™

in presence of 0.5 % 4@ for oxoanions; 4790 M in 10% HO for HPQ,). X-ray
crystallography showed that the diindolylurea wasirid to BzO through four H-bonds
incorporating all N-H groups (Figure 1.16),R0D, was bound to three diindolylthiourea
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molecules by twelve H-bonds. Significantly lowegsKvalues were observed for thioureas

without selectivity, ascribed to steric effectsnfrthe large S atom.

Ph

Figure 1.16: Structure of diindolylureas and diilytthioureas binding to benzoate developed by @ai.*

Gale et al. later synthesised 2-amidoindole amide based recepf varying acidity which
were linked through 1,5-diaminopentane or 1,3-phersdiamine grougs (Figure 1.17)H
NMR spectroscopic titrations in DMS@/0.5% HO preferentially bound oxoanions, in
particular HPOy, and in some cases, the negative steric effedtsedNQ group outweighed
its beneficial enhanced acidity effect. In someadnses, 1:2 receptor:,AO, binding was
observed due to binding to a dimerisedPB;, anion pair, as evidenced by X-ray

crystallography.

OxNH HN. O Os__NH HN__O H H
R =H or NO, = N-H ‘\\ H=N =
EQ/ jNH HN; \% S NH AN 3
-0-H-0
HO R e}
R R 0. R
R R H-OR,

Figure 1.17: Structure of 2-amidoindole receptars also a receptor binding to aR0, dimer anior’>

Jurczaket al. reported a series of receptors combining 2,2-diyithethanes with urea
functional groups to give highly efficient 7,7’-deido-2,2’-diindolylmethane89-41 capable

of binding anions in methar@l(Figure 1.18). Kssvalues of up to 535 Mwere calculated for
the 1:1 binding with halides and oxyanions with @p@mate equivalent binding strength to
the urea and indole protons. Recepdfy bound the pyrophosphate anion with a 2:1
receptor:anion stoichiometry with &% of 10,000 M* and Kd' of 815 M™ X-ray
crystallography of41 bearing 4 indole subunits with,PIO, showed that the receptor was
deprotonated and in a ‘bent sheet’ conformationtterte was no evidence of deprotonation in

solution.
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40 R =Ph M _

Figure 1.18: Structure of 7,7'-diureido-2,2"-diingitethane receptors developed by Jurcatat.”

1.2.4 Urea and Thiourea based Anion Receptors

Ureas and thioureas are attractive building bldcksthe design of anion receptors as they
possess two N-H fragments which can bind a singienae.g. a halide anion or two adjacent
oxygen atoms of an oxyanidfh’® In 1992, Wilcox developed a urea recept@rcapable of
binding anions such as phosphonates, sulfates arobxylate®® while Kelly & Kim
described43 capable of binding to phosphonate and sulfonatenan(Figure 1.19)’
Umezawaet al. synthesised acylic thiourea cleft receptdfs& 45 containing a xanthene
spacer which could selectively bingaP0, in DMSO-0s producing Kssvalues up to 1.95 x
10° M due to formation of four cooperative H-bonds. (Fig 1.19)® Reinhoudtet al.
reported strong HPO, receptors containing twortho-phenylenediamine basduas-ureas
producing Kssvalues up to 5 x T0M for 47 in a 1:2 receptor: #PQ,” stoichiometry (Figure
1.19)/°

NO, H
3C o
1A Ao L
N N
N" N CgH P o 44:R=Bu
Lo srr HOoH 4 s. N N g 45:R=Ph
H H 42 Kelly & Kim %1/ "H. H” \|7

090 rRNu P ow VR
P o r;w\oi,.
o0 I_\|OH
(0] N N O
< ) Y “H H” \|¢ Umezawa
@ N. _N
Wilcox @ H H :@
.H H.
N N

46: X =0, Ry = C3H
H H. s ™ 3M7
Xg\l}l l}l/gx 47:X =0, Ry =CgHs
Ry R 48: X = 0, Ry = SO,CqHs
Reinhoudt 49: X =8, Ry =CgHs

Figure 1.19: Structure of simple urea developedWiicox,”® Kelly & Kim,”” Umezawa's xanthene based
receptof® and Reinhoudt’ srtho-phenylenediamine receptbt.
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The simplep-NO,-containingN-arylthiourea receptds0 studied by Katcet al. was selective
for AcO with binding in the order AcO>> H,PO, > CI > Br > 1 > SCN > NO; > HSQ, >
ClO; in acetonitrile/1% KO solution (Figure 1.20F A colour change with AcOwas
ascribed to H-bonding rather than proton tranfer2004, Fabbrizzet al. demonstrated that
the anion binding properties of (thio)urea recepfdr & 52 was related to N-H acidity and
anion basicity with deprotonation observed for basiions such as.F®? Gunnlaugssomt
al. developed naphthalimide thiourea based recep®&s 54 which could bind AcQ H,PO,

& F in aqueous solution with an accompanying colouange (Figure 1.21% X-ray
crystallography showed that the thiourea protonsted in theanti-conformation with
intermolecular interactions between adjacent madscuUV titrations in DMSO were
consistent with anion complexation which requirbé $yn orientation and ks values of
approx 16 — 1¢ M™ for AcO, F and HPQ, were observed with stronger binding .
Deprotonation was observed for &ccompanied by colour changes which could not be

reversed upon addition of ethanol or water.

Q ON o HaC. f

=

NH 53:R=CH,
O‘< 54: R = CF,
Gunnlaugsson

52

-~

Z
o P4 (e}

Kato Fabbrizzi

Figure 1.20: Structure of (thio)urea receptorsismidy Katoet al.,*° Fabbrizziet al ##2& Gunnlaugssoet al.*

In 2005, Galeet al. reported significantly enhanced anion binding tants from receptors
containing simplevis-urea groups linked by a 1,2-phenylenediamine spageigure 1.21).
'H NMR spectroscopic titrations in DMS@/0.5% water showed that thoés-urea receptor
57 was selective for carboxylate anions withd¢alues of 3210 M and 1330 M for AcO
and BzO respectively compared with 100-200*Nypical for non-urea based receptéfs&

56. X-ray crystallography confirmed that tB& bound anions through four complementary H-
bonds. Significant ksimprovements were obtained using a 4,5-dichlotus8tuted central
ring and a nitro group at the 2-position of thealXearyl rings58%° A bis-thiourea derivative
59 produced significantly lower ¥svalues, ascribed to the large S atom alteringsiiape of

the binding site, hindering binding to the outer Nigups.
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Figure 1.21: Structure of urea based receptorddsteGaleet al.®*

In 2008, Gunnlaugssoda al. developed a number of diaryl-urea based receptutts an
amide group at thertho, meta or para position on one of the aryl rings attached to theau
and electron withdrawingara-CF; group on the other aryl ring@62).2° They also studied
their thiourea counterpart§365) in 2010 (Figure 1.22¥ The anion binding properties were
studied using UV andH NMR spectroscopic titrations in GAN and DMSOds. The para-
amido substituted receptor80 & 63 bound anion at the urea/thiourea site in a 1:1
stoichiometry followed by formation of a 1:2 spectbrough binding interactions at thara-
amide group with weak contributions from the amgtpns®’ Thiourea binding was generally
stronger than ure@,g. AcO Kassof 2 x 16 Mt and 1.9 x 10M™ for 63 and60 respectively.
The meta-amido substituted urel bound anions in 1:1, 1:2 and 2:1 stoichiometriéh the
anion bridged between two receptors while its tfeauanalogué4 produced cleaner 1:1
binding. The ortho-amido-substituted thiouree65 facilitated the formation of 1:2

receptor:anion complexes whise gave pure 1:1 interactions.

0

H H
N__N e H H Ao H

0 e HN N_ N N_ _N

)L X i il

H CF; X CF X

60:X=0 61:X=0 8 62: X=0 CFs
63: X=8 64: X = 65:X=S

Figure 1.22: Structure of urea-amide and thioureida receptors reported by Gunnlauggeoal .**#°

In 2009, Sargentt al. synthesised ureas containing alkyl ether groupsnfwove solubility
and studied their binding abilities to a range ofoaic guests by UV-Vis andH NMR
spectroscopic titration in GEN (Figure 1.2378 They observed binding affinity in order of
decreasing anion basicity (AC®© BzO > H,PO, > NO, > NOs) with Kassvalues of up to 5 x
10°> M™ for the optimal NG substituted recepto$7 and with AcO and lower values for
receptore6.
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Figure 1.23: Structure of alkyl ether substituteda receptors developed by Sargera.*®
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1.2.5 Sulfonamide based Anion Receptors

An efficient sulfonamide receptot was reported together with the previously desdribe
isophthalamidesl-3 and pyridyl-2,6-dicarboxamide receptérby Crabtreeet al.>* This
receptor produced strong ®inding and moderate Boinding with Ksssvalues of 20,000 M
and 4,600 M obtained from fiting to a 1:1 model. An interesti anion binding
stoichiometry was observed with&nd AcO. In the unbound statd,was proposed to exist in
theanti-anti conformation and changed into #-syn conformation upon addition of up to 1
equivalent of FE It reverted back to aanti-anti conformation with further addition of anion

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

F 3
L 2 O
U |
N N . .
:/s\\ /S\: i OZS- SI02 L N :S\\ /S . N
oo g o = N, N oo g0
4 shVas
¥

anti-anti syn-syn anti-anti

Scheme 1.2: Unbound sulfonamide receptor anti-anti conformation, change t&yn-syn conformation up to 1
equiv of AcO or F and reverts back @nti-anti conformation for 1:2 binding to Ac@r F.>*

Sulfonamide groups have been incorporated intoea wveceptor reported by Gadeal. in
2008 (Figure 1.24¥ Anion binding was monitored usintH NMR spectroscopy and
specifically the urea N-H protons as the sulfonamidsonances were not visible. Upon
addition of Cl, 1:1 complexes were formed withy&values of 7550 M and >10 M for 68
and 69 respectively. Upon addition 1 equivalent of Aad 2 equivalents of Fthe urea N-H
group shifted downfield and subsequently migratpfield with further additions, due to

deprotonation of the acidic sulfonamide N-H groand decomplexation effects.
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Figure 1.24: Ureas containing sulfonamide gro&& 69) observed to bind anions and become deprotonated
upon addition of basic aniofis.

In 2009, Kilburnet al. studied a number of acyclic and macrocyclic dsuwdimide based
receptors and tested them as anion receptors fpCBrAcO and BPO, in CD;CN by*H
NMR spectroscopic titration (Figure 1.75).For the acyclic receptor§0 & 71, the
sulfonamide protons broadened upon introductioAad” with a downfield shift of the amide
N-H signals observed. Th&H NMR spectroscopic titration data provided evidenof
dominant 1:1 binding however 1:2 binding was alssspnt. This was explained by efficient
binding of the first equivalent of Acy both sulfonamide protons followed by bindingsof
second molecule of AcGseparately, corresponding to a previous reportanfformational
change to accommodate binding of a second equivalenanion by a disulfonamide
receptor’” Kassvalues from dominant 1:1 interactions with Aa@ere 36,000 M and 11,000
M™ for 70 & 71 respectively in CBCN. The macrocylic receptorg2 & 73 exclusively
formed 1:1 interactions with high binding constaimsxcess of 10M™ for AcO obtained.
These efficient systems were also titrated in aencompetitive system (GBN/2% HO) and
yielded 1:1 Ksvalues less than 1000 Mor AcO with affinity in the order AcO> H,PQ, >

ClI' > Br. Receptor72 was the optimum macrocyclic receptor containing gimilar urea
ozs/(j\so2

ozs’ : “S0,
0,8 SO, NH HN ozs so2 HN
NH HN i
[ j NH HN" S0
NH o HN o
Boc Boc w
70 72 73

O(CH,);CH3;

sulfonamide arrangement.

Figure 1.25: Structure of disulfonamide based acyuhd macrocyclic anion receptors synthesised itlyukn et
al.®
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A number of simple pyrrole sulfonamide receptorgedigped by Hugginst al. were found to
exist in the syn conformation optimal for binding based on NOESYpexments and
molecular mechanics studies (Figure 1.28hion binding titrations in dry CDGlshowed 1:1
receptor:anion binding for a range of anions witlsKalues up to 1768 M The sulfonamide
N-H signals migrated further downfield comparedtiie pyrrole N-H protons and thHes-
pyrrole disulfonamide receptors displayed most ssscFurther molecular modelling aftdi

NMR spectroscopic studies confirmed that no changeonformation occurred upon anion

R= CGHS 02 X 02 X f (CH2)2
J\ R =C4H, S<N N-S X =(CHy)y
EtOOC—™\~s0, = H H =
1

binding.

H HN_ X_ NH HN_/

R
EtOOC COOEt

Figure 1.26: Structure of pyrrole sulfonamide reoepsynthesised by Huggiesal .’

1.2.6 Squaramides as Anion Receptors

Squaramides are four-membered ring systems defigadsquaric acid which can form up to
four H-bonds; its carbonyl groups may act as H-baockptors while its N-H groups may act
as H-bond donors. Similar to urea based recepqrsramides are capable of binding anions
in a bifurcated system with simultaneous bondimgnfiooth N-H groups to a single anion. In
2001, Costeet al. conducted a thermodynamic study probing the impbos of binding of
squaramides to carboxylates and observed that dgndias exothermic in DMSO and
chloroform® In methanol, the association was endothermic buropically driven as a result
of breakage of solvent interactions and releas®lvent molecules to the bulk phase. Casta
al. later reported a range of positively charged samide receptors which could bind $0

and HPQ, in ethanol/water mixtures and they reported maee®@? selectivity?

In 2008, Muthyalaet al. designed squaramide molecules bearing carbonybpgravhich could
effectively open and close the anion binding céesfta result of intramolecular interactions, an
application which was designed with anion transpormind (Figure 1.27% In non-polar
solvents, virtually no Clbinding was observed owing to intramolecular Hdtiog. In polar

solvents, H-bonding was disrupted, allowing a camiational change to occur and Cl
20



binding to proceed. There was no Gihding of74 & 75 observed in CHGIwhile in CHCN,
both receptors bound anion; with a 5-fold increalsgerved in Kssvalue for75 as a result of
chloro-substitution. Theneta-isomer76 bound anions in both polar and non-polar solvents
with Kassvalues of up to 7.8 x V™ reported due to the lack of steric hindrance ésfet76
compared to74 & 75. Al-Sayahet al. later studied a thiourea and squaramide bipyridine
containing receptor for binding Aé@n a number of solventsia *H NMR titration (Figure
1.27). In 1:1 CBCN: CDCE, thiourea77 produced a ks value of 5790 M while the
squaramid@8 bound AcOwith a Kyssvalue of 7390 M.

74:R; = COPh. R, = H, R3—H
76:R, = H, R, = COPh, R3—H WN N/D/Q
78

75:R; = COPh, R, = H, Ry =
Figure 1.27: Squaramide recept@®76 developed by Muthyalet al .93 Thiourea and squaramide receptérs
& 78studied by Al-Sayakt al. in 2010%*

In 2010, Tayloret al. reported a new synthetic procedure for the prejaraf squaramide
receptors and examined an acidic 4-nitroanilinevddrsquaramid&9 for its anion binding
properties through UV spectroscofinterestingly, substantial differences in UV spaaif
79 were observed in GJEN compared to DMSO, ascribed to deprotonation e of the
squaramide N-H groups in DMSO without the needdd any base. This deprotonation was
more pronounced with increasing dilution. It waspgwsed that the H-bond accepting ability
of DMSO promoted this equilibrium process which d®e unfavoured at higher
concentrations of/9 due to self-association. Addition of basic aniomshsas AcO and
H,PO, to a DMSO solution o9 did not impart any spectral changes, further ewcdeof
DMSO induced deprotonation. However, addition dfaleutylammonium fluoride induced
deprotonation of the second squaramide N-H group am accompanying colour change. In
acetonitrile, 79 existed in its neutral state with deprotonatioduiced upon addition of
fluoride, acetate, dihydrogen phosphate pitdiuenesulfonate. Interestingly9 was observed
to reprotonate upon addition of excess tetrabutylamum tosylate following initial
21



deprotonation, an effect which was ascribed toftmemation of a stable double H-bonded

complex which was more stable than the protonaied bf DMSO.
o) 0 CF3 o} 0o
j\;ﬁ O,N NO,
O,N 0 2 2
A SN ,NQCF \©\N)J\N/©/ ° NQNLJ(NQ "
HoH s - | 81
N 79 80 | :

HH HH

)

@o o-%o O\r

Figure 1.28: Acidic squaramid& which undergoes proton transfer events reporte@ayjor et al.™ Structure
of urea80 and corresponding squaram@tecompared for their anion binding abilities by Febti et al.**
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Fabbrizzi et al. compared the anion binding properties of the smuate receptor8l
possessing an electron withdrawing N@roup with a similar urea recept®0 (Figure
1.28)#%° 1:1 complexes were observed in all cases throughVid and 'H NMR
spectroscopy. In the case of squarandtlebifurcated H-bond interactions involved the N-H
and also closely located aryl C-H groups to giviotal of four H-bonds. Complexes with
halides were approximately 1 to 2 orders of magi@tmore stable than in the case of 8@a
while both possessed approximately equads Malues for oxo-anions. For the most basic
anions such as Ac@nd F with 81, 1:1 H-bonding complexes were initially formedldoved

by N-H deprotonation. However, deprotonation did eccur for80 with AcO', evidence of
its lower acidity. Overall, they concluded tr&it was a more efficient halide receptor while

both80 & 81 functionalities possessed similar proclivities dayanions.

Amendolaet al. conducted a thermodynamic study to compare trendsinding properties of
urea 82, squaramide83 and sulfonamide34-86 based receptors using spectrophotometric,
isothermal titration calorimetry ITC antH NMR titrations in CHCN (Figure 1.29§° The
results showed that all recept@2-86 formed 1:1 H-bond complexes to"Bind CI with 83
producing the strongest binding. The uB&and squaramid83 formed extremely strong
binding complexes with AcQwhile proton transfer effects were evident in titrations of84,

85 & 86 with this anion. In the case o, POy, 1:1 and 1:2 receptor:anion interactions were
observed. Potentiometric studies iBRQACH;CN showed that the pialues 0f83, 84, 85 &

86 were 10.9, 8.3, 8.3 & 4.3 respectively; highligigtthe enhanced acidity 86 and this was
ascribed to the stabilizing effect of tmeeta-NO, groups on the negative charge formed
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through receptor deprotonation. A p¥alue for82 could not be calculated as this receptor did
not deprotonate.

FiC o CF4 NI
LT o 2 At
NTON N N F3C—©7§7NH HN—%@CQ
HoOH
HszH 83 © 8 O
O,N  NO,

e Q g 0 Q 0
ON E—NH HN—(ISDI NO, Q?’NH HN,§©
85 o 86 o

Figure 3.5.29: UreaB2, squaramide83 and sulfonamideB4-86 analysed in a thermodynamic study of anion
binding:

1.3 Organocatalysis

The synthesis of organic molecules has been a rsajentific objective for over a century
and plays a key role in the pharmaceutical induatythe majority of therapeutic drugs are
small molecule organic compounti€Organic synthesis is met by many challenges irictud
cost of reagents, poor reaction efficiencies andrenmental concerns. A major challenge for

chiral pharmaceutical compounds in particular esfinthesis of single enantiomérs.

In order to overcome some of these challengeslystdehave been employed. Traditionally,
metal-based Lewis acidic catalysts have existethatcore of asymmetric enantioselective
catalysis->*’ In many cases, their catalytic activity can beribsd to a lowering of the lowest

unoccupied molecular orbital energy as a resultatflyst coordination. The transfer of
chirality from the catalyst to the product of agan can be brought about by chiral ligands
surrounding the metal core. A general represemasoshown in Figure 1.30 and a brief

introduction and history into the development oftahdased catalysts will be presented

below.
Clll Chiral M=T tion Metal
L T = Transition Meta
Chiral —=M=——Cl " cpiral = Chiral ligand
Chiral Cl

Figure 1.30: General representation of chiral itmrsmetal based catalyst.

In 1968, Knowleset al. replaced the achiral triphenylphosphine ligandsairRhodium
complex which Wilkinson applied to the hydrogenataf alkenes with the chiral phosphine
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ligands methylpropylphenylphosphine, creating thist fasymmetric catalys37 which was
employed in an asymmetric hydrogenation reactiogive product in 15% e&. They later
employed a cyclohexyb-anismethylphosphine (CAMP) ligand to create cats88 capable
of producing up to 90% ee in the hydrogenationasfydiroamino acids (Scheme 1%3§°

C|36H5
87 L=:P-um CHj3 COOH
COOH RhClzL3 (‘: H Ph_é_CH
( ) | 317 it 3
a J—
Ph—C=CH, 15% ee, (+)-isomer
?6H11
88 L'= :P—CHjs
®) RhClLL;  o-An
3-MeO-4-(AcO)CgH;-C=—C(NHCOMe)COOH 3-MeO-4-(AcO)CgH3-CHy—CH(NHCOMe)CHOOH

88% ee

Scheme 1.3: (a) Hydrogenation reactions using kt8fato give 15% ee of hydrogenated prodiic(b)
Hydrogenation of dehydroamino acids using CAMPHi$ja8 to give 88% ee reported by Knowf®s.

Kagan & Dang bridged two mono-dentate phosphinedotm the first chiral bidentate
phosphine ligand and reported ee values up to 7@%hke catalytic hydrogenation of a
number of precursors of phenylalanine using a thoeDIOP (2,3-Isopropylidene-2,3-
dihydroxy-1,4bis(diphenylphosphino)butane) comple®9 (Scheme 1.4df° A major
breakthrough came when Knowles later reportedahdbdium comple®0 containing chiral
phosphine DIPAMP ligands could enantioselectiveliatyse the addition of Ho one face of

a prochiral olefin substrate in up to 95% ee. Was used in 1983 on a commercial scale for
the synthesis of-DOPA (3,4-dihydroxyt-phenylalanine)91, a drug for the treatment of

Parkinson’s diseasg*
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H cH,PPh, 1/2 [Rh(cod)CIl, / DIOP 89 R,

Me O Ry H, (1 atm
@ pop= X R 2 {1 atm) Rios
Me” 0 NP NCcooR, T (r) COORs
H CH,PPh, 3 benzene-ethanol, r.t. H

H

R{=H,R;=Ph, R;=H: 63% ee
Ry =Ph, R, =NHAc, R3 = H: 72% ee

CeHs Ry = H, Ry = NHCOCH,Ph, R, = H: 68% ee
(b) DIPAMP = F|> ..... «CH,
0-An H
2 HCO 8 coon
HsCOWCOOH " [Rh(R,R)-DiPAMP(cod)]BF,90 T
+ Hy NHCOCH
NHCOCH 3
H3CCO coc 3 H3CCO

ngo* DIPAMP
HO COOH
Ho:ﬂj/\'\i|2 91
Scheme 1.4: (a) Kagan's rhodium DIOP catal$& in enantioselective hydrogenation of phenylalanine
precursors” (b) DIPAMP catays®0 which could enantioselectively catalyse hydrogiemeof L-DOPA 91.**

This work led to metal-based catalysts being extehs developed as catalysts for
enantioselective synthesf€ So much so that Knowles and Noyori shared halthef2001
Nobel prize in chemistry for their work on asymnmetatalytic hydrogenation with Sharpless

for his work on asymmetric catalytic oxidation (&ig 1.31)-%

OH O
. Ao
up to 99% ee
ole
Rzﬁ/\/OH Ti(Oi-Pr);  (+)-diethyltartrate Rz\P‘\/OH
®) 1 +-BuOOH, CH,Cl,, -20 °C, R,
! Molecular sieves up to 94% ee

Figure 1.31: Asymmetric catalytic hydrogenationctéen conducted by Noyost al. using R)-BINAP catalyst.

Asymmetric epoxidation developed by Sharpless stiwan’%

While metal-based catalysis has been extensivatlied and advances in ligand design have
resulted in the development and application of st vaumber of Lewis acidic metal-based

catalysts, the use of such catalysts has somedbllowing disadvantages:

0 Product inhibition can occur due to binding of t&at product with the catalyst.
0 Metal catalysts may react with oxygen making thelesion of air and moisture

imperative, limiting functional group and solveatarance.
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o Catalyst disposal issues can exist surrounding btiegivy metal content.
0 High cost makes catalyst recycling essential whgmot always possible due to

degradation.

In the last 15 years, the concept of designing rnsefective, robust, environmentally friendly
and functional group tolerant catalysts has beeploexd. In natural systems, hydrogen
extensively acts as a catalyst e.g. phosphodisgtenazymes such asphylococcal nuclease
hydrolyses DNA 1&times faster than the uncatalysed process thronigimia transition state
stabilisatiom>**° Due to the success of enzymes in catalysing Hasysiems, the use of

analogous small organic molecules as catalystcosidered promising.

Initial examples were reported by the Wiechert &fajos groups, employing proline as an
organocatalyst for the intramolecular aldol reactaf a triketone to give a chiral bicyclic
enone, in the early 1970s (Scheme 1°8°"Hine et al. and also Kellyet al. also contributed
significantly to the development of organocatalystsepoxide ring opening and Diels-Alder
reactions respectively®'% Following these discoveries, the field remainedwnt until an
almost explosive growth in interest around 2683 Since then, a significant number of
organocatalysed carbon-carbon and carbon-heterobatwrd forming reactions (e.g. Diels
Alder, 1,3-dipolar cycloaddition, direct aldol catsation, Mannich and Michael reactidn’)
have been reported producing high yields and eoseigctivies*?

O o) (0]
N OH -
0 R H - 0 o
o 1 equiv, 20°C OH

93% ee
>99% yield

Scheme 1.5: Prolineatalysed Robinson annulations reported at Hoffirm®oche and Schering At

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

organocatalysts are classified and these include:

1. Secondary amine catalysis® enamines;?
2. Secondary amine catalysig iminium ions'*®
3. Phase transfer catalysi¥,
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4. Nucleophilic and Brgnsted base catal{/Siand

5. Hydrogen bonding catalysis'®

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

cooperatively in a number of examples of organdysita

Secondary amine catalysisa enamines is an example of Lewis-basic catalysigevgiimary
amines have also been shown to promote enamine baaetions!’ An electron pair donor
(Lewis base catalyst) increases the reaction ratgigh nucleophilic addition to a substrate
acceptor atom which may enhance the nucleophilegzadter of the substrate, promoting its
reaction. H-bonding interactions from the catalygty simultaneously impart a cooperative
effect through activation of an electrophilic subtt. A key example of enamine catalysis is
in the proline-catalysed intramolecular aldol react (Robinson-type annulation) of a
triketone to give a chiral bicyclic enone (Schem®)'#°'%" The success of this system was
ascribed to cooperative effects between H-bondihghe carboxylic acid group and the
carbonyl electrophile, activating it towards enasdilective nucleophilic addition of the
enamine nucleophile. Secondary amine catalsi®€namine has received significant interest
following the report by Liskt al. of the proline catalysed intermolecular aldol teac of
aliphatic aldehydes with ketones (Scheme 1.6) anigtailed at length in Chaptet3.

o OH O OH N OH
0 )\
)J\ + H - )K/k(
20-30 mol% . : .
4:1 DMSO: acetone  96% ee; 97% yield Proline/acetone enamine

Scheme 1.6: Intermolecular aldol reaction catalysegrolinevia enamine catalysis reported by Lésil '

Also central to the rapid growth in organocatalyses the report of MacMillast al. of the
use of chiral secondary amines as catalysts toaetenalsia the formation of an iminium
ion in a Lewis basic catalytic proce<8.The iminium ion is formed through condensation of
the chiral secondary amine with a carbonyl substratten enal ,f-unsaturated aldehyde)
molecules. The lowest unoccupied molecular ortofathe iminium ion species is lowered

making it more reactive towards attack from a noglelic reactant molecule. This has been
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applied to various cycloaddition and conjugate twoidi reactions’® In a cycloaddition
reaction using MacMillan’s cataly®?2, the bulky dimethyl group forces the bulk portioh
the iminium ion away while a possibkeinteraction with the benzyl group imparts stapilit
and gives high facial attack selectivity duringaakt on the alkene (Scheme 1.7).

H _ 20 mol% catalyst.HCI oRe
M +
R o MeOH.H,0 ,

/\/1 R2N+ 20 mol% catalyst.HCI RN R4

\ fry

Ri o * o = MeNO,.H,0 CHO Iminium ion species
- Yield > 70%; ee > 90%

Scheme 1.7: Secondary amine catalysed [4+2] cydltad of enals and nitrones using iminium ion ¢ptis **°

As previously stated, both of these catalytic moei@ploy of Lewis base catalysis where a
nucleophilic attack by the catalyst on a substatévates it towards reaction with an
electrophile (enamine catalysis) or nucleophilesir{ium ion catalysis). Scheme 1.8 contains
a basic representation of each mode showing théanestic differences.

+
N SNT e SN

) E
H | —_ . Enamine catalysis
MR, R1)\/ 2 v R1)\/ 2

N o + Nu
(0] E \Nl/ v/ Iminium catalysis
R‘I)J\/\ R2 E=S R1/I\/\ R2

Scheme 1.8: Comparison of enamine and iminium ysital

Phase transfer organocatalysis (PTC) is an exampleéewis acidic catalysis. PTC is
necessary when reactants exist in different phdsesto substantially different solubility
characteristics. The catalyst is designed to bebselin both the organic and aqueous phase
and has the ability to bind a reactant from onesples an ion pair and shuttle it into the phase
which contains the other reactant. PTC has hadjarnmapact on enantioselective synthesis,
in particular in for the synthesis of unnatural amacid derivatives by asymmetric alkylation
reactions>**?'For example, a number of authors applied chiraspttransfer catalysts under
different conditions to an enantioselective alkiglatof tert-butyl glycinate-benzophenone
(Scheme 1.9). Lygo’s Cinchona alkaloid cata§4tgave product in moderate yield and 94%

ee in favour of §-isomer'? Coreyet al. and O’ Donnellet al. both used catalys®5 to
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produce similar yields of the order of 88% whiler&p obtained 94% ee and O Donnell
reported 91% ee, both favouring tH8-product>>*?** Coreyet al. rationalised the origin of
enantioselectivity based on the structure of tmepair formed between the enolated8fand
catalyst95 upon transfer to the reactant phase. The alkytl&alas proposed to approach
from one side only leading to the report&tgroduct. In 2003, Maruoket al. applied a &
symmetric chiral quaternary ammonium s2ft derived from §)- or (R)-1,1’-bi-2-naphthol
containing a 3,4,5-fluoro-substituted aromatic stltent at the 3,3' position of one
binaphthy! substituertt® Catalyst96 resulted in a good yield and 99% ee in favouhef (®)-

product (Scheme 1.9).
(0]

(e}
. Ph N{)J\
Ph N
\r/ \AOt-Bu Conditions / Ot-Bu
Ph 93
Me
N X N N
VY D) @j
= : g
OH
kAr Ar
10 mol% 94, 10 mol% 95, 10 mol% 95,
50% KOH, PhMe CsOH.H,0, CH,Cl, BEMP, CH,Cl, R=
68% Yield, 94% ee (S) 87% Yield, 94% ee (S) 88% Yield, 91% ee (S) F
Lygo et al Corey et al O' Donnell et al 10 mol% (S, S)-96
_ OOO 50% KOH, PhMe
Ar = 90% Yield, 99% ee (R)
N Maruoka et al

Scheme 1.9: Phase transfer catal94t96 promoting alkylation 083 conducted by various authd?g:*%°

Brgnsted base catalysis is initiated when a baaialyst partially deprotonates a reaction
substrate which then undergoes reaction followegragluct protonation to reform the base
catalyst. This catalytic mode has played a sigaificrole in the development of chiral
organocatalysts®> As an example a cinchona alkaloid may act as & basdeprotonate
substrates containing relatively acidic protong, emalonates, thiols or a proton whichui$o
two carbonyl groups, forming an ion pair betweea #mion and protonated amine catalyst.
This leads to a chiral environment around the amioth an enantioselective reaction with an

electrophile can generate an enantioenriched pt¢@ebeme 1.10).
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0 Ph

lo) (0]

P
MNOZ
o NO “COOMe

é)kom + Ph N2 10 mol% O

94% yield, 99% ee, 18:1 dr

THF, -60°C

Scheme 1.10: Brgnsted base catalysis in the circhtialoid catalysed conjugate addition to nitreaks as
reported by Dengt al.**®

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

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

1.3.1 H-Bonding Organocatalysts

Hydrogen bonding is a powerful technique for molacurecognition, carbonyl group
activation and activation of many biologically intpant reactions. Significant research has
also gone into the development of H-bonding catalyscluding cinchona alkaloids, ureas,
thioureas, and diols such as phosphoric acid anBO®L (a,0,0’,o’-tetraaryl-1,3-dioxlane-
4,5-dimethanol)derivatives:*®*?’ Such catalysts operate through electrophile aitivan a
similar way to Lewis acid activation; however H-lolamg alone is used to enhance activation
and chirality in the catalyst generates a chirairenment around the reaction electrophile or

transition states.

Ar
0 s R 9
rR.JU R r. R OH 0.0
N™ "H N™ "H O~ “OH
I | | | O \\\\\ OH
AL, 99
R = Chiral alkyl or aryl A Ar Ar
Urea Thiourea Cinchona alkaloid TADDOL Phosphoric acid

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

In general, H-bonding organocatalysts may enhaheerate of reaction by reducing the
activation energy by stabilising the transitiontestarS) through either H-bonding or proton
transfer. The weaker forces involved in H-bondimgamocatalysis compared to metal based
Lewis acid catalysts may produce lower turnoveuiencies but also facilitates greater

control of binding selectivity resulting in produdbhibition and catalyst air/moisture
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sensitivity being less problematic in organocatalgystems> The main modes of H-bond
activation of carbonyl compounds are single H-bongdand double H-bonding (Figure
1.33)1% poth of which activate the carbonyl exclusivelyoiigh H-bond interactions from a

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

M v M
H.. H.. .H
\IO ‘lo'
R1)\ H R1/k H
Single hydrogen Double hydrogen

bonding bonding

Figure 1.33: Modes of activation of a carbonyl grdé’

The principal focus of this section on H-bondingamocatalysts places a particular emphasis
on urea and thiourea catalysts and will finish wathlinking of the use of receptors as
organocatalysts where amide, urea and thiourealvaseptors will be presented. However a
short summary of the use of cinchona alkaloids,sphoric acids and TADDOL based

catalysts will first be presented.

Cinchona alkaloids are well known natural produstdated from the bark of evergreen trees
which can act as bifunctional H-bond donor catal}st Their catalytic activity may be
ascribed to the presence of the Lewis basic tgramuclidine nitrogen and the Lewis acidic
polar hydroxyl group capable of H-bonding to reawtsubstrates in a chiral environment.
They also exist in pseudoenantiomeric forms sucbirahonidine and cinchonine while the
secondary alcohol group at C-9 can be readily nextlifo include other H-bonding moieties
(Scheme 1.11a). Cinchona alkaloids were first applas bifunctional catalysts in the
enantioselective conjugate addition of thiols tccloglkenones where the catalyst was
proposed to activate the thiol nucleophile by gehéase catalysis and the enone by H-
bonding**° In addition, the OH group at the 9-position of #ikaloid bound to and stabilised
the developing negative charge at the carbonyl emym the reaction transition state. H-
bonding to this chiral OH group promoted faciales#lity in the nucleophilic attack.
Subsequently, cinchona alkaloids have been usgquhase transfer catalysts but have also
been exploited to impart enantioselectivity in méanumber of organic reactioh$.In 2005,

Schaus employed cinchona alkaloid cataly@ts& 98 to the addition of3-keto esters to
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carbamate protected aromatic imif&sThey obtained the products in excellent yields &nd
general, obtained high enantioselectivities in thenge of 81-96% ee, however

diastereoselectivity tended to be poor in somesxéSeheme 1.11b).

0
SH O 0
Solvent, 25°C . ")
@) * CHs g C CH,
CHs ; o\ O

CHj
97: 67% ee (S) in PhMe
98: 75% ee (R) in CgHg

o o Alloc (0] NHAIlloc
~ cinchonine 97 cinchonidine 98
(b))]\/u\oM * Nl )J\{L "
e Ph CH,Cl,, -35°C Meo N0 1S8,2R

97: 91% yield, 90% ee, 2:1 dr
98: 95% yield, 90% ee, 20:1 dr

Scheme 1.11: (a) Cinchona alkal®id& 98 catalysed conjugate addition of thiols to cycloaliees reported by
Wynberget al.**° (b) Application of catalyst97 & 98in addition ofp-keto esters to protected imin&s.

Diols including 1,1'-bi-2-naphthol (BINOL) anda,a,a’,a’-tetraaryl-1,3-dioxlane-4,5-
dimethanol (TADDOL) derivatives are useful for etiagelective Lewis-acid catalysed
reactions. Diols were first reported as efficienbéhd donating organocatalysts by Hetel.
in 1985%% Schaust al. reported that H8-BINOL derivative® & 100 possessed very similar
catalytic activities in the Morita-Baylis-HillmarnviBH) reaction of a number of aldehydes
with cyclohexenoné® High vyields and enantioselectivities were reporfed cyclic alkyl
aldehydes while aromatic aldehydes gave inferisulte of the order 30-40% vyield and 34-
67% ee in favour ofg)-product. They proposed that the chiral Brgnstd group promoted
the conjugate addition step and remain H-bondedd@nolate for the aldehyde addition step,
thereby imparting enantioselectivity.

o 10 - 20 mol% 99 or 100, OH ©

)OJ\ 0.25 - 2 equiv Et3P, THF, -10°C R {;
e OR®,

29-88% yield

R = (cyclo)-alkyl, aryl O O 29-96% ee (S)

Arr HO OH Ar
99: Ar = 3,5-(CH3)CgH3
100: Ar = 3,5-(CF3)CgH3

Scheme 1.12: Morita-Baylis-Hillman reaction of vars aldehydes with cyclohexenone catalysed by BINOL
derivatives99 & 100reported by Schaue al.**?
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Rawal et al. reported TADDOL derivatives such 491 were capable of enantioselectively
catalysing the asymmetric hetero- Diels-Alder resctof aminodienes with aldehydes to
generate the dihydropyran product in high enangesigity.*** The reported mode of action
of TADDOL catalyst101 involved H-bonding of the chiral alcohol to thelahyde carbonyl

group, creating a chiral environment.

OH
TBSO R
TBSO - A A o R
- * 101 | & |cHscoc, PhMe \]v\/\'
_——
o) PhMe, -40°C 0

_790
N 78°C 70% yield

PN
- >98% ee (S)-product

Scheme 1.13: TADDOL derivative reported by Rawtabl. to enantioselectively catalyse hetero-Diels Alder

reaction*3

Phosphoric acids may participate in reasonablyngti®rgnsted acid catalysis. Akiyaretzal.
developed a chiral cyclic phosphoric acid died@? starting from R)-BINOL and applied it
to the Mannich type reaction of ketene silyl acé&8with an aldimine>* The aryl groups on
the 3- and 3-positions proved essential for enaalaxtivity; the 4-nitrophenyl substituted
phosphoric acid catalyst02 produced highest yields and enantioselectivitidge f-amino
ester products were obtained favouring siie-isomer with ee values up to 96% observed.
The authors proposed that the reaction proceet®e@n iminium salt generated from the
aldimine and the Brgnsted acid catalyst and thédsaByl groups shielded the phosphate
group, resulting in asymmetric induction. The saméhors later applied a TADDOL-based
phosphoric acid diester cataly€14to a similar Mannich reaction usid@5in place of ketene
silyl acetal 103'* The aryl substituents on the TADDOL strongly aféet catalytic

performance and use of the 4-(trifluoromethyl)pHargup in the catalyst proved essential.
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Ary
OO Ary = 4-NO,CgHy

O~ pz OH
N o (X
©) j@ H  OTMs OO 103 NH O
N| * X oM Ar110 mol% B
Ar © PhMe, -78°C AT OMe
102 R

up to 96% ee
OH

j©/ OTMS 5 mol% 104, PhMe, -78°C \©i
OMe Ar,  Arp NH O
o O o Ay =4-CFaCeH,
¢ 7 Ar OMe
o™

0" “oH
Ars CAr, 104 85-92% ee

Scheme 1.14: (a) Mannich reaction using BINOL daiphosphoric catalyd03 reported by Akiyamat al.***

(b) Use of a TADDOL-derived phosphoric acid catall@4in a similar reaction®

1.3.2 Evolution of Urea based H-Bonding Organocatal  ysts

Pioneering work using H-bonding in catalysis wasduxted by Hinet al.**® They confirmed
that 1,8 biphenylenedidlO6 could form strong H-bonds from both OH groupshe oxygen
atom of Lewis basic substrates, e.g. 1,2,6,-trigletipyridone 107 and hexamethyl
phosphoramide (HMPAYLO8 through X-ray crystallography (Scheme 1.158)This H-
bonding interaction promoted the aminolysis of pheagtycidyl ether109 with diethylamine

in butanone with similar catalytic activity to whabuld be expected from a phenol 600 times
as acidic (Scheme 1.151§. This showed that general acid catalysis by mets Hiprotic

acids was a valid strategy on which to design avgatalysts>’

P(NMe,)3
108
106 106

| OIO %
O/o\/A 2 e 106 ©/O\)\/NEt2
109 Et,NH, butanone 30°C
Scheme 1.15: (a) H-bonding of 1,8-biphenylenediob to Lewis basic 1,2,6-trimethyl-4-pyridonE07 and
HMPA 108'* (b) Aminolysis 0fL09in butanone promoted by biphenylenediob %
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Kelly et al. used biphenylene didl10 derivatives as catalysts in the Diels-Alder reactf
cyclopentadiene and,g-unsaturated aldehydes (Scheme 1'i%Yhey suggested that the

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

NO, NO, NO, NO,
0 CsH7 I I CsHy ; CsHy I I CsH7
OH OH 110 O. .0
@ . ﬁkcw3 40-50 mol% COCH, 110 HH
rt, 10 min 90% product formation HO\

Scheme 1.16: Double hydrogen bond donatiohléfto the dienophile catalysed the Diels-Alder reaetf®

Etter et al. found that a diaryl urea with electron withdragisubstituent411 formed co-
crystals with proton acceptors such as carbonylpmamdsvia two H-bonds between the urea
and carbonyl group (Figure 1.34§%° Jorgensen used this theory to explain the rate

acceleration observed in Diels-Alder reactions &@itdisen rearrangements through a dual

NO, NO,
)J\
i i _H. -
E‘ E " o-M- ~H-0

|
Hﬁ Jorgensen's dual hydration model

Etter's crystallisation

hydration modet*°

Figure 1.34: Diaryl ured11 crystallised with a carbonyl compound reported hieEet al.****** Jorgensen’s

explanation for rate enhacement for Diels-Aldectiems and Claisen rearrangements in the presdneater*°

A progression from biphenylene diols was the dgwalent of urea based catalysts. Curran &
Kuo designed a urea Lewis acid cataly&® for the allylation reaction od-(phenylseleno)-
sulfoxide 113 with allyltributylstannanel14 (Scheme 1.17*% In order to aid synthesis and
solubility, a trifluoromethyl group and an octylteiswere introduced on to the urea aromatic
rings. Using 1 equivalent urea catalyst, up to 808td and 7:1trans.cis ratio was obtained.
The increase itrang/cis ratio was explained by the intermediate sulfoxiagical H-bonding
to112
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Al
c') /\/SHBU3 H*N, ' C') é
Q/SePh 14 Cs-o e p—— A
CFs CF3 H=N .
113 o Ar trans cis
)y radical sulfoxide
CgH170,C N™°N CO,CgH17
H H 412

Scheme 1.17: Curran’s diarylurea catalys2in theacceleration of the allylation of phenylseleno axilfies***

Curran observed a 4-fold rate enhancement in tesepce of 1 equivalent Gfl2 for the
Claisen rearrangement reaction of 6-phenyl allylykiether115 at 100 °C*** The rate of
rearrangement of 6-methoxy allyl vinyl ether at°®increased by a factor of 22 using of 1
equivalent ofLl12while use ofN,N-dimethylurea resulted in a loss of catalytic eff@@cheme
1.18). DMSO enhanced the rate of the uncatalysedtiom slightly but hindered the

accelerating effect of the catalyst.

ro o (Ar
oM 12 Meo \;O >: © Q
115 ©

Ar OMe

Scheme 1.18: Acceleration of the Claisen rearraegemf115 using diaryl urea cataly4tl2

Schreiner & Wittkopp subsequently used urea amultleia based catalysts in the Diels-Alder
reaction of cyclopentadiene amr3 unsaturated carbonyl compourtd&The thiourea motif

was also investigated as a replacement for the gn@# due to its enhanced organic solvent
solubility, their ease of preparation and becaume thiocarbonyl group is known to be a

i'* The introduction of electron

weaker H-bond acceptor, leading to less self-aaton
withdrawing non H-bonding GFsubstituents in theneta-position of the aryl ring was
proposed to increase the catalytic ability by gatieg a more rigid conformation due to H-
bonds between the sulphur atoms amtho-protons based on computational modelling
(Scheme 1.19). For the reaction Mfacyloxazolidinonel16 and cyclopentadiene, using 25
mol% of thiourea catalysil7 (Scheme 1.19), the reaction proceeded at a muaierlo
temperature and in higher yield with improved dtasbmeric ratiodr). Rate enhancement
was proposed to be due to coordinatiod b to a lone pair located on the Lewis-basic centre

of 116 via H-bonding lowering the LUMO energy of the conjuggtsystem. Schreiner’s
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catalyst117 has since been used by many others as a templatatalysis of a number of

organic reaction&>**’
CF, CF3
H.o.H
jssael
FsC N)\N CFs
H b M7
iy
o A L j\ 0 0
(@) N/&;\ 0
] bt o} o nAY O)LN H¥
\*&\ + : 25 mol% \_—§' * \\3'
116 CHCly, 23°C, 48 h 78% yield,

81:19dr

Scheme 1.19: Catalysis of Diels-Alder reaction gs8threiner’'s thioured17. Attractive S-H intramolecular
interaction of thiourea catalygtving it structural rigidity***

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

Takemoto reasoned that the N-H bonds of ureas walstl activate the nitrone growa H-
bonding. They evaluated the addition of trimetHylsyanide and ketene silyl acetals
(nucleophiles) to various nitrones and obtained dbeesponding hydroxyamines in good
yields in the presence of urea based catal{#s.correlation was observed between the N-H
acidity on amides, ureas and thioureas and thdalyte abilities; Schreiner’'s thiourea
catalyst 117 produced optimum yield$*'*®* Rate enhancement based on H-bonding
interactions between the catalyst and nitrone wasfirtmed by H and *C NMR
spectroscopic studies. Scheme 1.20 details théioraand the proposed mode of catalysis by

binding to nitrone and activation towards nucletiplattack.

F3C 117

(j\ CF3 HCI N” T CN
Z

g_ 50 mol% thiourea, TMSCN, CH,Cl,, -78°C ~ MeOH OH
Scheme 1.20: Reaction of 6-methyl-3,4,5-tetrahyghidine with TMSCN“® with suggested activation dafL7
mechanism of nitrones also shown (H-bonding adtwaf*°
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Nagasawaet al. investigated the acceleration of the hetero-Mithaaction of a,5
unsaturated carbonyl compounds and found optinsallt® using thioured17 and its urea
analoguel18**° The reaction of pyrrolidine witly-crotonolactonel19 produced a 24 fold

increase in reaction rate using thiourea catdlys%'t

CF, o

17:X=S
118:X=0 .
FsC N N CF,4

- \

119 10 mol%, CDCI3, rt

>24 fold rate increase

Figure 1.35: Hetero-Michael addition pyrrolidineto lactonel19 using catalyst$17 & 118°

In 2004, Connon & Maher successfully applied catsly17 & 118and also a range akwis
acidic diarylureas catalysts in the DABCO (1,4-diasizyclo[2.2.2]octane) promoted Morita-
Baylis-Hillman (MBH) reaction of benzaldehyde amethyl acrylate(Scheme 1.215%
Interestingly, they found that thiour&d7 was inferior to the ure&18 while both were more
efficient than water or methanol additives. Thehats proposed that rate enhancement was a
result of aldehyde electrophile activation or H-Bimg to the enol transition state of the
reaction (betaine intermediate) through a ZimmerThiaxler type transition state for the
addition of the enolate anion to the aldehyde. dlhdic alcohol product was obtained in up to

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

o OH O

(0]
Ureal/thiourea catalyst
H & OMe OMe
| [gj neat, 20 h

uncatalysed: 32% yield

N 118 catalysed: 88% yield
R R G=0,R=H
G G=0,R=F
)L G=0,R=CF;(118)
R N N R G=S8S,R=H
! ! G=S,R=F
H H G=S,R=CF5(117)

Scheme 1.21: Baylis Hillman reaction lménzaldehyde and methyl acrylate using urea & te@watalysts with
most successful diaryl urea catalgd8 highlighted in bold*®

Also in 2004, Sohtomet al.'*’ investigated117 and 118 in the DABCO catalysed MBH
reaction of cyclohexenone with benzaldehyde andiobt a 50 fold increase in product

formation compared to the uncatalysed proc#ssNMR spectroscopic studies showed that
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117 interacted with both starting materials and theedirigs aided the development of a

chiral variant which will be detailed in the nextction.

Schreineret al. successfully applied17 to a number of reactions and these will be now be
discussed together. In 2006, they reported thatates of acetalization reactions of a number
of aliphatic and aromatic carbonyl compounds weighlli increased with turnover
frequencies of the order of 600 hising this catalys{Scheme 1.22d} The reactions of acid
sensitive silyl protected alcohols were also effidcand catalyst loading could be reduced to
0.01 mol% without loss in activity. Mechanistic estigations pointed towards catalysis by
117 of the heterolysis of the orthoester followed Igbdisation of a nhumber of oxyanion
intermediates. They subsequently demonstrated Kiléyaof this catalyst to coordinate
negatively charged intermediates in the additionaofines, thiophenol and alcohols to
epoxides where a cooperative effect with water wlaserved (Scheme 1.22%Y. Later, the
same catalystivas employed ina cooperative Brgnsted acid type organocatalysishén
regioselective alcoholysis of styrene oxides (Sahdn®22c)™' It was envisaged that water
could compete with the nucleophile and as a resudindelic acid was used as a mild acid
alternative additive. Under these conditions, hygkdlds and regioselectivites were obtained

for aliphatic, sterically hindered and unsaturatxbhols with styrene oxide.

In 2007, Schreiner and Kotke applied uld# to tetrahydropyranylation (THP-protection) of
hydroxyl groups in a variety of phenols, stericalindered alcohols and particularly acid-
sensitive reactants such as aldol products, hydlesters, acetals and silyl-protected alcohols
(Scheme 1.22d? THP-protection would facilitate the use of thesempounds in further
synthetic processes. DFT (density functional theosaiculations suggested that the catalyst
aided in formation of the nucleophiles (R@nd stabilised the oxyanion developing in the

reaction transition state through double H-bonding.
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OR4
(a) R4R,CO +  R4OH 1 mol % 117 ~ /)\
rt, HC(OR3)s Rig “ORs

turnover frequency = 600 h™’!

o \ 10 mol% 117, rt HO  Nu
b + u
®) A CH,Cly, H,0
OH up to 97% yield
RZ\
5 ©)\COOH 0
(c) 1 mol% /@2\
R,-OH
Ri T 1 mol% 117 OH

Ry
Regioselectivity > 99%
Conversion > 99%

0.001 - 1 mol% 117 /(j
@ R-OH =+ @ - R

07 O
0 up to 98% yield

Scheme 1.22: (a) Thioureatalysed acetalization reactib(b) Coperative organocatalysis of thioufe& with
water in addition of amines, thiols and phenolepoxides> (c) Alcoholysis of styrene oxides promoted by
thiourea catalyst24.*** (d) THP-protection of hydroxyl containing groupsluding acid-labile alcohof$?

Philp et al. used molecular modelling studies to rationallyigiesa H-bond donating catalyst
for the DMAP (dimethylaminopyridine) catalysed MBidaction of cyclohexenone and 4-
fluorobenzaldehyde (Scheme 1.23)Using molecular modelling studies, they designed
catalysts consisting of two thioureas separateceither anm-xylyl or o-xylyl bridge and
predicted that these catalysts could bind the repbtlic aldehyde and also the enolate
intermediate from the reaction of DABC@ith cyclohexenone. These interactions activated
the aldehyde and enolate intermediate and held thectose proximity thereby promoting
their reaction and resulting in enhanced vyields eetéds compared to the Schreiner and

Sohtome’s catalyst$***

C C

F F [ ° ]

3 3 F. 0
F3C CF3 OH O
o s s
: Senes o

H N N H o =
H |
b e S
F

Scheme 1.23: Philp’s most successful bifunctiohalurea catalyst20 capable of binding the enolate anion and
aldehyde simultaneousty.

/N\

In 2008, Connoret al. used computational techniques to assess theisesbhdf complexes

between (thio)urea molecules and a number of eleliies which incorporated a Lewis-basic
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functionality in an attempt to design new moredacithio)urea catalystS® This approach
focused on the interaction between the catalystedextrophile, without taking account of the
reaction intermediates, but served as a rapid nmagfobf potential catalysts with reaction
substrates. A number of catalysts were screenetthéarinteraction with an oxirane group for
an addition reaction to epoxides. Antosyl analogue ofl17 proved highly catalytically
active but had poor stability. The correspondingadr21 was also highly catalytically active
in the addition of 1,2-dimethylindole to an oxiraméth a 71% yield of product obtained
(Scheme 1.24). A substrate scope investigation stiawat the acidic urea was an efficient

organocatalyst for many styrene oxides and indefevdtives including aniline nucleophiles.

CF,
ST
FsC N N’S HO
HoOH 4
Ph\i/o 4(/]@ 10 mol% 121 N
. .

/

/N 4.0 Min CH,Cly, 1t, 72 h 71% yield

uncatalysed: 0% yield

Scheme 1.24: Connon’s addition of 1,2-dimethylirdol an epoxide catalysed bg1'>*

In 2009, Lattanzet al. studied catalyst417, 118 and also two alternative H-bond donating
catalysts in the oxidation of sulfides witért-butyl hydroperoxide (TBHPY* Catalyst117
was found to be most active giving the sulfoxidedurct in high yield in many cases. The
origin of catalysis was proposed to be double Heiap betweerl17 and an oxygen atom of
TBHP, enhancing its electrophilicity and makingnibre susceptible to nucleophilic attack by
the sulfide (Scheme 1.25).

- R CFy |
jsB Vel
s FsC N“ N CF, o)
g \©\ 117, 1 mol% HoA /S\©\
rt, TBHP (1.2 equiv), CH,Cl, t—Bu’O%’H -
L
RS

16 h
99% yield

R4

Scheme 1.25: Suggested activation of TBHP by teiawatalysi17.°*
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1.3.4 Chiral Urea and Thiourea Catalysts

In this section, some key examples of chiral (lmea H-bonding organocatalysis will be
presented, however it is not designed as a compselee review of this field. Jacobsen’s
group began the development of chiral urea anduthi based catalyst€. In 1998 they

reported an asymmetric Strecker reactioMNdllyl aldimines with Schiff base urea catalysts

and found moderate to high enantioselectivitieg®01% ee of product (Scheme 1.27).

Q P OMe

S $§
IV ¢ FiCOC. |~ >
P —N H
)Nl\/\/ HN{ H HO R/iI\CN
o)
R™H 65-92% yield
1. 2 mol%; HCN, toluene, -78°C ’
R = alkyl or aryl i 70-91% ee

2. TFA

Scheme 1.26: Asymmetric Strecker reactioafllyl aldimines with Schiff-base thiourea catalyst

In 2003, Takemotcet al. reported seminal findings on the use of bifunaioarea and
thiourea catalysts to promote a Michael additioactien’>® They postulated that a basic,
nucleophile-activating group in a chiral thiourestatystalong with nitroolefin electrophile
activation through H-bonding to both oxygen atomighnhallow a synergistic interaction
between the functional groups and control theirre@ph stereoselectively leading to an
efficient bifunctional catalystLl22 for the Michael reaction of diethyl malonate with
nitrostyrene. Product was obtained in 86% yield apdo 93% ee in favour of th&(isomer,
while reduced ee values were observed in competgolar solvents (Scheme 1.27). Pagai
al. later conducted theoretical studies on the enselgative Michael addition reaction
catalysed by thiourea based bifunctional organbesita and postulated an alternative
mechanisnt>’ This mechanism was consistent with the dual aitimarinciple of Takemoto,
however electrophile activation was proposed taiptiarough interaction with the protonated
amino group of the catalyst rather than the H-bdoadors of thiourea. The key intermediate
was the catalyst-nucleophile ion pair while thedacgroups along with the protonated amine
were determined to stabilise the transition stateai chiral environment leading to

stereoselectivity in the reaction.
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by N s s hiral
FaC N N : caffold caffold
s EtO,C.__CO,Et bt L oo N
122 LNOZ R , Re R
®) ’

CF. : . ' ! l B
X NO; 3 10 mol% Ph 3 H 6 69"
Ph | 24 h [o)gme} i i N~o
toluene, rt, | J\
EtO,C” “CO,Et up to 86% yield = Eto)\)\OEt EtO R =/OEt
up to 93% ee (S) R4 \_/ !

Takemoto, dual activation Papai, dual activation

Scheme 1.27: Reaction of diethylmalonate y@thitrostyrene catalysed by bifunctional thiouretatyst 122°°
Dual activation models proposed by Takemgital. and Papagt al. also shown.

They subsequently successfully applied bifunctiotburea 122 in the enantioselective
addition of malononitrile te,f-unsaturated imides and in the-Henry reaction to give high
enantioselectivies of the nitroamine prodtét:>® Catalysis in the latter reaction was due to
activation of the nitro group which favoured thenf@ation of the nucleophilic nitronate anion
(Scheme 1.28).

(0] o) toluene, rt (NC),HC, H (@] 0
CN 2 5
@) Ph/\)L N [ PhMN
CN CF;3
i /Q up to 92% ee (R)
FsC N“N
H ..
o HoOH o (e, n-P(OPh
1_Ph 10mol% 122 NO,
N° “Ph + RCH,NO Ar
® o Y
Ar CH,Cly, rt

up to 76% ee (S)

Scheme 1.28: (a) Use of bifunctionB22 in Michael reaction withu, unsaturated imide. (b) Henry reaction
(reaction of nitroalkanes to imines) catalysed Bg %%

Wanget al. reported a novel binaphthyl catalyi?3 containing a thiourea and tertiary amine
group for the MBH reactioff’ They proposed that the catalyst would H-bond t @ttivate
the carbonyl functionality of the,S-unsaturated system, facilitating the Michael additof
the catalyst tertiary amine group to tReposition of the substrate while the chiral scaffol
could impart stereochemical control on the reactiorthe reaction of cyclohexenone with 3-
phenylpropionaldehyde, catalyis23 gave product in up to 84% yield and 94% ee in fa\af
the ®R)-enantiomer (Figure 1.36a). Acetonitrile as sotvan0 °C produced optimal results
producing yields of 63-84% and 80-94% ee for alighaldehydes with cyclohexenone. In
further work, they applied catalyst23 to the Michael reaction of a 1,3-diketone to
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nitroolefins, observing low catalyst loading (dovan1l mol%) was sufficient for the reaction
giving moderate yields of 78-92% and up to 97%fegure 1.36b)°%*

O OH
o o
)J\ 10 mol% thiourea catalyst RR
(a) + R H
CH;CN, 0°C F4C
R = aliphatic up to 84% yield
OO s /@\ up to 94% ee
/lL CF3
N 123
\
(b) 9 NO Arfo~NO2
+ X -NO2 1 mol% thiourea catalyst
)J\/U\ Ar : up to 92% yield
Et,0, rt up to 97% ee (R)

Figure 1.36: (a) MBH reaction of cyclohexenonetmatdehydes catalysed by bifunctional thiout€a'®° (b)
Michael addition of 2,4-pentanedionettans-A-nitrostyrene catalysed W23also showrt®*

Tsogoevat al. synthesised a bifunctional cataly$4 consisting of a thiourea group and also
a primary amino group attached to a chiral backkeme used it in the Michael addition of
acetone to aromatic nitroolefins in toluene prodgcup to 92% ee of product (Scheme
1.29)1%21%3 They proposed that the primary amino group woultivate acetone through
enamine formation while the thiourea group woulddhd and activate the nitroolefin. DFT
calculations showed one oxygen of the nitro grogs wivolved with H-bonding with the

thiourea and steric effects resulted in preferéfi@nation of the R)-product.

i /(j
NJkN . QA
? H oM NHp 124 M Ao,

2 equiv H,0, 0.15 equiv AcOH up to 92% ee (R)
Toluene, rt

Scheme 1.29: Bifunctional thiourd24 catalysed Michael addition of acetone to aromaitimolefins reported
by Tsogoevd®?

Sohtomeet al. investigated the asymmetric Baylis-Hillman reagtigsing abis-thiourea type
catalyst 125 containing two ureal/thiourea moieties connectedouth a 1,2-
cyclohexanediamine chiral grotify. Catalyst 125 produced a 72 fold increase in product
formation with 33% ee for the reaction of benzajdlhand cyclohexenone and they also
found success with a number of aromatic and alipt@tiehydes (Scheme 1.30&1 NMR
spectroscopic studies were used to postulate a aktalation mode where two thiourea

functionalities could co-ordinate to the carbonydups of the aldehyde and the enof3t€he
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R substituent on the aldehyde favouredaat relationship to avoid disrupting thiourea —
enolate H-bonding. In addition, carbonyl activatarthe enolat@ led to rapid elimination of
the tertiary amine catalyst, currently consideredbé the rate determining step based on

mechanistic reports for the Baylis-Hillman reactith

CF3

5C s>\_ S
N
o o RN /«N OH O

H /@
R,
@ H FC 40mole 125" CFs
+ 40 mol% DMAP, neat, -5°C
88% yield

72h 42% ee (R)

- H . H H
a-N R a-N o HQ N\
(b) Heo ) gt —H Ho o gae—H
oy + oy
wNR3 NR3 s
S N
>\N$ N//<

Scheme 1.30: MBH reaction catalyseddistthiourea chiral catalyst25with proposed transition state in (8).

F

Berkesselet al. applied a number dbis-thioureas derived from isophoronediamine (IPDA)
with a 5,5-dimethyl-1,3-diaminocylohexane chiralaser group as catalysts in the MBH
reaction of cyclohexenone with cyclohexanecarbatayde!®® Under optimal neat reaction

conditions,bis-thioureal26 produced 90% yield and 91% ee in favour of tRepgroduct in

the presence of tetramethylated isophoronedianfidKDA) (Scheme 1.31).

HsC. s

H\D‘NH
SYN = J—NH

CH, S
NH ’ CF
126 3 OH O

0 o)
FaC
H CF, 20 mol%
¥ 20 mol% TMIPDA, neat 10°C 90% yield

90% ee (R)

Scheme 1.31: Baylis-Hillman reaction catalysedisythiourea catalyst26%°

Wu et al. developed a range of chiral phosphinothiourearaygatalysts derived frotnans-2-
amino-1-(diphenylphosphino)cyclohexane includii@7 for the enantioselective MBH
reaction of methyl vinyl ketone with a number afiethydes and the product was obtained in
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up to 75% vyield and 94% é& A transition state model where the thiourea H-lsotulthe
aldehyde carbonyl while the chiral cyclohexyl soldfforces the phosphinoyl associated
enolate to attack the carbonyl from thdace to give theR)-product was proposed (Scheme
1.32).

S
P
N
N H Phen
CHO e 127 s R50© Q  OH
i SO '
| = @)
10 mol%
T N Hy ook
CH,Cl,, 13°C Heo=" shattae A NO,
Ar 71% yield
NO, 85% ee (R)

Scheme 1.32: Baylis-Hillman reaction of 4-nitrobaidzhyde with methyl vinyl ketone catalysed by
phosphinothioure427. Proposed transition state leading®p-groduct also showlf®

Wanget al. reported a range of bifunctional amine thiouretalgats with multiple H-bond
donating sites includind28 for the enantioselective direct Michael additidnnitroethane
with Bnitrostyrene’®” Product was obtained in 87% yield, 83% ee in favouthe R 3R

product and 73:23%yn:anti ratio at -30°C (Scheme 1.33).

Ph Ph

S \
§ NO
YN N-s0, S

x_NO, . H 128 CF; ©/\/
©/\/ + 7 NO, N 81% yield
5mol% F3C

97% ee
CH,Cl,, -30°C 96:4 syn:anti

Scheme 1.33: Wang’s asymmetric Michael reactiomittbethane &g-nitrostyrenecatalysed by bifunctional
catalyst128'¢’

In 2008, the groups of Connehal. and Songgt al. reported thiourea functionalised cinchona
alkaloid catalystL29 for the methanolysis of cyclic anhydrides (Schet®4)%8%n both
cases, dilute conditions were necessary to acligleenatioselectivities. Conn@hal. found
MTBE methyltert-butyl ether to be optimal as solvent while Songdudioxane. Songt al.
later reported an analogous sulfonamide derivetB@which was also efficient in less dilute
conditions’’® It was proposed that activation of the anhydrigéeteophile through H-bonding
and promotion of attack at a single anhydride caybgroup through general base catalysis
from the chiral quinuclidine base. These activaiona chiral environment were suggested to

stereoselectively enhance reaction rate.
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; MeOH, dioxane, MeOH, Et,0, 10 equiv MeOH,
COH 10 mol% 129 1 mol% 130 ! O MTBE, 1mol% 129 //
2 —_— CO,H
CO,Me o] 7 CO.Me
129: 84% yield oMe 99% yield
N 93% ee

96% ee

130: 92% yield

N
95% ee |

X
N S)\NH

H
FsC CF
% 129 7

Scheme 1.34: Successful application of thioureasaffdnamide functionalised cinchona alkalol®® & 130in
desymmetrization reaction&*"°

In 2011, Connoret al. developed a cinchona alkaloid based organocataBktvith a urea
group substituted at the C-5’ position to examine distance between the nucleophile- and
electrophile activating groups on the bifunctiocafalyst'"* These catalysts were successfully
applied to the 1,2-addition of nitromethane tdludromethylketones in up to 90% ee for

trifluoracetophenone (Scheme 1.35).

FsC
o HO_ CF,
SN0,
CF3 10 mol%
72% yield,
MeNO,, MTBE, -25°C 90% ee (R)

Scheme 1.35: C-5' substituted cinchona alkaloid algat 131 in the Henry reaction involving
trifluoroacetophenon¥

1.4 The Application of Acyclic Receptors in Organoc  atalysis

A common theme arising from organocatalysis hasvahibat complexation and activation of
neutral functional groups such as carbonyl grougls M-bond donors has resulted in catalytic
activity.*** While this viewpoint acknowledges the significamdestabilisation of developing
negative charge and groups with partial chargedoé&s not consider potential relationships
between anion recognition and organocatalysis. @verlast number of years, the strong

relationship which exists between anion receptoid a@rganocatalysts for reactions which
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contain anionic transition states has come to tre.fThe concept of application of

specifically designed anion receptors as organtysasawill be discussed in this section.

Enzyme catalysis commonly relies upon preferentiddbonding complexation and
stabilisation of transition states over startingtemials and products? Therefore, successful
artificial enzymes (organocatalysts) must be complatary to the electrostatic and spatial
features of transition state structures. Hamiltgnal. reported the acceleration of a
phosphoryl-transfer reaction with an artificial teruling receptot’? Their previously
successful bissamide receptorl32 synthesised from isophthaloyl dichloride and 2,6-
diaminopyridiné”® was deemed suitable to bind the planar-trigontdrinediate and also
possibly activate the starting material P=0 towardglsleophilic attack. A 10-fold acceleration
in reaction rate in the aminolysis of phosphorodden chloride with n-butylamine was

observed (Scheme 1.36) while no starting materigkaduct binding was observed.

OC7H1s

cl
o_Hl‘::mé<> ° °
n X H H’N X
o NH,R o, ‘N§,> Q \,\Q
NG PN RV
O N, (N0

N.
PN RHN H N ;
o N0
H H / T \\HCIAFI) H,/
0=p LW

U 132

Proposed transition state binding

Scheme 1.36: Phosphoryl transfer catalysed by teafdmide derived receptorl32 Proposed
catalyst:intermediate binding also shol{h.

In 1991, Hamiltonet al. used synthetic receptors to increase the ratdefrttramolecular
Diels-Alder reaction of disubstitutetl-furfurylffumaramide derivatives through selective
binding to different structures on the reactionhpaty (Scheme 1.37J* A previously
successful dicarboxylic acidis-amide based receptor derived from terephthalostlidride
and 6-amino-2-picoline caused a 10 fold decreasateof reaction due to complexation and
stabilization of the starting material, increasirthe activation energy Selective
complexation of the transition state was achiewethtegrating aminopicoline groups into an
isophthaloyl motif133 resulting in a 30-fold increase in reaction rateh@ne 1.37a). The

same group utilised a H-bonding recepl8n based on staphylococcus nuclease enzyme in
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the acceleration of phosphodiester cleavage in .1%9Phe receptor derived from dimethyl
isophthalate and guanidium hydrochloride bound phodiesterl35 with a Kyssvalue of 5
x10* Mt in acetonitrile (Scheme 1.37b). This receptor asoeased the rate of release of 4-
nitrophenol in the intramolecular cleavage reactadnphosphodiester by a factor of 700,
comparable to phosphodiesterase performafice.

a i (o) (0] N
@) §/©\f 0 o
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" N N N.__N
4 O - NS ~ - = ~
o & N g ° y ’ © " 11/ " ?\1/ "
P o HO HOUH o Q H™™H
30 o©° OH N P/ 134
135 HQo HO R" R

o o)
OYQNJJ\N/\/\ OY©\NJ\N/\/\
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Scheme 1.37: (a) Intramolecular Diels-Alder reatticatalysed by isophthaloyl catalyst33'* (b)
Intramolecular cleavage reaction d85 increased 700 fold with enzyme mimi84'% (c) Anion binding
receptorl36resulted in accelerated 1,4 addition of a thich tmaleimidé?

Hamilton et al. used an anion binding strategy to stabilise aranion transition state, thus
accelerating the 1,4 addition of a thiol to a nmaide in 1997 The build up of negative
charge on the carbonyl oxygen in the enol transistate was stabilised by H-bonding to a
urea group on catalyst36 while the carboxylic acid group formed H-bonds hwithe
aminopyridine motif, resulting in transition statbilisation and rate enhancement (Scheme
1.37c). When an amide was substituted in placéhefurea, weaker substrate binding and

catalytic activity was observed, consistent witslefficient H-bonding of an amide.
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Crabtreeet al. found a 6-fold increase in the rate of imine fotima in the presence of a
sulfonamide catalyst37.*” The rate determining nucleophilic attack on thebomyl by the
amine has an anionic transition state which wagestgd to be more tightly bound to the
sulfonamide catalyst compared to the starting aldehor the product. Based on previous
anion binding results for this cataly$tthey suggested that a two point H-bonding intévact
of the convergent sulfonamide groups with the awgidransition state was responsible for
catalysis (Scheme 1.38a). With the known anion ibmaability of the bis-sulfonamide
receptor motif in mind, Brennest al. studied a number of chiral bifunctional sulfonaaid
catalysts includind. 38 for conjugate addition reactions of 1,3-dicarbocyimpounds withp-
nitrostyrene  (Scheme 1.388Y. The optimum catalyst 138 containing a 3,5-
bis(trifluoromethyl)aniline ring and a chiral amineogp catalysed the reaction of diethyl
malonate ands-nitrostyrene to give product in up to 68% yield and% ee.'H NMR
spectroscopic studies confirmed H-bonding inteoadti of theN-aryl sulfonamide withs-

nitrostyrene while a correlation was observed betwd-H acidity and enantioselectivity.
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©/\/ + EtOOC/\COOEt Fs
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Scheme 1.38: (a) Proposed binding of Crabtree’slfdizamide137 to transition state of aldehyde imination
reaction’ (b) Brenner's reaction gnitrostyrene with diethyl malonate catalysedoistsulfonamidel 38"

In 2006, Gonget al. reported a catalytic system based on originalifigsl by Hamiltoret al.

that an amidd.39 derived from the 2-aminopyridine group could btnda carboxyl group®
Gonget al. successfully useds-prolinamide catalysts containing an aminopyridmeiety

for the aldol reaction of acetone and phenylglydioxgcid to produce a high yield of product
in up to 98% ee (Scheme 1.39). Experimental and theoretical studies showed the

importance of the H-bonding between the optimablygat 139 and the keto and carboxyl
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groups of the keto acid substrate, resulting ifnvatton towards attack by the nucleophilic

enamine.
(o] =
| o
N |
@A i @)N N
NH h -‘
139 O OH
Q@ 2 20 mol% NCH COOH
A R)kCOOH } o &6 ——~ MR
0, \
R = aryl or alkyl Toluene, 0°C \J> $ up to >99% yield
Caversy R up to 98% ee (R)

Scheme 1.39: Reaction of phenylglycoxylic acid wtietone catalysed by prolinamide cataly3@'"®

Moran et al. studied the binding interactions between a nunabehiourea derivatives with
triphenylarsine oxide, an oxyanion hole mimic cdpabf strong substrate bindifi§. In
particular, incorporation of the 3[Bs(trifluoromethyl)phenyl group into the thioureatstture
led to a significant enhancement in binding stren@hey reported significant catalysis using
both the Schreiner thiourea catal§4 and also a receptdd0 containing triflamide moieties

in the Diels-Alder reaction of methyl vinyl ketomgth cyclopentadiene (Scheme 1.40).

so2

Ao b @Q ‘Q‘ ﬁo

CDCl3, 5 mol% catalyst

Scheme 1.40: Diels-Alder reaction catalysed by essful triphenylarsine oxide receptdrk7 & 140"’

As detailed in previous sections, squaramides baea found to be efficient anion receptors.
Squaramides and (thio)ureas are rigid structuresyelier the former possess a larger
disatance between the two N-H groups. Squaramiales been shown to bind anions through
the N-H groups and cations through its acceptorgeryatoms and recently, they have also
been applied as organocatalysts. The first repafts squaramides as bifunctional
organocatalysts came in 2008 when Rawtakl. reported that these easily synthesised,
modular catalysts enantioselectively catalysedcthrgugate addition of 2,4-pentanedione to
B-nitrostyrene’’® The optimal (-)cinchonine substituted derivatit41l was applied to the
addition of activated methylenes to nitroalkenesvyling yields of the order 65-98%, 77-

99% ee and up to 1:50 d.r (Scheme 1.41a). The mbdatalysis was proposed to be similar
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to that of Takemotat al. (Scheme 1.27}° where the rigid squaramide pocket provided a
well-defined chiral pocket.

H
Ojjo %
N~ HN N
F4C H H (0] (6]
1 S NO 7]
X 2
(a) )J\)J\ + Ph CF, Sy M o NO,

2 mol% 141 CH,Cly, rt 98% yield, > 99% ee
o 0
FSC\Q\ j\;/[ Q
N N"
o H HoON OspH(oPh),
o7 142 NO,
NO, + P Q R
0 RN PhO" "OPh
10 mol% 142, CH,Cl,, 0°C 69-99% yield

95-99% ee

Scheme 1.41: (a) Squaramitiél catalysed conjugate addition of 2,4-pentanediortefanitrostyrene to give
high yields and ee values. (b) Michael additiodiphenyl phosphite to nitroalkenes catalysed 62

Rawal et al. subsequently reported a new squaramitié2 derived from 1,2-
diaminocyclohexane (Scheme 1.416)They successfully applied this catalyst to the hiel
addition of diphenylphosphite to nitroalkenes witsults which exceeded that of chiral
thioureas. The same group later reported an ers@htictive Friedel-Crafts reaction of indoles
with arylsulfonylimines using bifunctional chiralggaramide catalysti43 and obtained

product in up to 99% ee using 2.5 mol% loadiffy.

|\
FsC o) o) R
Rl =
27 SO

= ~OV2

H

NI/SOZ N FsC 123 NN RH?@

RH 2.5 mol% 143, THF, 50°C N

H
75-96% yield, 81-96% ee

Scheme 1.42: Friedel-Crafts reaction of indole$Wisulfonylimines catalysed by chiral squaramidia.

In 2011, Wuet al. synthesised a squaramide analo@4d of their urea/phosphine catalyst
containing a tertiary phosphine as a chiral bifioral catalyst for the intramolecular MBH

reaction and the MBH adducts were obtained in lyighds and high enantioselectivity up to
93%8! The authors proposed a transition st#atevhere the nucleophilic phosphine attacks

the p-position of the Michael acceptor generating an laeo while the electrophillic
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squaramide activates the aldehyde group througlgesxyatom H-bonding. The chiral
cyclohexyl scaffold forces the phosphinoyl bounadlate to attack the carbonyl from the

face to form the§)-product.

0 0 o
Q O OH
O O - ” OEt Ph,,,,"‘P'% N, oEt
Q)ﬁ PPh, 161 Ph7

-H
o
< | )
3 mol% 161, EtOH, 25°C = \H?]A 98% yield, 93% ee (S)

L Ar si-attack A -

Scheme 1.43: Intramolecular MBH reaction catalybgdhosphine-squaramideésl Proposed transition state
also showr®*

1.5 Conclusions

This Chapter has detailed the close interplay whaglsts between anion recognition and
organocatalysis. Chapter 2 will describe experimlemtork conducted which probes this
relationship further by synthesising compoundsadlé for binding anions and acting as
organocatalysts using molecular recognition teamsqto probe the relationship between

strong anion binding and organocatalytic activity.
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2 Chapter 2

Synthesis and '"H NMR Spectroscopic Binding Studies towards
Rational Design of a Series of Electron-Withdrawing Diamide

Receptors/Organocatalysts
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2.1 Background

In recent years, the coordination of anions viarbgdn bonding (H-bonding) has become a
significant and well studied area of supramolecglamistry due to the many roles which
anions play in biological processes, medicine, lgsiga and the environmeft?3'%2 As
detailed in Chapter 1, a considerable amount okvwass been undertaken to design selective

anion receptor&>*#

Secondary amides are commonly used as anion resegstohey act as H-bond dondtdhey
can also act as H-bond acceptors, which can hadsraptive effect on their binding
properties: Despite this, they have been found to bind effitjeto anions such as halides and
oxyanions® and additionally neutral molecules such as bariés” and dicarboxylic acid®
Thioamides also bind anions well but have less wihaency to act as H-bond acceptors due
to their higher acidity. Sulphur has a lower elec&gativity and a larger atomic radius
compared to oxygen which makes thioamides les$ylikeself-associate and they have also
been studied for their anion coordination propsefti? Additionally, there have been a
number of other motifs reported as anion recepitictuding pyrroles;*’*® indole§*° and
sulfonamides:>* Ureas and thioureas are also efficient anion tecepvhich can form two

cooperative H-bonds to aniof's.

2.2  Scope of Project

The objective of this project was to rationally iges synthesise and test a series of simple,
minimally pre-organised amide-based receptors fooracoordination and organocatalysis.
Organocatalysis involves catalysis of syntheticctieas using small organic metal-free
organic molecules and has attracted much intexestthe last number of yeat$™ The mode

of action of H-bonding organocatalysts in particutevolves coordination of H-bond donating
groups to highly negative or anionic specie¥"'"**Considering a major objective of both
receptor and organocatalyst design is the molecetargnition of anions, much can be gained
from taking a cooperative view between both ardass would lead to the development of
molecules with dual application; anion recognitéord organocatalysis. In this case, instead of

the troublesome synthesis of transition state a@uae for binding studies, binding
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characteristics with anions could be used to ptadir applicability as organocatalysts. The
DABCO promoted Morita-Baylis-Hillman (MBH) reactioonf benzaldehyde with methyl

acrylate was chosen as a reaction to test this ap@toach. In the next section, a short
introduction to the MBH reaction studied will beepented and will include current

mechanistic understanding in order to place thegdesf receptors/catalysts in context.

2.3  Morita-Baylis-Hillman (MBH) Reaction

The Morita-Baylis-Hillman reaction was first repedt in 1968 by Morita using a tertiary
phosphine cataly¥f while A. B. Baylis and M. E. D. Hillman reportetiet tertiary amine
catalysed version in 1972 It involves the reaction of activated alkenes e,g;unsaturated
esters, amides, nitriles and ketones typically \aittehydes, ketones or imines catalysed by a
bicyclic amine such as DABCO or quinuclidine to gyisnultifunctional products (Scheme
2.1)¥* A new carbon—carbon bond is formed between dtmarbon of activated olefin
component and carbon electrophiles. This reactamhbines the aldol and Michael reactions
in a single pot to convert two relatively simple letules into a highly functionalised product.
One of the challenges associated with the readiams been slow reaction rates (up to a
number of days) and limited substrate sctipePhysical methods of rate enhancement
(microwave, ultrasound, high pressure) are trouniessand expensive, therefore a number of

authors have developed organocatalysts to acaelériathighly useful reactioff:*214>147

XH N
X NR; or PR [ ]
EWG 3 3
EWG
e Ny 7
EWG = COR, CN, COOR or CHO DABCO

X=0orN,
R = aryl, alkyl, heteroaryl

Scheme 2.1: General representation of a Baylisvtdifl reaction.

2.3.1 Mechanism of MBH Reaction

The first generally accepted MBH reaction mechanibased on rate, pressure dependence
and kinetic isotope effect data, was proposed Hy &lilsaacs in 199G%'%° It proceeds
through a Michael-initiated addition-eliminationgseence and is shown in Scheme 2.2 using
methyl acrylate (as the activated olefin) and biteteyde (as the electrophile) with DABCO

as the tertiary amine catalyst.
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Scheme 2.2: Mechanism of the MBH reaction as patdiby Hill & Isaacs®®

The first step in the cycle involves the reversiblehael-type nucleophilic addition of the
tertiary amine Lewis basic catalyst to the acrylgmeducing a Zwitterionic enolate
intermediateA. This intermediate is thought to possess enhangelgophilic reactivity at the
C-2 position facilitating aldol-like nucleophilicttack on the aldehyde giving a second
Zwitterionic intermediatd3. Following prototropic rearrangement from t€arbon atom to
the pB-alkoxide, intermediat€ is formed andg3-elimination releases the product and tertiary
amine catalyst®® The authors reported that thisproton cleavage did not constitute the rate-
determining step (RDS) of the procé&Therefore, they concluded that the addition of the
enolateA to the aldehyde was the RDS. This mechanism hers $igpported by Coelha al.
through structural characterisation of each ofitliermediates using electrospray ionisation

with mass spectrometry}’

Based on this mechanism, rate increase in themress® protic solvents/additives could arise
due to aldehyde activation by H-bondiiHowever, such H-bonding to the aldehyde may
compete with the enola#e, a better H-bond acceptor and this latter intevaatould stabilise
and deactivatéd causing a decrease in reaction rate. A numbebsérwations were reported
which contrasted with the Hill & Isaacs mechanistndioxanone was formed as a side
product (Scheme 2.3) and Aggarwetlal. reported an autocatalytic effect of the reaction
product in the absence of protic additives dueh® product acting as a H-bond donor
promoting the reaction (Scheme 2!#) These observations which could not be explained by
the original Hill & Isaacs mechanism, resultingfurther mechanistic investigations being

later conducted.

In 2005, McQuadest al. demonstrated that the kinetics of the MBH reactimre second
order in aldehyde and first order in DABCO and & in both polar and non-polar
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solventst® In the absence of protic additives, they propdbetithe reaction begins with the
combination of the acrylate and the Lewis base withsequent addition to the aldehyde as
previously proposed. The next step involves reactiith a second equivalent of aldehyde to
form a hemiacetal conjugate ba€ewhich undergoes the rate-determining deprotonation
followed by a number of steps to form the prod@theme 2.3 In the presence of polar
solvents, they suggested that all of the ionic diteon states were stabilised, enhancing

reaction rates.

N o
N N
) (@) o (@) — o owe
T LY i 0
& o) _ o B Ph
QJ\OMe A H) e ] OMe (\(ﬁ RDS
o H »
P Ph Q NI C
Ph \Q Ph \Q Ph i
Ar OH o0
oo By
-~ Ph (0] OMe “ﬁ: Ph COOMe
Ar)w/go Ph)ﬁr‘&o N ﬁﬁ
I~
Dioxanone side-product [f] N\) c

Hemiacetal
intermediate

Scheme 2.3: McQuade’s proposed mechanism of the k@Etion:*

Sunojet al. used DFT calculations to confirm that the RDS hid MBH reaction was the
intramolecular proton transfer step in the Zwittarc intermediate generated from addition of
the enolate to the aldehyd® in Scheme 2.3) under polar aprotic conditibtsCalculations
which included water molecules showed a loweringthed activation barrier and it was
suggested that in a polar protic solvent, the prdtansfer in the transition state could be
facilitated through a relay type mechanism. Elestatic stabilisation of the Zwitterionic

transition states was suggested to enhance theoreat polar solvent$?219

In 2005, Aggarwakt al. reported that in the initial phase of the reactiothe absence of H-
bond donors, the RDS is the proton transfer stehefeactiort®® As the reaction proceeds,
autocatalysis is thought to occur. The effectiveeatalysis of the proton transfer step can be
considered by a model involving a six-memberedgrdtansfer from the product R—-OH to
the alkoxide with simultaneous deprotonation of dieydrogen and elimination to give the
MBH adduct (Scheme 2.4). In the latter stages efrdaction when a significant quantity of

the polar MBH adduct is present, they proposedtti@RDS is the addition of the enolate to
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the aldehyde, contrary to McQuade’s proposal thatlbss of the proton in theposition is
the RDS in the presence of a protic species throuigthe reaction®*

H

H R
\Q/
! H

R

o

o o

—_— > ! B — o O
N, N, B

+ E + E Ph%OR
RsN RsN

Scheme 2.4: Autocatalytic influence of the MBH prod(ROH) promoting the proton transfer step pregoksy
Aggarwalet al.*®°

In 2007, Aggarwal conducted further mechanisticdietsi on the MBH reaction using
computational methods and confirmed that the reacts second order with respect to
aldehyde at initial stages (up to approximately 268fiversion), consistent with previous
results of McQuadet al.***'%°|n the absence of protic additives, the reactiimitiated by
Michael addition of the amine to the acrylate tanidhe enolaté\. This enolate adds to the
aldehyde to fronB which adds to another molecule of aldehyde to Gi\&cheme 2.5). This
hemiacetal betaine molecule undergoes intramolecptaton transfer through a six-
membered transition stafeS C-D. Elimination of the amine yields the hemiacdfalhich
decomposes into product and aldehyde or may cyulise small number of cases to form
dioxanone. They suggested that deprotonation ofotpesition was the RDS occurring

through transition statg-D.

o
OMe O, OMe
OMe NMe, Z 0" PhCHO | PhCHO Ph*o H QVe
P
| i v
NMe; MesN . e
A B MeN
OH OH Ph l s
OH OMe Ph)\ O OMe Ph)\o OMe o)\,.o"
Ph)\(&o Ph o ¢ Ph N0 ST | gy N COOMe
NMe; +
E 5 NMeg NMe,
TS C-D

Scheme 2.5: Mechanism of MBH reaction in absenqeatic species proposed by Aggareahl ***

In the presence of alcohol or a protic additivehdhding ofA & B with methanolA-MeOH
& B-MeOH stabilises these intermediates making their swighmore thermodynamically

favourable compared to the system without protiditaces. Methanol allowd3-MeOH to
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undergo a concerted proton transfer Wi& B-C MeOH to give C-MeOH which can
decompose into the product and amine catalyst (8el#6).

MeOHn\_\_
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A-MeOH B-MeOH N
TS B-C MeOH
OH OMe OH OMe
-
Ph)\”/go 7 e A ..-HOMe
NMes NMes,

C-MeOH

Scheme 2.6: Mechanism of MBH reaction in preserigeaiic additive proposed by Aggarwetlal .***

Kappe and Cantillo have since conducted computaltiand experimental investigations into
the DABCO promoted MBH reaction of benzaldehyde avathyl acrylate in 2018 Their

data supported the results of McQuade and Aggaemal suggested that the methanol
catalysed proton transfer mechanism reported byaAgal was similar in energy to the case
where a second molecule of aldehyde promotes tigs Therefore, depending on the amount

of protic species and the progress of the reachioth catalytic pathways are feasible.

As described in Chapter 1, the usédisfaryl ureas and thioureas as H-bonding catalystisan

a.l .10,147 and

MBH reaction has been explored by a number of astBach as Sohtoms
Connonet al.’** The presence of the 3tBs(trifluoromethyl)phenyl group was found to be key
to high reactivity and enantioselectivity. It wasosfulated that incorporating 3,5-
bis(trifluoromethyl)phenyl groups into secondary amideeptors may lead to organocatalysts
employing binding effects and therefore may exhabitatalytic effect on the MBH reaction
(Scheme 2.73%**!7 The receptors/catalysts could bind to the aniomitermediates
activating their reaction with the aldehyde, thugatysing the reaction. This would be
particularly relevant if one takes into account Aggal's proposal that the RDS is the addition
of the enolate to the aldehyde in the latter stagfethe reaction when autocatalysis can
enhance the proton transfer step. H-bond recemtbneasonably high acidity were also
expected to aid in the proton transfer step whias lbeen determined to be the RDS both in

the presence and absence of protic additives by dd€l®* This step was expected be
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enhanced by acidic H-bonding receptors in a sinvlay to the methanol catalysed pathway

previously described by Aggarwat al.'®*

and thebis-thiourea catalysed MBH reaction
reported by Sohtomet al.’ In both of these cases, the proton transfer st enhanced

through H-bonding.

Scheme 2.7: Proposed binding of isophthalamide dbaseeptors to enoldfé*° and also potential carbonyl
activation of a later Zwitterionic transition stggemoting elimination of the tertiary amine simita Sohtomest
al.r®

In addition, by using anion binding properties gsrabe into potential catalytic activity, one
may expect a correlation between the anion bincibidjty of receptors and their catalytic
activity. In particular, in order for this study be valid, the investigation of binding to anions

of various shapes and sizes and in particularlyanigns would be essential.

2.4  Receptor/Catalyst Design

Receptor design was inspired by the previous wéi®rabtree?*>* Hamilton® Jurczak and
Galé on the design of simple acyclic and macrocyclicoselary amide and thioamide
receptors for the binding of anions and neturatdidsor example, as mentioned in Chapter 1
Crabtree used a relatively simple aromatic isoghthale to bind anionic species such as Cl
and Br while X-ray crystallography of an isophthalamide/Bomplex confirmed H-bonding
interactions from both amide N-H groupsofo the halide in theyn-syn conformation with
additional potential interactions from nearby apybtons enhancing binding (Figure 24).
They subsequently designed successful receptorsbggyridyl and sulfonamide groups with

conformational changes accommodating anion binidirepme casey.
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Figure 2.1: Isophthalamide group binding to an anfoough complementary H-bonding with N-H grodps.

A series of H-bond donating receptors/organocatsaig>151 were designed incorporating
acidic functionalities (Figure 2.2). In order tonslyesise these receptors, the well known
receptor building blocks of isophthalic acid an@-gyridinedicarboxylic acid would be used
and coupled with a series of &#erived arylanilines. The-butyl aniline receptofi45 was
used as a control receptor to compare the binderfppmance of the rationally designed
receptors. The 4-trifluoromethylphenyl group woubd incorporated into the diamide
structure to forml46 while the 3,5bis(trifluoromethyl)phenyl group would be integrateda
the structure of147-151 In addition to the isophthaloyl motif, recepttt8 based on a 1,3-
pyridine dicarboxamide skeleton would also be aber®id. Thioamides are stronger acids
than amidesand are less likely to self-associate; therefbt® was expected to be a more
efficient anion binding receptor compared 147.*°" Receptorl50 contained an additional

nitro group at the 5-position of the central isdyathdyl ring in order to further enhance acidity

overl4y.
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Figure 2.2: Structure of diamide based receptosggded for anion binding with potential catalytiisity.
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Receptorl51 consisted of an unsymmetrical isophthaloyl skeldtearing an amide group
with a secondN-acyl sulfonamide group. The N-H group adjacenthi® sulfonyl group was

198,199
)

expected to possess acidity comparable to a calibagrd making it highly favourable

towards anion binding and participation in a prasbattling event in the MBH reaction.

The receptord45-151 would be first evaluated with a series of aniampotentially predict
catalytic effect. The anions to be evaluated is #tudy were spherical halides (bromide and
chloride) and Y-shaped oxyanions (acetate and lzeyavhich were commercially available
as tetran-butylammonium salts. These anions were chosergdmesent varying anion sizes
and topologies and to give good indications of pemeselectivity and catalytic potential. Br
is larger, possesses a lower charge density ancexygescted to be more difficult to complex
compared to Cl The study of both Brand CI could give an indication of the ability of the
receptor to bind anionic species of varying sizaseful when considering reaction
intermediate size for the design of receptors garmcatalysts. AcCand BzOmay H-bond

to receptors through both oxygen atoms in a codiperaystem. Such oxyanions can be
considered structurally similar to many anionicctean transition states and the ability of
146-151to bind oxyanions could provide some indicatiébnheir ability as H-bond donating

organocatalysts in reactions possessing anionisitian states’

'H NMR spectroscopy is widely used for the investigaof molecular interactid’?** and
can be used to determine binding strength andtstoietry.'H NMR spectroscopic titration
can be used to determine binding constantg K measure of the strength of anion binding.
For this analysis, the concentration of the reaeptmains constant while the change in
chemical shift of one or more of its proton signafe monitored upon addition of a known
guantity of anionic guest. The resulting data franseries of additions can be fitted to
WINEQNMR?**? mathematical model in order to calculated¢alues*H NMR spectroscopic
titrations provide binding information at an atorfegel including location of binding site and
evidence of the bifurcated binding cleft. The JABt pr method of continuous variation is
commonly used to determine binding stoichiomét* 2%t involves use of equimolar
solutions of substrate and ligand to prepare swigticontaining varying mole fractions of

receptor. The chemical shift of a proton which eanwith the degree of complex formation is
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plotted against the mole fraction of receptor. Tiexima 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 werepgetb for the synthesis of receptd45-

151 The reaction of the appropriate acid dichloridéhwhe respective amine produced the
corresponding secondary amidet-148 (Scheme 2.8a). High Resolution Mass Spectrometry
(HRMS) confirmed all new compounds, details carfidumd in Chapter 6.

145:X=CH, R= ¥{_~_~  82% yield

146:X = CH,R =} CF3 54% yield
@ ) NSO L£Fs

DMF, Et3N, DMAP, 90°C
o PO, 2R-NH, o BN DVAR S N N | 147:X = OH, R = §Q 52% yiold

up to 20 hours R H H
145 - 148 CF;
CF3

148: X = CH. R = gQ 34% yield
CF,
NO, 4
0 o

EDCI, DMAP F4C N. N CFy

7
CH,Cl,, 16 h, tt, 51%
OH OH NH, » ¥

CF; CF;

Scheme 2.8: (a) Synthesis of receptbt§-149from reaction of acid chloride with the appropriaraine®* (b)
EDCI coupling of 5-nitroisophthalic acid with 3tbs(trifluoromethyl)aniline to forml50.

Receptorl45 was synthesised according to a previously pubdigirecedur®” in relatively
high yield followed by recrystallisation with digthether and petroleum ethéid & **C
NMR spectroscopy and LC-MS data confirmed the simec of the product and all data
corresponded to previous characterisation rep6tBor the synthesis af46, isophthaloyl
dichloride was reacted with 2 equivalents of 4f(taromethyl)aniline in DMF in the
presence of triethylamine and DMAP Following 20 hours stirring at 90°C with reaction
monitoring by thin-layer chromatography (TLC), th@xture was added to water and an
extractive work-up was employed. Flash chromatduyyagavel46 as a white solid in 54%
yield. Key'H NMR spectroscopic resonances included the amidé ignals at 9.17 ppm,
isophthaloyl ring protons H-2 (triplet), H-4 (doebl and H-5 (triplet) at 8.53, 7.76 and 7.69
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ppm respectively. The 4-(trifluoromethyl)phenylgicontained two sets of doublets, H-4" at
8.15 ppm and H-3’ at 7.97 ppm. LC-MS analysis gtnee MH" ion at m/z 453 and HRMS

also confirmed the product.

Initial attempts at the synthesis 47 from the reaction of isophthaloyl dichloride wishb-
bis(trifluoromethyl)aniline were carried using dichbonethane and chloroform as solvent at
25°C but proved unsuccessful presumably due tslthe reaction rate. The synthesisldf7
was achieved in DMF as solvent at 75-80 °C for 2urk. The reaction mixture was
subsequently added to water and following extractvwork-up and purification by flash
chromatographyl47was obtained in 52% yield. The product identity wasfirmed by LC-
MS showing an ion at m/z 589 afid & **C NMR spectroscopy. KefH NMR spectroscopic
resonances included the amide N-H signal at 9.33, gophthaloyl ring protons at 8.58 ppm,
8.19 ppm and 7.73 ppm corresponding to H-2, H-4-& kespectively. AdditionalH NMR
spectroscopic signals of the JE(trifluoromethyl)aryl ring included the H-2 and -
signals at 8.38 ppm and 7.77 ppm.

Receptorl48was synthesised by reaction of ®jSfrifluoromethyl)aniline with pyridine-2,6-
dicarboxylchloride in the presence of triethylamared DMAP in DMF with stirring at 75-
80°C for 18 hours. Water was subsequently addedfallmving extractive work-up and
purification by trituration with ethyl acetaté48was obtained in 34% yield. LC-MS afid &
13C NMR spectroscopy confirmed the product. LC-MSlysia provided a peak at m/z 590
corresponding to the MHon. *H NMR spectroscopic analysis produced a peak &119pm
due to the amide N-H groups and also peaks atgpb0& 8.29 ppm corresponding to H-4 &
H-5 respectively. Peaks at 8.60 ppm and 7.62 putel from the H-2' and H-4’ signals of
the 3,5hig(trifluoromethyl)phenyl group respectively.

Receptorl47 was converted into its thioamide counterpk4B using Lawesson’s reagent

(Scheme 2.9§%°?%°The amidel47 and 2.7 equivalents of Lawesson’s reagent wertetida

reflux for 16 hours in dry toluene. Upon reactiampletion determined by TLC, direct flash

chromatography of crude reaction mixture gave tekow solid thioamide product49 in

96% vyield. The identity of the product was confibmby an LC-MS peak at m/z 621
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corresponding to the MHon and*H & **C NMR spectroscopy. Ke{H NMR spectroscopic
resonances included the thioamide N-H signal at71.Ppm, isophthaloyl ring H-2, H-4 & H-
5 signals at 8.36 ppm, 8.04 ppm and 7.57 ppm réspicand 3,5bis(trifluoromethyl)phenyl
ring signals at 8.53 & 7.91 ppm for H-2" and H-A.**C NMR spectroscopic signal at 200

ppm was ascribed to the C=S group.

5
S 4
o o mco@b oS,
\S,R@OCHa s s
N N 2
3C ‘"W CF

3 Lawessons Reagent F4C Ny, N CF,
Reflux, Toluene, 96% yield \Q/ :@z
CF3 147 CF3 CF, 149 CF,

Scheme 2.9: Synthesis of thioami#9 through reaction of47with Lawessons reagenrt-2°

F

Receptor 150 was synthesised through 1-ethyl-3-(3-dimethylampropyl)carbodiimide

(EDCI) coupling of 5-nitroisophthalic acid with5-bis(trifluoromethyl)aniline in the presence
of DMAP (Scheme 2.8b). Following room temperatutiering for 16 hours and aqueous
extraction?®’ the product was purified by flash chromatograpbygtve the white solid

product in 51% yield. The identity of the producaswerified by LC-MS with a peak at m/z
634 due to MH and'H & *°C NMR spectroscopy. KeyH NMR spectroscopic signals
included the amide N-H signals at 9.53 ppm with BiR2lortho H-4 isophthaloyl ring protons
at 8.94 & 8.99 ppm respectively. Peaks at 8.38 & Hppm were assigned to H-2' & H-4’

respectively.

In order to increase the acidity of the N-H bondtHar an unsymmetrical isophthaloyl
skeleton bearing an amide group andNaacyl sulfonamidel51 was proposed. The N-H
group adjacent to the sulfonyl group was expectegdssess increased acidity, making it
more favourable towards anion binding. Such granesknown to possess equivalent acidity

to a carboxylic acid®'%

although the former may possess additional cordtional
properties due to the bulky sulfonyl group. Aci8i&-bis(trifluoromethyl)phenyl groups were
also incorporated into the aryl portion of the saodmide. This was expected to further
increase N-H acidity also potentially impart comf@tional or rigidifying effects similar to

those reported by Schreiner for their acidic themir24.*2"144
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The first steps towards synthesisl&fl involved coupling of the acid group of commergiall
available monomethyl isophthalate to ®jS¢trifluoromethyl)aniline using EDCI and DMAP
in dichloromethane. The corresponding ester/amigarith intermediatel52 was obtained
following aqueous work-up and chromatographic peatfon in 92% yield (Scheme 2.10).
LC-MS analysis produced an ion at m/z 392 for thel™Mon and the structure of the
compound was also confirmed by & **C NMR spectroscopy. Ke§H NMR spectroscopic
resonances included the single amide N-H signa8.a2 ppm and also the central ring
isophthaloyl protons H-2, H-6, H-4 & H-5 at 8.5128, 8.17 & 7.64 ppm respectively. The
3,5his(trifluoromethyl)phenyl ring protons H-2’ and H-#ere present at 8.23 & 7.68 ppm
respectively while the methoxy protons present.88 pm also confirmed the amide/ester
product. This ester/amide hybricb2 was hydrolysed using NaOH in hot methanol to the
corresponding acid/amidEs3 After heating to reflux for 1 hour, the reactionxtoire was
diluted with water, acidified to pH 3 and filtered give 9 as a white solid in 77% vyield
(Scheme 2.10). LC-MS analysis of this acid produmediH" ion at m/z 378 whiléH & *C
NMR spectroscopy were used to confirm the acid pcad<ey'H NMR spectroscopic peaks
were the COOH broad signal at 13.3 ppm with aleo#romatic peaks present corresponding

to the expected pattern based on peak assignmé&bBof

5
FsC CF, . . . .
o WO O
2
2
NH; F3C No OMe F3C N‘H OH
o O  EDCI, DMAP \©/ NaOH, MeOH ) 2,
4 2' —_— '
OH OMe M 16h. CHyCly, 92% 152 reflux, 1h, 77% e 153
CF, 3

Scheme 2.10: Reaction of monomethyl isophthalatie 85bis(trifluoromethyl)aniline creating ester/amidé2
followed by hydrolysis to acid/amides3using NaOH in methanol.

Commercially available 3,bis(trifluoromethyl)benzene sulfonyl chloride was add® a
mixture containing DMF, triethylamine and aqueonsyenia. After 16 hours stirring at room
temperature, the mixture was diluted with water @inel pH was reduced to pH 2 using
concentrated HCI. The primary sulfonamid&4 was recovered in 98% yield following
filtration of the acidic reaction mixture (Schemd®. GC-MS analysis produced a peak at
m/z 293 corresponding to Mon while'H & **C NMR spectroscopic analysis were used to

confirm the identity and purity of product and CO&Nalysis aidedH NMR spectroscopic
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peak assignment. A COSY interaction was observéadan the singlet at 8.46 ppm (H-4)
and 8.40 ppm (H-2) and the broad signal at 7.79 washassigned to the Nigroup.

FsC CF; F3C : CF3 © °
(;/ BN O _153,EDCLOMAR  Fic N, © N0
B DMF, rt, 16h, 98% 1:1 dichloroethane:t-butanol H H o//S CF
0=8=0 0=8=0  rt,72h,43% aNFE sz ’
al NH "
154 ° ¢ W '

Scheme 2.11: Synthesis of bifunctional amiéstilfonlyated amid&51 from acid153 and sulfonamidé54.

Sulfonamide154 was coupled to acid53 in the presence of EDCI and DMAP. Initial
attempts at coupling in dichloromethane were urssefal and as a result, a method used by
Berkessel was adapted (Scheme 2°%¥Acid 153 (1.4 equiv) was dissolved in a 1:1 mix of
dichloroethanea:butanol and to this was added DMAP (4.3 equiv),CE[3.6 equiv) and
sulfonamidel54 (1 equiv). This reaction was stirred for 72 howsd subsequently treated
with Amberlyst 15 anion exchange resin. After &tton through a plug of silica gel, washing
with ethyl acetate, solvent removal vacuo and chromatographic purificatiori51 was
obtained in 43% yield. LC-MS produced an (M-Hpn at m/z 651. Key'H NMR
spectroscopic peaks included the amide N-H pe&3at ppm, isophthaloyl H-2, H-4, H-5 &
H-6 peaks at 8.61, 7.96, 7.39 & 8.13 ppm respdgtivEhe sulfonyl N-H proton was not
visible by*H NMR spectroscopy.

2.6 'H NMR Spectroscopic Binding Studies of 145-151

The binding interactions of receptat45-151with anions were investigated usiftd NMR

spectroscopic titration with BrCIl, AcO and BzO as tetran-butylammonium salts.

2.6.1 Preliminary Binding in CDCI 3

'H NMR spectroscopic titrations were carried outhwl5 in relatively non-competitive
CDCI:**° with Br, CI and AcO anions?® Each titration was conducted using a 1 mM
receptor solution ofi45 and a 20 mM anion solution which was preparedguéiie 1 mM
receptor solution as diluent. Therefore, the remepbncentration was assumed to remain

constant throughout the analysis. TRENMR spectrum was recorded for the initial solatio
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without anion and following the addition of eachqabt of anion. The titrations were
continued until 10 equivalents of anion had beeteddo the initial 500 pL receptor solution
to give a final volume of 1 mL. A titration curvé amide chemical shift (ppm) versus ratio

anion:receptor was constructed for each anion showigure 2.3.

g - Receptor 145 with anions in CDCl,
-

n

- " —+— Bromide

—=— Chloride
/’7 Acetate
1

5 10
Ratio anion:receptor

@
i

N-H chemical shift {ppm)
=l

@

Figure 2.3: Initia"H NMR spectroscopic titrations a#5with various anions conducted in CRCI

H-bonding was observed to all anions as indicated bignificant downfield migration of the
amide N-H peak of up to 1.5 ppm in some cases tililation curves did not possess a distinct
inflexion point or plateau region, rather a consiaarease in chemical shift with added anion,
indicative of relatively weak bindintf° CI" appeared to be bound most strongly, followed by
AcO while significantly weaker binding to Bwas observed. This may have been due to the

favourable size of the former aniot€*°

A number of the newly designed anion receptors viriteally examined for their binding
properties to Brin CDCk (Table 2.1)This resulted in significartH NMR signal downfield
migration of the amide N-H proton of up to 2.9 ppmsome cases followed by a sudden
levelling of the curve, indicative of tight assa@a.’® It was observed however that
solubility was an issue in CDgltherefore binding constants were not calculatedttiese
titrations. The largest downfield migration occuarfer receptorl47 followed by 149 while
150 produced a surprisingly small downfield migratioliowing addition of 1 equiv Br This

study offered a preliminary indication of the effay of these compounds as anion receptors.
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Table 2.1: Preliminary binding of receptd45& 147-150to TBA Br in CDCl.

Receptoi | Initial N -H & (ppm) | Receptor + 1 equiv TBA Bi § (ppm)
145 6.19 6.39
147 8.2F 11.2(
14¢ 8.3C 8.8(
14¢ 9.54 12.2¢
150 8.43 8.84

2.6.2 Binding Studies in CD 3;CN

Due to the poor receptor solubility in CQChlternative NMR solvents were considered
including C3OD, CD;CN, D,O and DMSOds, Of these solventssDsCN was chosen for
further binding studies as it was expected to lstleompetitivE and all receptors were
soluble in CRCN. *H NMR spectroscopic titrations for receptds5-151 with Br, CI', AcO
and BzO were conducted in GICN to collect binding data and subsequently deteentihe
Kass value for the complex&8® The receptor amide N-H proton was monitored wifile
isophthaloyl H-2 and H-2' protons were monitoreddases where the amide N-H signal
broadened or disappeared,sfalues for the CBCN titrations were calculated from receptor
concentration, anion concentration ahtINMR chemical shift values using non-linear curve
fitting in the WINEQNMR prograni°?

In the following section, results of binding stuslier each individual receptor with a range of
different anions in CECN will be presented along with a brief descriptiointhe binding
event. In each caséd NMR spectroscopic results were initially fitted & 1:1 model but
where a poor fit was obtained, multiple stoichiomnest were considered and data fitted to
these models with the aim of obtaining a goodAisummary and comparison between the

receptors and their binding ability to differeni@rs will be given at the end of this section.

Receptor 145

The binding results for the control recepfigt5 with anions in CRCN are summarised in
Table 2.2 and Figure 2.5 contains binding curveghe amide N-H group. Overall, binding
strength decreased in the order of Ae@BzO > CI > Br. In the case of GIAcO and BzQ,
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relatively sharp binding curves were observed wiBlié titration curves resembled an
exponential curve, further evidence of weak bindifig

Table 2.2: Summary of % values for amide N-H of recept45 with anions in CBCN fitted to a 1:1 modéf?
Structure Kase (M™) [% error] | Anion Receptor 145 with various anions

80[4.1] Br 5

OY©YO 260 [5.6] cl
“woow 92C[2.5] AcO
{ jﬁ 650 [3.0] BzO

—— Bromide

—a— Chloride

Acetate

N-H chemical shift (ppm)

—— Benzoate

0 2 4 6 8 10
Ratio anion:receptor

Figure 2.4: Titration curves showing migration afiede N-H signals o145upon addition of anions in GON.

The spherical Clanion was more strongly bound than @oducing a Kssvalue of 260 Nt

for CI' compared to 80 M for Br. This enhancement was ascribed to the smalleraside
higher charge density of the ‘Gnion facilitating efficient binding in the isopiatioyl cleft
while Br may have been less favourablé'® Titration of 145 with AcO" & BzO produced a
slightly sharper plateau of chemical shift migrationdicating stronger binding for these
anions compared to the halides. The titration cuieeBzO and AcO also displayed slight
curvature for a number of initial additions of amiwhere the rate of change of chemical shift
was low. This was ascribed to a desolvation effecere the anion needed to displace a
solvent molecule from the binding site, similartbat previously seen by Gaé al.** and
Fabbrizziet al.®? This may also have been accompanied by a slighfoomational change
upon introduction of anion which preceded efficibirtding in the cleft structure. K& values

of 650 M* and 920 M were obtained for BzGand AcO respectively.

Receptor 146

Receptor 146 was derived from 4-trifluoromethylaniline coupled an isophthaloyl
substructure and possessed potentially increaskldbiding capability due to the inductive
effect of the CEk groups on 4-(trifluoromethyl)phenyl rings enhangacidity and H-bonding
potential. Titration with all anions resulted irsignificant downfield migration of the amide

N-H, H-2 and H-2’ signals (atom labels in Table)2.8uggesting binding in a cleft-like
71



manner. The binding curves of the H-2 and H-2' @mnst followed a similar profile to the
amide N-H group with sharp levelling of the plotiéaving the addition of 1 equiv anion
(Figure 2.5a). The degree of chemical shift migratlecreased in the order amide N-H > H-2
> H-2’ with amide N-H chemical shift changes of 1gp3.4 ppm for BzOand 3.2 ppm for
AcO'. Kyssvalues were calculated based on the amide N-Hakagrd titration with Brand Cl
showed a large increase in anion binding strengthpared to the control receptb45for all

anions. This was exemplified by a 34-fold increas€l binding; 8,900 Nt for 146 vs 260
M™ for 145 (Table 2.3).

Table 2.3: Summary of Jvalues for amide N-H of receptd#46 with anions in CRCN fitted to a 1:1 modéf?
Structure K asc (M) [% error] | Anion
s 700 [1.3] Bf

OYQYO 8,900 [3.6] cl
N © 4,900 [14.9] AcO
F. c/(j J'(\:LCF 12,100 [2.7]

3 M 3 BzO

(a) Receptor 146 with various anions (b) JOB plot 146 with anions
- 1
T 123
2
= 118 0.8
£ ® —+—Bromide w
& 113 <L o6 - s " o=, = Chloride
© . b3 - | ]
-g 10.8 Chloride = - Acetate
@ Acetate 04 4 = =
£ 103
z 9.8 —»— Benzoate 0.2 -1 M m

9.3 0 T T T T ]

0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1
Ratio anion:receptor Mole fraction 146

Figure 2.5: (a) Titration curves showing migratiohamide N-H signals ofl46 upon addition of anions in
CDsCN. (b) JOB plot ofi46 with CI and AcOin CD;CN confirming 1:1 stoichiometry.

Strong binding was also observed to Ba@d AcO. These titrations produced.values up
to 12,100 M for BzO and 4,900 M for AcO. Receptotl46 appeared relatively selective for
BzO with binding strength of the order Bz® CI' > AcO > Br. It must be noted that
NMR based determinations ofJ¢are reliable for association constants in the eat@— 16
M™and as a result, high.& values can only treated as an estimatfddOB plot analysis
indicated 1:1 binding stoichiometry in all caseg(ffe 2.5b).
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Receptor 147

Receptor 147 possessing 3,Bis(trifluoromethyl)phenyl rings was expected to pesse
increased N-H acidity and superior anion bindinggenance compared tb45& 146. It was
also considered that the J(trifluoromethyl)phenyl groups may impart a rigigiig effect
on the molecule in a similar way to that reported én analagous thiourea with the 3,5-
bis(trifluoromethyl)phenyl functionality®* Titration of 147 with Br resulted in downfield
migration of approximately 1.9 ppm for the N-H cheah shift upon addition of 1 — 2
equivalents of Brand beyond this point, the chemical shift chaniggepued (Figure 2.6a)
Similar chemical shift change patterns for H-2 &h#’ indicated binding in a cleft structure.
An association constant of 4700 Mvas calculated for this titration when fitted tola
model; a 56 fold increase compared to the contoéptorl45 (Table 2.4). Titration with Cl
produced an amide N-H downfield shift of 2.4 ppriidiwed by a sharp inflexion point. This
translated to a lsvalue of 10,800 M when fitted to a 1:1 model corresponding to acld f
increase compared a5,

Table 2.4: Summary of % values for amide N-H of recept#7 with anions in CRCN fitted to a 1:1 modéf?

Structure Kase (M) [% error] | Anion
- 4,700 [0.7] Br-
OYE;\(O 10,800 [12.6] Cl-
F’°©“\H H’”j;j”“ 14,300 [17.1] AcO-
CFs CF, 19,200 [12.0] BzO-
(a) Receptor 147 with various anions (b) JOB plot 147 with anions
39
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1238 | 1.4 4
12.3 1.2 4 -
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—#&— Chloride 0.8 - ° . ‘l Chloride
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Figure 2.6: (a) Titration curves showing migratiohamide N-H signals ofl47 upon addition of anions in
CDsCN. (b) JOB plot ofLl47with Br, CI' & AcO" in CD;CN confirming 1:1 stoichiometry.

Binding studies of147 with AcO and BzO produced titration curves consistent with
extremely tight 1:1 receptor:anion stoichiometrghaamide N-H migrations of 3.52 and 3.70

ppm respectively®® WINEQNMR fitting to 1:1 binding systems was usedcalculate K
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values of 14,300 M and 19,200 Nt for AcO and BzO corresponding to 15 fold and 30 fold
increases respectively. Preferential binding waseoled of the order BZ&G AcO > CI > Br
and JOB plot analysis indicated 1:1 receptor:amimaling in all cases (Figure 2.6b). Figure
2.7 contains an example of a stack plotdfNMR spectra for titration of receptd#7 with
AcO showing the migration of thtH NMR spectroscopic resonances with increasing AcO

addition up to 1 equivalent anion after which themical shifts became effectively constant.

h l 1 J L

b
QJl | Ik
fl 1 Lk
el | ik
d l 1 } L b
c i L
b l , 1|| !
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Figure 2.7: Stack plot dH NMR spectra for titration of recept@s7 with AcO in CD;CN. a =T, b= o+ 0.3
eq,c=1+0.6eq,d=J+09eq,e=J+1.2eq,f=F+1.5eq,g=J+2.6eq,h=J+6.7 eq.

Receptor 148

The pyridine 1,3 dicarboxamide arrangement has mmemporated into a number of receptors
studied by Crabtreet al.,”* Jurczaket al.* and Galeet al.** As previously described, 1,3-
pyridyl-diamide compounds may preferentially eximsthe syn-syn conformation, optimal for
efficient binding® As a result148 was expected to bind anions efficiently due toahiglic
3,5-hig(trifluoromethyl)phenyl groups and its preferenoe the syn-syn conformation. Table
2.5 contains a summary of the anion binding constdritration 0f148 with Br produced a
weak titration curve characteristic of weak bind{iiggure 2.8a) with a moderate increase in
chemical shift of 1.2 ppm and ad§value of 290 N, a 16-fold decrease injcompared to
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its isophthaloyl analogu&47 (Table 2.5). This was ascribed to the beneficidéaté of
conformational pre-organisation negated by repuolgibthe pyridyl lone pair electrons and
anionic guest, a feature which was particularlynpunced for large the Banion>’ The
pyridyl nitrogen is also known to be sterically radoulky than an aromatic C-H bond and this
may influence its Brbinding efficiency?*? Crabtree found their 1,3-pyridyl-diamide receptor
to be most successful for small anions where dastitic repulsion is minimised but
ineffective for binding larger aniori$. Titration of 148 with CI' afforded more efficient
binding with a Kssvalue of 3,800 M, a factor of 3 lower thaf47 with CI' but a 13 fold
increase over the contr@5 Electrostatic repulsion resulting from the pyfidytrogen was

also suggested to hinder GInding.

Table 2.5: Summary of % values for amide N-H of recept®48with anions in CBCN fitted to a 1:1 modéf?

Structure K asc (M) [% error] | Anion
s 290 [1.3] Bf
4
o A Ao 3,800 [2.2] cl
FsC N. N CF, . _
¢ H o H ¢ 8,70010.9 AcO
2 Vi
L, L, 3,800 [6.0] BzO
(a) Receptor 148 with various anions (b) JOB plot 148 with anions
12.9 -
T ¢ Chloride
1
g 124 4 Acetate
£ ; 0.8
£ 119 —— Bromide '% . . . .,
T —=— Chloride < 0.6 1 . AN
E 114
2 Acetate 0.4 .
o *
; 10.9 —*— Benzoate 0.2 - *
104 ¥ 0
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1
Ratio anion:receptor Mole fraction 148

Figure 2.8: (a) Titration curves showing migratiohamide N-H signals ofl48 upon addition of anions in
CDsCN. (b) JOB plot ofi48with CI' & AcO™ in CD;CN.

Titration of 148 with AcO and BzO displayed moderate binding. Amide N-H chemicaftshi
changes of approximately 2.30 ppm were observetddtr of these anions corresponding to
Kassvalues of 8,700 M and 3,800 M for AcO and BzObinding respectively when fitted to
1:1 models. The H-2' signals were also shifted myithe titration and interestingly, the initial
shift of this signal was an upfield migration urifile addition of approximately 0.5 equiv
AcO or 1 equiv BzOfollowed by a downfield shift for the remainder tbie titration. This

may be a result of conformational changes to accodate the Y-shaped anions. Overall, the
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binding curves and X values indicated that48 preferentially bound AcOwith binding
affinity in the order AcO> BzO, CI > Br (Table 2.5). JOB plots were used to investigate
binding stoichiometry and in the the maxima obséraé approximately 0.7 mole fraction
receptor suggested 2:1 receptor: anion stoichign{€tgure 2.8b). However, the titrations of
148with anions produced a very poor fit to 2:1 staeohetry but appeared to fit the 1:1 model
most efficiently. The apparent 2:1 stoichiometryymae due to slight solubility issues

encountered witli48at the concentration at which JOB plot analysis e@ducted.

Receptor 149

The thioamide derivativé49 was expected to be more acidic than the correspgraimide
147, less prone to self-associatfoand was therefore predicted to possess enhanded an
binding properties. Soon after this work was congl®&loranet al. reported binding studies
using 149""" with triphenylarsine oxide in CDgland calculated a & of 1 x 16 M™.
However, there have been no complete binding ssudiported on this receptor with anions.
In addition,149 was the only compound from this series which Ma@aal. investigated. See
Table 2.6 below for a summary of theskvalues calculated for receptdd9 with Br, CI,
AcO and BzO. Titration of 149 with Br' & CI" yielded titration curves suggesting relatively
strong binding with migration of chemical shift uak downfield of 1.65 ppm and 2.4 ppm for
Br and CI corresponding to s values of 5,900 M and 17,500 Nt respectively (Figure
2.9a). This represented a 66-fold increase Jafidr 149 binding CI binding compared to the
control receptofi45and both Brand Cl binding constants were higher than those found wit
the amide analogu#47. This clearly showed that substitution of the asmvdth thioamide
gave significant enhancement in anion binding pridge Titration curves foll49 with Br
and CI are shown in Figure 2.9 and JOB plot analysidhesé anions confirmed 1:1 binding
interactions however ion the case of,Bninor 2:1 receptor:anion interactions may also be

present (Figure 2.9b).
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Table 2.6: Summary of X values for thioamide

N-H of recept@d9 with anions in CRCN fitted to a 1:1

model?%?
Structure K as: (M) [% error] | Anion
. 5,900 [12.0] Br
|
e 17,50([12.4] cr
FsCo Ny N CFy
SRk ] W —
CFy CF3 _a Bzo-

®Proton transfer prevented the calculation of amiate association constant.

(a) Receptor 149 with various anions (b) JOB plot 149 with anions
*
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Figure 2.9: (a) Titration curves showing migratimfrthioamide N-H signals df49 upon addition of Br& CI" in
CDsCN. (b) JOB plot ofLl49with Br & CI" in CD;CN confirming 1:1 stoichiometry.

Titration of 149 with AcO and BzO produced unusual titration curves (Figure 2.1QoJ
initial addition of AcO anion to the receptor solution, the thioamide Nighal disappeared
and the titration was subsequently monitored ugiegisophthaloyl H-2 protoortho to both
thioamide groups. Initially, a minor upfield shift this resonance was observed followed by a
significant downfield migration, with a second mingpfield shift upon addition of 1 equiv
AcO'. This was followed by a final significant downfilemigration. This phenomenon was
ascribed to initial desolvation of the receptbfollowed by strong H-bonding to the anion,
indicated by the downfield shift. The minor upfiedtift at 1 equiv anion may have been due
to two factors. Because of the increased acidithefthioamide N-H, proton transfer from the
receptor to the carboxylate or changing complexckiometries could account for this
chemical shift perturbation. In either case, a sghent conformational change could allow
for further binding events resulting in migratioavehfield of H-2 over the remaining course

of the titration.
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Receptor 149 with AcO- and BzO- Receptor 149 with AcO- and BzO-
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Figure 2.10: Titration curves showing migrationsdphthaloyl H-2 signal af49 upon addition of AcO& BzO
in CDsCN.
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Figure 2.11: Representative stack plot for titnataf 149 with AcO in CD;CN showing initial upfield shift of
isophthaloyl C-H and subsequent downfield shift. &, b=Ty+ 0.3 eq,c=J+0.6eq,d=J+09eq,e =4
+1.2eq,f=F+1.75eq,g=d+2.75eq, h=Jd+ 5.7 eq.

Similar effects were previously observed by Gatlal.;®® upon coordination of 1 equivalent of
a nitrophenyl derivative of a pyrrole 2,5-diami2@to F, apparent deprotonation and further

coordination of the deprotonated receptor to amoourred (Figure 2.12). Conformational
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change post 1:1 complexation followed by additicawabn binding has also previously been
reported by Crabtreet al.** and Galeet al.**

O,N ’ N NO,

o\ J o

O O 28

Figure 2.12: Structure @8 which appeared to deprotonate during titratiorwlitoride

As shown by the titration curves and binding comstal49 was most selective for Tl
yielding a Ksssin excess of 10M™. The occurrence of conformational changes andtzop
transfer events with AcGand BzO prevented the calculation of,Kvalues for these anionic
guests’ However, despite proton transfer events, the tecepas observed to bind these
anions in a manner possibly facilitated by confarareal change and including binding to
acidic isophthaloyl C-H groups such as F*20B plots ofl49with AcO and BzO produced

abnormal profiles due to the assumed proton transfents and therefore binding

stoichiometry could not be reliably assessed.

Receptor 150

Receptorl50 possessed a highly electron withdrawing N@upmeta to the amide groups in
the isophthaloyl core which was expected to furtkgihance the acidity of the amide N-H
groups along with 3,bis(trifluoromethyl)phenyl groups. Recepttb0 was initially titrated
with Br and Cl and in both cases, a titration curve indicativeigifit 1:1 binding with amide
N-H downfield migrations of 1.9 ppm and 2.5 ppm wadsserved over the course of the
titrations (Figure 2.13a). % values of 6,100 M and 11,100 M were obtained for Brand
CI" respectively (Table 2.7). This represented a T@-focrease in Brbinding strength

compared td45and a 1.3-fold increase compared 47.
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Table 2.7: Summary of % values for amide N-H of recept®B50with anions in CBCN fitted to a 1:1 modéf?

Structure Kas: (M) [% error] | Anion
Nox 6,100 [2.1] Br
4
o&o 11,10([6.8] cr
2
T 16,600 [8.9] AcO
2 4
L L 21,000 [12.0] BzO
(a) Receptor 150 with various anions (b) JOB plot 150 with anions

131 *
E 126 177 x x ¢ Bromide
£ 121 - 12 - . X = Chloride
& o N x
® 116 —+— Bromide <1 - . . o Acetate
2 x % * *
E 111 —=a— Chloride 0.7 7 H MY x Benzoate
= ‘ = X
° 106 Acetate X ¢
z 02 ® ¢

101 —*— Benzoate

9.6 03 L 0.2 0.4 0.6 0.8 1

0 2 4 6 8 10
Ratio anion:receptor Mole Fraction 150

Figure 2.13: (a) Titration curves showing migratiohamide N-H signals o150 upon addition of anions in
CDsCN. (b) JOB plot oft50with Br, CI', AcO & BzO in CD;CN confirming 1:1 stoichiometry with minor 2:1
receptor:anion species for & AcO'".

Titration of 150with AcO and BzO also produced titration curves indicative of tiginding
with large amide N-H chemical shift downfield migeas of 3.70 ppm and 3.80 ppm
respectively over the course of the titration. he tcase of AcQ the amide N-H signal
broadened and disappeared following the additior2 &fquiv anion and the titration was
subsequently monitored using the isophthaloyl Heakp Despite the N-H disappearance, it
was still possible to calculate.¥ values using this resonance,sivalues of 16,600 M and
21,000 M* were observed for AcGand BzO respectively, corresponding to an 18-fold and
32-fold increase in AcOand BzO binding respectively compared 1@5 and significantly
increased compared 1a8, displaying the beneficial effects of an additioN&®, group in the

isophthalamide structure.

As shown by the titration curves and binding comstal50 bound BzO most efficiently
followed by AcO, CI' and Br while the H-2 and H-2' protons possessed similatiaped
binding curves to the amide N-H. JOB plot analpdianions with150indicated exclusive 1:1
binding for Bf and BzO binding while dominant 1:1 binding with additionalinor 2:1
receptor:anion interactions were observed witha@t AcO indicated by a small shoulder on
the JOB plot at 0.65 mole fraction receptor (FigRuE3b).
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Receptor 151

Of the initial series of diamide based anion regepfl51 was the only bifunctional molecule
evaluated. It was designed to enhance acidity gironcorporation of afN-acyl sulfonamide
functionality, creating a hybrid amidé/acyl-sulfonamide receptor. The behaviour of this
acidic receptorl51 was examined througlH NMR spectroscopic titration with anions and
the Kassvalues are summarised in Table 2.8. The highlgiagulfonamide N-H group was
not visible by'H NMR spectroscopy, therefore the titration was itwwad using the amide N-
H and isophthaloyl H-2 peaks. Titration with"Besulted in downfield migration of 0.3 ppm
and 0.075 ppm for these signals and the almostreg@l binding curves produced without
detectable plateau were indicative of modest bmdiigure 2.14a). Similar shapes of curves
were obtained for the amide N-H and isophthaloy? lHignals, suggesting involvement of
both these groups in binding BAdditionally, monitoring of the other receptoiopon signals
showed an almost linear downfield shift of the HaRd H-4 signals with addition of anion. A
number of other proton signals including H-2”, HM-4nd H-4' experienced a significant
binding curve change following the addition of 2irqBr’, suggestive of a conformational
change. Similar binding curves were observed ircse of Clbinding, although the shape of
amide N-H and isophthaloyl H-2 signals and thedarghemical shift changes of 0.57 ppm
and 0.19 ppm for these signals were indicativaroihger binding (Figure 2.14b).

Table 2.8: Summary of fvalues for amide N-H of recept®51with anions in CRCN 2%
Structure K ase (M) [% error] | Anion
Py Kasa1900 [0.1] By
o o Kas216,10([0.1]
Fea Ny pNg® K.214,000 [0.1] ]
Q O/QJQC“ K..213,700 [0.1] cl
o FaC : -2 AcO
-2 BzO

“Deprotonation prevented the calculation of an aateuik,ssvalue and could not be fitted to a binding model.

81



Receptor 151 with Br-and CI JOB plot of 151 with Br-and CI-
(a) P (b) P ¢ Bromide
| |
F = = Chloride
£ 99 0.35 | =
o
Pl 03 .
% 9.7 0.25
‘€ 9.6 1 —— Bromide 0.2 1 -
GJ 1 i . * 0
S 95 —=a— Chloride 0.15 - . ¢ e . -
I 0.1
> 94 ¢ - . .
93 0.05 S
0 ]

0 2 4 6 8 10
. . 0 0.2 0.4 0.6 0.8 1
Ratio anion:receptor Mole fraction receptor X,

Figure 2.14: (a) Titration curves showing migratmihamide N-H signals 0f51 upon addition of Br& CI” in
CDsCN. (b) JOB plot ofl51with Br & CI" in CD;CN confirming 2:1 receptor:anion stoichiometry.

Titrations of151 with Br and Cl1 could not be fit to an exclusive 1:1 model butdareed an
excellent fit to a 1:1 and 2:1 receptor:anion systnd JOB plot analysis fdr51:Br~ and
151CI" displayed maxima at approximately 0.67 mole factreceptor, confirming 2:1
receptor:anion stoichiometries (Figure 2.14b). Khgfor 1:1 and 2:1 receptor:anion binding
to Br were 900 M and 6,100 N respectively (Table 2.8). The strongs&* for Br was
ascribed to its large size facilitating bindingtteo separate receptor molecules at opposite
sides of the anion. ReceptbB1 with CI' produced Kssvalues of 4,000 M and 3,700 M for
1:1 and 2:1 receptor anion association respectiviedycompare with Brbinding, the higher
1:1 value may have been due to the proclivity efghmaller Clanion to bind a receptor in the
1:1 stoichiometry while the smaller,4§* may have been due to the small @hion less
favourable towards accomodating two receptor mddscsimultaneously. Similar binding
stoichiometries have also been previously repoftét?*® Coles et al. observed a 2:1
receptor.anion complex for theitis-4-nitroaniline derived isophthalamide with a
hexafluorophosphate aniéh. Jurczak et al. found that their 7,7’-diureido-2,2'-
diindolylmethane receptor bound the pyrophosphatgona in a 2:1 receptor:anion
stoichiometry’* Gunnlaugssoret al. also observed this stoichiometry for their thigure

functionalised [3]polynorbornyl receptors with ttiéydrogen pyrophosphate anit.

During the titrations oft51 with AcO and BzQ, proton transfer effects were observed
representing deprotonation of tNeacylsulfonamide. When monitoring the titrationngsthe
amide N-H proton, addition of up to 0.5 equiv an@aused a downfield shift. Upon addition

of a further 0.5 equiv anion, an upfield shift oced with an almost linear downfield
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migration upon further additions (Figure 2.15).thermore, the isophthaloyl H-2, H-2", H-4’
& H-4” protons broadened significantly up to theldition of 1 equiv of anion but
subsequently sharpened. This was ascribed to amalbwexjuilibrium process involving
binding of the first 0.5 equiv anion followed bypatetonation of the highly acidic sulfonyl N-
H group. This equilibrium process may account far broadened signals up to 1 equiv anion
with the equilibrium driven to a single complexguoesies by addition of further anion. A
conformational change may have occurred following &ddition of 1 equivalent of anion,
allowing the amide N-H to further bind anionic sigscwith no isophthaloyl H-2 involvement
(Figure 2.15). A similar trend involving deprotoioat was observed for sulfonamide
functionalised urea compourfdswith evidence of conformational change allowingtlier
binding events post 1:1 binding reported by Crabeeal.**** and Kilburnet al.” for

disulfonamide receptors.

Receptor 151 with AcO- & BzO-

9.95

—— Acetate/Amide N-H
—=a— Benzoate/Amide N-H
Benzoate/H-4

8.95 —s— Acetate/H-2

0 2 4 6 8 10
Ratio anion:receptor

Figure 2.15: Titration curves showing migrationamfiide N-H signals o151 upon addition of AcO& BzO' in
CD4CN. Titration curves for H-4 with BZGnd H-2 with AcOalso shown.

2.6.3 Binding in Competitive Solvent

The working range of ks values which can be accurately quantified usthg NMR
spectroscopic data is from approximately 10 2M3 and values which lie outside this range
may suffer relatively large margins of error dugtmr fit?°? Therefore titrations for receptors
146, 147, 149 & 150 with CI, AcO and BzO anions were repeated in DM3#-Solvent is
known to play a key role in the solution stabildlanion complexes; the higher the solvent
polarity, the higher the anion desolvation enengy therefore the lower the stability of the H-
bonding compleX? A more competitive solvent environment would fertHacilitate the
direct comparison the binding performance of theeptors. DMSO is a highly polar, aprotic

solvent which displays a high solvation ability emds cations. The oxygen atom of DMSO is
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quite basic and may act as a H-bond acceptor qqiisio compete with anions for the H-

bond donating receptor N-H groups.

Table 2.9: Summary of ¥ values for amide N-H of receptotg6, 147, 149 & 150 with CI, AcO & BzO' in

DMSO0-ds.?*? 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] 2,700[6.4] 2,540[4.3]
150 100 [0.2] 5,200[1.0] 800 [5.7]
Calculated based on isophthaloyl H-2 proton.
(a) Receptor 147 & 150 with AcO” & Bz0" in DMSO-d (b) Receptor 149 with AcO" & BzO" (H-2 protons)

8.9
8.8
8.7 A
8.6
8.5
8.4
8.3 1
8.2

13 4

12.5 4

147/Acetate —=#— 149/acetate H-2

—»— 147/Benzoate —— 149/benzoate H-2

N-H chemical shift (ppm)
C-H chemical shift(ppm)

—— 150/Benzoate

0 2 4 6 8
Ratio anion:receptor

0 2 4 6 8 10 10

Ratio anion: receptor

Figure 2.16: (a) Titration curves showing migratiminamide N-H signals of47 upon addition of AcO& 150
upon addition of BzOn DMSO-dg. (b) Binding curves of H-2 proton fa49with AcO & BzO in DMSO-de.

As expected, significantly reduced,&values were observed for titrations in DM8g@for
titrations in DMSO€s (Table 2.9). Receptors46, 147, 149 & 150 were observed to bind Cl
with Kase ™ values of the order of 100 Mwith moderate (thio)amide N-H chemical shift
downfield migrations of approximately 0.2 ppm. RO’ titrations, 146 & 147 gave Kss
values of 480 N and 1,370 Nt respectively with binding interactions through #raide N-
H, isophthaloyl H-2 & aryl H-2’ observed (FigurelBa).

The thioamide N-H signal df49 disappeared during the titration with Acé&nd BzQO, as a
result, the isophthaloyl H-2 proton was used tocuwalte K values for both of these
titrations. This resonance moved downfield uponitagtd of AcO but underwent a slight
upfield migration at 0.5 equiv AcQvhile a similar upfield migration was observedLaquiv
AcO in CDsCN (Figure 2.16b). These anomalies may be due dtoprtransfer events as
previously described fot49 with acetate in CECN or slight conformational changes upon

addition of anion. It is interesting to note thahhviour of the N-H signals of thioamidd9
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with AcO differed in DMSOds and CRCN. In DMSO#s, the thioamide N-H signal
broadened and migrated upfield until 1.3 equivaemion had been added, followed by N-H
disappearance of this signal; in €IN, the N-H signal disappeared immediately upon
addition of 0.15 equiv AcO This may be due to DMS@s competing with AcOfor the
binding sites ofL49 therefore the effects of the basic Acion may be minimized in this
solvent up to a larger concentration of anion. €heere no detectable upfield migrations in
binding curves for the H-2 signal @60in DMSO-ds or CD;CN with AcO. It was possible to
calculate Kgsvalues of 2,700 M & 5,200 M* for 149& 150with AcO respectively.

Titrations 0f146, 147 & 150with BzO produced Kssvalues of 160 M, 720 M* and 800 M
respectively with binding interactions through #maide N-H, isophthaloyl H-2 & aryl H-2’
observed. Interestingly,49 appeared to bind most strongly to BzOmpared td 46, 147 &
150. This may be due to proton transfer from the achiH group 0f149to the BzO anion
as indicated by broadening and subsequent lossecamide N-H signal after addition of 1
equiv anion. As a result, the H-2 proton was usecddlculate Kss and this produced a
downfield chemical shift of 0.55 ppm andgvalue of 2,540 M.

To compare the binding strengths and selectiviieSD;CN to those in DMSQis, 146, 147

& 150 preferentially bound BzTGn CDsCN but were more selective for Ac DMSO-Us.
Proton transfer 0149in the presence of Ac@r BzO in CDsCN prevented the calculation of
Kassvalues for these titrations, however it was pdedi obtain Kssvalues for titrations with
these anions in DMS@s through fitting of data from the H-2 resonanceatd:1 model. It
appeared that proton transfer effects were lessopiraced in DMSO-d6, requiring more anion
to shift the equilibrium towards the deprotonatddtes This feature may be due to the
improved solvation of AcOin DMSO-s and also stronger solvent binding to the receptor,

moderating the effects of basic Ac&hd preventing significant proton transfer in DM80

2.6.4 Summary of Binding Studies of 145-151

To summarise, binding studies were carried outhendiamide and thioamide receptd#s
151 with Br, CI, AcO and BzOin CDs;CN. A general trend observed in all systems was tha

in the case of halides, Ghas bound more strongly than Bpresumably due to its smaller
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size and increased charge density. Oxyanions Actd BzO were generally bound more
strongly than Cland this may be a reflection of the ability of Naped oxyanions to H-bond

to receptors from both oxygen atoms, creating geocomplexes.

Table 2.10: Summary of binding constantgkM™) in CD;CN 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 & 2
150 6,100 11,100 16,600 21,000
151 Kase 1900 | Kosdt4,000| -2 -

Kas2 16,100 | K213,70(

®Proton transfer prevented the calculation of amiate association constant.

In all cases, the newly designed receptb4$-151 produced significantly enhanced,K
values compared to control recepiets for example a 66-fold increase in” ®inding was
observed for thioamid&49 compared td 45 In general, binding was also observed through
the H-2 and H-2’ signals indicated by the shapehef titration curves observed for these
protons. This suggests that the diamide receptm@ &nions with cooperative H-bonding
from both amide N-H groups and also a number of @rblips in close proximity to the
binding site. In cases where,&values in excess of 10M™ was observed, titrations were
repeated in DMSQIs and in general, reduced binding efficiencies wested in this solvent

been due to the increased polarity and competitatare of this solvent medium.

The highly acidic thioamid&49 and nitro-substituted50 appeared to be the most successful
anion receptors producing the highestskalues; in particulad50 bound AcO and BzO
with Kassvalues of 16,000 M and 21,000 M respectively in CBCN. Receptorl51 bound
halides with multiple stoichiometries confirmed B®B plot analysis and successful fitting of

these systems to a model involving simultaneousfidl2:1 receptor: halide interactions.

Possible receptor proton transfer was observeldrititration of thioamidd.49 and amideM-
acyl sulfonamide hybrid51with AcO and BzO. These proton transfer events did not allow

a direct prediction of catalytic activity from bimd studies but did point to strong binding
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events possibly with multiple stoichiometries anatemtial interactions during the proton
shuttling step which is now considered as parbhefRDS of the MBH reaction. It must also
be considered here that species which bind anamsttongly may have a negative impact on

reaction catalysis through catalyst binding andhinion.

2.7 Conformational Analysis in Solid and Liquid Sta  te

Conformational studies were undertaken for a numiddereceptors in the absence and
presence of anionic guests. Several attempts atatrgrowth for some receptors including
slow evaporation and vapour diffusion using a numdfesolvents failed, however success
was achieved in the case of thioamid®. X-ray diffraction grade crystals 49 were grown
through slow evaporation of a chloroform/methanattore at room temperature and X-ray
crystallography revealed a crystallographic twofalkds through the centre of the molecule
(Figure 2.17¥* The two nitrogen atoms were twisted in oppositeadions out of the plane
to minimise steric conflict and enable H-bondingatmeighbouring sulphur atom. Receptor
149 existed in the solid state in ggn-syn conformation, possibly due to internal interacsion
between the polarized C-H bonds (Herjho to the Ck groups and the Lewis basic sulphur

atom?14®

o

b ™~ \“\-—vl(""“‘_{

e S

a

Figure 2.17: (a) X-ray crystal structure of thiodmi49 showing measurements between a number of atoins. (b
Crystal packing diagram df49 showing intramolecular H-bonding between the sutgitom and N-H group of
a neighbouring molecule.

'H NMR spectroscopy also somewhat supported therappéavouredsyn-syn conformation
of 149in the liquid state. The chemical shift of the HFH-2") proton lay further downfield in
the case of thioamid&49 (6 = 8.53 ppm forl49 6 = 8.38 ppm forl47) relative to other
receptors, suggesting possible H-bonding interastiMoreover, the H-2 protartho to both

thioamide moieties was further upfield fb49 compared to the corresponding protonldi.
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This is in agreement with previously reported samisystems in which isophthaloyl H-2
existed most upfield for an isophthalamide in #ye-syn conformatiorf Therefore, it was
likely that 149 existed in a number of possible conformations with equilibrium lying

potentially towardsyn-syn conformation (Scheme 2.12).

H
0 N, o o H H
R . — N N,
N. 0 N. N, R R
R H RCH  HUR o o

syn-anti syn-syn anti-anti

Scheme 2.12: Potential conformations of isophthalameceptors.

A 2D NOESY NMR spectroscopy study d#9 in CDsCN demonstrated through space
interactions between H-4 & H-5, N-H & H-2, N-H & Bi-and also between N-H & H-4
indicating an equilibrium existed between the pt&nconformations. These latter NOE
interactions were absent in a solution1d® containing 1 equiv Cl suggesting that the/n-
syn conformation dominated in the presence of aniogu{lé 2.18a & b). A 1D-NOE dpfgse
experiment ofL49in the presence of GHentified neighbouring protons within 5 A and foli
interactions between the N-H and H-2 and a weaktraction between N-H and H-2’
(Figure 2.18c) without NOE effects between thedmade N-H and H-4, confirmingyn-syn

conformation.

o NHEH4

<4— N-H+H-2

Y~

Figure 2.18: 2D NOESY of (a)49 (b) 149 + 1 equivalent TBACIin CD;CN. (c) 1D NOE of149 + 1 equiv
TBACI in CDsCN.
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Crystals of suitable quality for-ray diffraction could not be obtained for the otheceptors
therefore some conformational studies were conductesolution using NMR spectroscog
A 2D NOESY study 01147 in CD;CN showed NOE correlations between amide N-H
group and H-2, H?' and also weak interactions with-4 (Figure2.19a). In the absence of
anionic guest, the amide-H resonance af50was broad and it w difficult to observe NOE
effects with this signal. In the presence of 1 eqQl, the amide FH appeared sharp and
NOE interactions were observed between this grodjtiee isophthaloyl -2, supportingsyn-
syn conformation. Other NOE interactions werfficult to decipher due to overlap of the-

2’ and H4 signals in the presence of (Figure 2.19b).

a Tl A ] = — i l —
(a) O&O ‘ (b) NO, y

FiC NH O OHN CF;y
oL o LA
N-H + H-4 i 2

CFy CFy pos

- p—

s pox illion: 11  spateper il 1. -

Figure 2.19: (aRD NOE of recepto147in CD;CN.(b) 2D NOESY spectrum ¢150in the presence of 1 equiv
Cl"in CDsCN

Conformational analysis ¢151 via NOE spectroscopy unveiled through space intienss

between the amide N-and -2, H-2' and H4 signals, demonstrating equilibration betw

the syn and also thanti-conformations for the amide portion of N-acyl sulfonamide. In
the presence of 2.3 equivalents or 0.4 equiv AcQ the amide NH displayed NOE effects
with the isophthaloyl 2 and H-2' while no effects with M-were observedFigure 2.22).

This was further evidence that the amide existedtsrsyn-conformation prior to proto

transfer effects.
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Fig.ure 2.20: (a) 2D NOESY spectrumIB1lin CD;CN. (b) 2D NOESY spectrum df51in the pr(;:ence of 2.3
equiv Br in CD;CN.

To conclude, X-ray crystallography confirmed thd® existed in thesyn-syn conformation in
the solid state and therefore possessed a degpre-ofganisation towards binding anions. In
the liquid state, NMR spectroscopic evidence suggethat the conformations @49 and a
number of other receptors existed in equilibriumlgvthe syn-syn conformation appeared to

dominate in the presence of 1 equiv anion, optiimrabinding anionic guests.

2.8 Screening of 145-151 for Catalytic Activity

The reaction studied in this work was the DABCOrmpoted MBH reaction of benzaldehyde
with methyl acrylate. Preliminary reactions werendocted in the presence of 50 pL
acetonitrile in order to assess the performanadioamidel49 & nitro-substitutedl50 at 20
mol% catalyst loadings. The reaction was carried wsing 1 equiv benzaldehyde and
DABCO, 3 equiv of methyl acrylate and 20 mol% rdoepEach reaction was stirred at room
temperature for 20 hours and following aqueous wgrkand purification by flash
chromatography, the produt65 was isolated and confirmed using GC-MS ahd& *°C
NMR spectroscopy. A peak at m/z 192 was observe@®yMS corresponding to the 'Non

of the MBH adduct with additional fragment ionsratz 175, 160, 132, 105 & 77. KetA
NMR spectroscopic resonances included the OH pe&k04 ppm and the doublet at 5.57
ppm due to the B-OH proton. Aromatic signals in the range of 7.2407ppm, a methoxy
group at 3.72 ppm and vinyl protons at 5.83 & 6opBn served as further evidence of the
desired MBH product.
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145:X=CH;G=0;Y=H; R=nBu
Y 146: X=CH; G=0;Y=H; R=4-(CF3)CgHy
X 147: X=CH; G=0;Y=H; R=3,5-(CF3),CgH3
G | B G 148:X=N;G=0;Y=H; R=35-(CF3),CgHs
X 149: X=CH; G=S;Y=H; R=23,5-(CF3),CeH3
NH HN 150: X = CH; G=0; Y = NOy; R = 3,5-(CF3),CgH3
R'/ ‘R 151: X = CH; G= O; Y= H; R= 3,5-(CF3)206H3; R'= 3023,5-(CF3)206H3

Figure 2.21: Structure of receptors/catalyist5-151tested in the MBH reaction.

The uncatalysed reaction produced a yield of 51%adetonitrile while thel50-catalysed
reaction provided produdis5in 53% (Scheme 2.13). THel9-catalysed reaction produced a
yield of 66% and these results indicated a relftiveinor catalytic effect of these anion
receptors in solution, possibly due to solvent cetiipn for the receptor binding sites or a
dilution effect where the presence of the H-bondalimg receptors was negated by the dilute
conditions employed.

2 1% 14 1
0 mol% 149 or 150 OH O

0 0
50 plL acetonitrile
H + ﬁOMe [g] mj\oMe
N

1 mmol 3 mmol 155

Uncatalysed: 51% Yield
149 catalysed: 66% Yield
150 catalysed: 53% yield

1 mmol

Scheme 2.13: Preliminary catalysis of DABCO prordd#BH reaction of benzaldehyde (1 equiv) and methyl
acrylate (3 equiv) in the presence of 50 pL acétitmiusing 20 mol%d49 or 150

As a result of the poor performance in acetonijtnigreptorsl45-151were tested for their
catalytic effects under neat reaction conditiongb{@ 2.11). The uncatalysed reaction
produced a yield of 34% while the use of 20 mol%tleé simple aliphatic non-acidic
isophthalamidd45gave a 10% yield improvement. The product yielthoied from146, 147

& 149increased with increasing acidity of the amide NaAging from 50% yield for the 4-
trifluoromethylphenyl substituted isophthalamidetatgst 146 to 71% for the 3,5-
bis(trifluoromethyl)phenyl substituted thioamidel9 The p-nitro substituted acidic receptor
150 yielded disappointing results with 51% isolate@ldi while the hybrid amidblacyl
sulfonamidel51 gave a yield of 76%.
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Table 2.11: Catalysis of Baylis-Hillman reactiontmnzaldehyde and methyl acrylate usldg-151as H-bond
donating organocatalysts.

o 0 OH O
20 mol% Catalyst
H + %OMe OMe
| 1 mmol DABCO
1 mmol 3 mmol 155
Receptor | Yield [%] ® | Kope X 1C2[h ™ | Kee | Kpey Lit
Uncatalysed 34 0.82 1.0 1.0

145 44 0.77 0.8 1.7
146 50 0.5 0.7
147 68 2.3¢ 2.8 5.2
14gj 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

®Reagents and conditions: benzaldehyde (1 equivB@@ (1 equiv), methyl acrylate (3 equiv), catalygb-
151 (20 mol%), r.t., 20 h. Isolated yielfinitial rates, 10 equiv methyl acrylate usel)-étilbene used as an
internal standard fotH NMR spectroscopy°Poor solubility in kinetic experimenfNot determined due to
complete insolubility of catalyst in these conditso

The kinetics of the uncatalysed ah45-151 catalysed reactions were monitored'blyNMR
spectroscopy using a method previously describe@dmynon & Maher*® The reaction was
conducted under pseudo-first order conditions wéspect to benzaldehyde usiBegtilbene
as an internal standard. Initially, a small sanvpdes taken, diluted in CDgand immediately
analysed byH NMR spectroscopy. Samples were subsequently takamumber of intervals
over 8 hours. The ratio of benzaldehy#estilbene was calculated at each time point and the
rate constant was determined from the slope ofaphgof —Log[benzaldehyde] versus time
(Table 2.11 & Figure 2.22). A slightly lower initieate constant was observed 1615 & 146
compared to the uncatalysed process, possiblyapedr solubility of these catalysts in the
reaction media. The rate constant for the uncagdlysaction was determined to be 0.82 x 10
2 h! following 3 replicates, significantly higher thahe 0.46 x 18 h* value previously
observed by Connon and Maher for this reactidrThis was discussed with the external
examiner at theviva-voce and the difference was ascribed to experimentinigue for
sample collection, specifically evaporation of ny¢thcrylate throughout the reaction, causing
a decrease in dilution and increased reaction datecas noted that the use of a more
thoroughly sealed reaction vessel could inhibits tevaporation. When the rates of the
organocatalysed reactions are compared to ConndtaBer’'s uncatalysed reaction rate, a

more pronounced catalytic effect is observed (T@blel). Based on this uncatalysed rate
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constant, all catalysts display positive catalyitects. Catalystl47 generated a 2.9 fold
increase in initial rate constant compared to theatalysed process while the thioamid©
gave a 3.1 fold increase, matching the trend ofirtkeeasing yields fromi49 compared to
147(71% vs 68% vyield foll49vs 147).

The yield from thel50-catalysed reaction was 51% while an initial raiastant of 2.68 x 1t

h™ was observed, representing a faster rate comparéte more successful, higher yielding
catalystsl47 & 149 This was ascribed to possible strong bindingref of the several anionic
species involved in the reaction cycle causing pebihhibition, supported by previous anion
binding studies showing very strong binding intéitats for AcO even in highly competitive
media (Kiss = 16,600 M' in CDsCN, Kass = 5,200 M* in DMSO-ds). Receptorl51 was
deemed to be the most successful catalyst ftd®151; this catalyst produced a 3.9 fold
increase in rate constant over the uncatalyse@rmsyahd also gave the highest isolated yield.
It may be envisaged th&ab1 would possess sufficient acidity to protonate DABTeading to
catalyst quenching. However, given the significgetd and rate enhancements observed, this
was deemed not to occur, instead high catalystitganay have favoured proton transfer

between the starting material and catalyst, thhsuecing the rate.

0.3 1
-Ln [PhCHO] vs time plot

025 4 * Uncatalysed

® 149 catalysed

o
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151 catalysed
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°
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o

0 2 6 8
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Figure 2.22: Kinetic plots and least square fits-loi[PhCHO] vs time for receptd49 & 151 catalysed Baylis-
Hillman reaction. The uncatalysed reaction is alsown.

In order to probe high catalytic activity db1, a more acididis-N-acyl sulfonamide was
considered (receptdi56) which would possess two highly acidic sulfonamidi¢l groups in
an isophthaloyl scaffold. Receptd56 was synthesised from commercially available
isophthalic acid. A number of different reactarttag were investigated for this synthesis and

the successful system comprised of 1 equiv of id@ic acid, 2.5 equiv primary sulfonamide

93



154, 5 equiv EDCI and 3.5 equiv DMAP in 50:50 dichletlmanet-butanol (Scheme 2.14).
After treatment with Amberlyst 15 anion exchangsimeand ethyl acetate, the mixture was
filtered through a plug of silica gel and solver@movedin vacuo. Chromatographic
purification providedl56in 61% yield. LC-MS analysis in negative mode proed an ion at
m/z 715 corresponding to the M-H ion whitd & *C NMR spectroscopy were used to verify
the product. KeyH NMR spectroscopic peaks included the isophthatbyd proton at 8.49
ppm, the H-2' signal as a singlet integrating fqurétons at 8.38 ppm, the H-4’ signal at 8.19
ppm, a doublet at 7.86 ppm corresponding to H-4aatrplet at 7.24 due to H-5.

5

HoN
2! \SOZ 4
OYQYO . /@\ 5 equiv EDCI, 3.5 equiv DMAP

[0}
1:1 dichloroethane: t-butanol O\\S
3

o
Noy ‘ N
OH OH  FsC CFs  rt, 16h,61% F\C ‘o o CF,
1 equiv 2.5 equiv \Q 2@:
CF 156 FC

Scheme 2.14: Synthesiswé-N-sulfonylated amide recept@b6.

Due to the high level of success obtained withhierid amide/N-acyl sulfonamide catalyst
151 in the MBH reaction, a preliminary investigationta the catalytic activity ofl56 was
conducted and produced a disappointing yield of 4Bue 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 amibieacyl sulfonamidel51 to be the optimal catalyst, the
nucleophilic base was varied in order to investagae effects of this species on the catalytic
performance. In the reaction of methyl acrylate hwibenzaldehyde, DBU (1,8-
diazabicycloundec-7-ene), PPHtriphenylphosphine) and DMAP were evaluated and
provided inferior yields compared to DABCO (Tablé2).
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Table 2.12: MBH reaction of benzaldehyde with méttyylate catalysed by51 with varying base.
OH O

(0] (0]
H . ﬁOMe Catalyst 151 (20 mol%) OCHj4
Base, r.t., neat

155

Base | mol% 151 | Time (h) | Yield %*
DABCO - 2C 34
DABCO 20 20 76
DMAP - 20 8
DMAP 20 20 41

DBU - 20 33

DBU 20 20 34

PPh - 20 trace

PPh 20 20 trace

4solated yield after flash chromatography.

2.8.2 Variation of Substrates in the MBH reactionu  sing Catalyst 151

Having verified DABCO to be the optimum base, tHdehyde component was varied.
Various activated and deactivated aldehydes wesduated in thel51 catalysed MBH
reaction with methyl acrylate and compared to theatalysed reaction. In all of thEsl
catalysed reactions, yield improvement was obsemeplarticular for electron donating 2-
methoxybenzaldehyde and 4-methoxybenzaldehyde whe3e fold and 4.8-fold increase
product yield was noted (Table 2.13). Reactions roéthyl- and nitro-substituted
benzaldehydes catalysed byl produced smaller yield enhancements. Finally,tieas of a
number of Michael acceptors with benzaldehyde wierestigated includingtert-butyl
acrylate and 2-cyclohexenone. The uncatalysed iogagtith tert-butyl acrylate produced
significantly lower yields compared to methyl aetg@ while a 7-fold increase in product yield
was obtained in the presence of catalysl (Table 2.13). A 15-fold increase in product yield
was obtained for the reaction of cylohexenone Wwéhzaldehyde.
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Table 2.13: DABCO promoted MBH reaction using aetgrof substrates catalysed byl
o} o OH O

Ar)LH . ﬁj\G Catalyst 151 (20 mol%) Ar)ﬁ(U\G

DABCO, r.t,, neat

Ar G mol% 151 | Time (h) | Yield %?
CeHs OMe - 20 34
CeHs OMe 20 20 76
0-O,NCgH,4 OMe - 1 79
0-O,NCgH, OMe 20 1 86
0-MeCgH,4 OMe - 42 6
0-MeCgH,4 OMe 20 42 22
0-MeOGH, OMe - 72 6
0-MeOGH, OMe 20 72 55
p-FCsH,4 OMe - 42 69
p-FCgH, OMe 20 42 82
p-MeCgH, OMe - 36 19
p-MeCeH, OMe 20 36 38
p-MeOCgH, OMe - 96 4
p-MeOGH, OMe 20 96 19
CeHs O-tBu - 20 4
CeHs O-tBu 20 20 28
CeHs - 38 4
CeHs C>:O 20 38 59

¥solated yield after flash chromatography

A correlation was observed between the yield froentioth the uncatalysed ab8l1-catalysed
reactions and the electronic nature of the benhglike substitutuent. In the case of gaea-
substituted benzaldehyde derivatives, the MBH atdueld increased as the electron
withdrawing nature of the substituent increasedis Thas as expected due to electron
withdrawing groups making the aldehyde carbonyl enelectrophilic. The recyclability of
151 was investigated the DABCO promoted MBH reactidnbenzaldehyde with methyl
acrylate. In each case, the catalyst was recovetieaving chromatographic purification and

re-used with less than 5% reduction in catalytiivég after 3 cycles.

2.8.3 Investigation into Catalytic Mechanism

It is proposed that the catalytic activity of th@an receptord45151in the MBH reaction
may in part be due to their ability to coordinateoaic species through acidic N-H groups

with additional interactions also possible fromdaciC-H groups in the cleft. In general, the
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increase in N-H polarisation through the use ofteten withdrawing functional groups led to
enhanced catalytic activity, consistent with thevoously described anion binding studies. For
the strong oxyanion recept@b0, catalyst inhibition may have lead to the highcteen rate
and low yield. Pre-organisation &9 into its syn-syn conformation may have contributed to

its catalytic success.

Furthermore, a number of receptors which undenpestion transfer effects with basic AcO
and BzO anions were highly successful MBH catalysts, peshiadicative of a cooperative
effect, particularly in light of reported mechaigsstudies highlighting the rate-determining
nature of the proton transfer step as opposed ¢oMithael addition steff* The acidic
receptors may have acted as a proton shuttle prognibiis step in combination with aldehyde
activation or anionic intermediate binding. In atempt to investigate binding between the
catalyst and reaction starting material$HaNMR spectroscopy binding study of a number of
catalysts with MBH components and adduct was uallert and the results compared to the

chemical shift changes in the presence of 1 eqeitadcO.

2.8.4 Substrate & Product Binding Studies to Cataly  sts 149-151

'H NMR spectroscopic binding studies 151 in the presence of 1 equivalent of reactants or
MBH product revealed minor chemical shift chang€&able 2.14). The amide N-H signal
migrated upfield for methyl acrylate which may heygestive of a proton transfer effect to the
acrylate, possibly activating it towards nucleoghiattack. A slight upfield amide N-H
migration was also observed upon additiod® suggesting no product inhibition occurred.
The minor downfield shift observed for benzaldehyaes suggestive of minimal binding and

activation.

Table 2.14: Binding study df51 with reactants and MBH product byl NMR spectroscopy in CITN.

A& (Amide N-H) | A8 (H-2) | A8 (H-2") | A& (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 adduci155 -0.004¢ 0.000: 0.001« 0.003¢
151+ 1 equiv aceta -0.049¢ 0.003¢ -0.037¢ 0.018¢
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Thioamide 149 produced a 71% vyield and binding studies showebraadening and
considerable downfield migration of 0.19 ppm antléOppm of the thioamide N-H groups
upon addition of 1 equivalent of benzaldehyde dib respectively (Table 2.15). As
expected, smaller downfield migrations of the ord€)02 ppm were observed for the H-2’
protons while the isophthaloyl signals appearechtwe slightly upfield. A smaller thioamide
N-H downfield migration was observed following ailoin of methyl acrylate of
approximately 0.02 ppm with H-2’ and H-2 downfiedthifts of 0.009 ppm. Therefore it
appeared thal49 bound strongly to benzaldehyde and MBH product ot to methyl

acrylate, suggesting that benzaldehyde activatmoinpaoduct inhibition may have occurred.

Table 2.15: Binding study df49 with reactants and MBH product monitored’blyNMR spectroscopy

Ad (Thioamide N-H) | Aé (H-2") | Ad (H-2)
149+ benzaldehyc 0.185% 0.002¢ -0.002¢
149+ methyl acrylat 0.016: 0.000¢ 0.000¢
149+ MBH adduci155 0.1624 0.003¢ -0.001¢
149+ 1 equiv acetate P 0.0266 0.1818

3Significant peak broadening observ&@leak disappeared

Binding of 150 with the reactants and MBH product produced smatleemical shift
migrations compared tb49 with downfield shifts of 0.025 ppm and 0.014 ppon the amide
N-H proton with benzaldehyde and MBH adduct respelst (Table 2.16). Similar td.49,
acrylate binding was significantly weaker compatedenzaldehyde at55 interactions. It
may be considered that whil&0 had weaker binding strengths to the neutral reéstand
product compared t@49, the former may have bound anionic intermediatesenstrongly,
leading to inhibition. This theory is supportedthg strong anion binding results observed for

150with carboxylates.

Table 2.16: Binding study df50with reactants and MBH product monitored’blyNMR spectroscopy.

A& (Amide N-H) | A8 (H-2)
150+ benzaldehyde 0.0254 0.012
150+ methyl acrylate 0.0083 0.0063
150+ MBH adductl55 0.0135 0.0068
150+ 1 equiv aceta 3.48¢ 0.576:

The role of the anion binding sites in catalysis¥47 & 151 was further investigated through

'H NMR spectroscopic kinetic experiments in the pree of 1 equivalent of tetrabutyl
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ammonium benzoate. Under these conditions, sulstareduction in rate constants was
observed. In the case b47, an initial rate constant of 0.45 fwas obtained in the presence of
BzO, 81% lower than the value of 2.38 without added anion. In additiof51 with BzO
gave a rate constant of 1.17,h63% reduced compared to that without BzThis was
ascribed to competition between the anionic reactidermediates and BzQor the H-
bonding sites of these catalysts. Therefore, it praposed that binding of negatively charged
reaction intermediates had a significant catalyifect through anionic intermediate
stabilisation promoting the reaction. In the preseof BzO, the H-bond donating groups
were unavailable for transition state binding astpn shuttling, both of which may promote
the MBH reaction.

A catalytic mechanism is postulated in an atterapttionalise the successful catalytic results
of 151 (Scheme 2.15). It is proposed that electrophilévaitbn does not play a significant
role due to the small chemical shift migrations1&f1 in the presence of 1 equivalent of
benzaldehyde. Rather, it is more likely that thgatizely charged betaine intermedigie
generated from conjugate addition of the tertianyree catalyst to methyl acrylate was bound
by 151 Aldol addition to the aldehyde then generatedti#@&npnic B. H-bonding interactions
between the sulfonamide N-H group and thalkoxide anion may have activated
intermediate towards a rate determining protonsfervia the catalystN-acyl sulfonamide
group. This transition state may act as a protouttleh facilitating proton migration,
elimination of the tertiary amine base and enhaqéire reaction rat&*8%19419gimjlar H-
bond interactions promoting the proton transferehpreviously described for protic additives

such as methanf and abis-thiourea organocatalyt.

0 0 O (0]

_N. O
e FiC Ny N o ©

FsC N‘H\ H'N,/S T iy Proposed
g ° . b CFs| RDS _ ome
S s . ;
CFMeO { CFy Fg'oooFl\A N
o F3C X 3C NR; + 151
NR3 NR3

Scheme 2.15: Postulated mode of actioh&ffin MBH reaction with cyclic transition staBproposed.
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2.9 Further Bifunctional Receptors

Having tested a range of bisamide and thioamidedasceptord 45150 and a bifunctional
hybrid amidelN-acyl sulfonamidel51 for anion binding properties and catalysis and also
having confirmed a correlation between their anemordination properties and catalytic

activity, alternative urea based bifunctional reéoepwere considered (Figure 2.24).

2.9.1 Bifunctional Receptor Design

FiC

Figure 2.24: Structure of phase 2 acidic bifunaimeceptord57 & 158

84.86.2153nd have

Urea and thiourea groups have been applied astoesdpr anionic specié
also been extensively used as H-bond donating oogaalysts®'?*4>14” As previously

described, isophthalamide receptors incorporatirigbi®(trifluoromethyl)phenyl groups as
part of the amide moiety led to significant improwents in anion binding abilities and
catalysis in the MBH reaction. It was consideredt tbther receptors could be further
optimised through inclusion of 3fas(trifluoromethyl)phenyl rings into a bifunctional
receptor consisting of a (thio)urea group and andanmotif with applications as anion
receptors and H-bond donating organocatalystshi®@mMBH reaction. As detailed in Chapter
1, Hamiltonet al. successfully applied a urea/amide hybrid recepbtmtaining an oxyanion

hole in the addition of a thiol to a maleimitfe. Through'H NMR spectroscopic binding

studies, they confirmed that the catalyst operdtedugh cooperative H-bonding to the
anionic transition state from the urea and aminiolpye functionalities, stabilising the

developing negative charge over the course ofdhetion and producing a rate enhancement.

It was envisaged that a bifunctional (thio)ureatiaminybrid could be suitably pre-organised
towards binding a number of the anionic intermexiah the MBH reaction. It was also hoped

that such a hybrid molecule may enhance the prttansfer step of the MBH reaction
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mechanism by acting as a proton shuttle. In additiased on previous reports by Schreiner
et al., the thiourea analogue&8was expected to possess enhanced rigidity dugdractions
between the sulphur atoms and H-2” proton in tbetho-position of the 3,5-

bis(trifluoromethyl)phenyl ring which could improvertding ability and catalytic activity.

2.9.2 Synthesis of Bifunctional Receptors 157 & 158

The EDCI mediated coupling of 3i®s(trifluoromethyl)aniline with 3-nitrobenzoic acid a
room temperature was conducted and following ettracwork-up, the product was
recrystallised from dichloromethane to gi¥89 in 92% vyield (Scheme 2.16). The product’'s
structure was confirmed by LC-MS arftf & *C NMR spectroscopy. LC-MS analysis
produced a MH peak at m/z 378 while ké§d NMR spectroscopic peaks included the amide
N-H signal at 9.38 ppm; relevant COSY interactiansgl peak assignments are given in Table
2.17. The singlet integrating for 2 protons at 8® was ascribed to H-2" while the singlet
at 7.75 ppm was assigned to H-4'.

FsC CF3
CF3 CF3
O U U
NH, o 4 o 4
OH 6 6
EDCI, DMAP 5 N N CF, Hydrazine hydrate, Pd/C 5 N CF

) 2 3

H
CHyCly, rt, 16 h,92% 4 2 Ethanol, reflux, 16 h, 69% 4 2 H
NO,
NO, 159 NH, 160

Scheme 2.16: Synthesis af59 & 160 through EDCI coupling of 3-nitrobenzoic acid witB,5-
bis(trifluoromethyl)aniline followed by reduction ugirhydrazine hydrate.

Table 2.17: List of COSY interactions attdl NMR assignents of nitro/amide hybrid intermedib5e.

Structure Proton d (ppm) Correlated With & (ppm) Correlated proton
GFs H-4 8.37-8.41 (m, 1H) 7.74 (m, 1H) H-5
s § : H-6 8.27-8.31 (m, 1H) 7.74 (m, 1H) H-5
Q)LE 2 H-2 8.73-8.75 (m, 1H) 8.37-8.41 (m, 1H) H-4
NO, H-2 8.73-8.75 (m, 1H) 8.27-8.31 (m, 1H) H-6

The reduction of the aryl NQyroup to an aryl Nkigroup was successfully achieved through
reaction of159 with hydrazine monohydrate in ethanol using a gétalquantity of 10%
palladium on carbon (Scheme 2.16). After 16 hofireftux, the mixture was filtered through
a plug of silica gel and aqueous work-up conduttefllash chromatography eluted the
product in 69% yield while LC-MS andH & *C NMR spectroscopy confirmed the
successful reduction. An LC-MS signal at m/z 34&esponded to the MHon and keyH
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NMR spectroscopic resonances confirming the syighesluded the broad NHsignal at
4.40 ppm, the amide N-H at 9.03 ppm and H-2’ and’ ldignals at 8.34 ppm and 7.73 ppm
respectively. The H-2 proton occurred at 7.19 pphilevH-4, H-5 & H-6 were observed at
6.84-6.89 ppm, 7.24 ppm and 7.20-7.24 ppm respagtiv

The final step in the synthesis involved reactioh iotermediate 160 with 3,5-
bis(trifluoromethyl)isocyanate and 3fss(trifluoromethyl)isothiocyanate to give urea/amide
hybrid 157 and thiourea/amide hybri@i58 respectively(Scheme 2.17). Receptd57 was
obtained in 98% vyield following room temperaturerstg for 24 hours and chromatographic
purification. An LC-MS peak at m/z 604 correspondedthe MH ion. Key 'H NMR
spectroscopic peaks included the amide N-H grouf®a3 ppm, urea N-fnd N-H, peaks
at 9.48 & 9.27 ppm and H-2' and H-4’ signals ati8gpm and 7.78 ppm respectively. The H-
2" and H-4” signals appeared at 8.15 ppm and hpb respectively while the H-2, H-4, H-
5, & H-6 signals occurred at 8.09 ppm, 7.65 ppm9 apm and 7.71 ppm respectively. COSY
& NOESY 'H NMR interactions aided peak assignment and awvengin Table 2.18.

C}

CF3

F3C/©\ >\“
CFs CH,Cl, 1, 24 h, 98%

ﬁl
H CF3
160 Q
NH,
F@Q >\—
3
CH,Cly, rt, 72 h, 96%

Scheme 2.17: Synthesis of urea/amide hybsidand thiourea/amide hybritb8
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Table 2.18: List of COSY and NOESY interactions 34dNMR spectroscopic peak assignmentd 7.

Structure Proton & (ppm) Correlated With & (ppm) Correlated
proton
s 4 o cR H-2’ 8.51 (s, 2H) 7.78 (s, 1H) H-4’
GQ—/{NQ" H-2" 8.15 (s, 2H) 7.62 (s, 1H) H-4"
FaC O, > )
N>—N\H Hoo H-4 7.65 (d,J = 7.63 Hz,| 7.49 (t,J = 7.63 Hz, 1H) H-5
4" 3
/. H® 1H)
R - - H-6 7.71 (d,J = 7.63 Hz,| 7.49 (tJ=7.63 Hz, 1H) H-5
COSY interactions 1H)
Amide N-H | 10.83 (s, 1F 8.51 (s, 2H H-2’
Amide N-H | 10.83 (s, 1+ 8.09 (s, 1H H-2
4 5 cr, | [ Amide N-H | 10.83 (s, 1H) 7.65 (d,= 7.63 Hz, 1H) H-4
. Q%N Q Amide N-H | 10.83 (s, 1H) 8.09 (s, 1H) H-2
A-QJLN‘H noe CFs Amide N-H | 10.83 (s, 1+ 8.51 (s, 2H H-2’
e © HoO N-H, 9.48 (s, 1H) 9.27 (s, 1H) NgH
NOESY interactions N-H, 9.48 (s, 1H 8.15 (s, 2H H-2"
N-Hp 9.27 (s, 1H 7.71(dJ=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 hybrid58 was obtained in 96% vyield following chromatographi
purification. LC-MS analysis produced a peak at 829 corresponding to the Mksignal
and 'H & *C NMR spectroscopy were used to characterise tbeugpt. Key'H NMR
spectroscopic resonances included an amide N-H pe&l19 ppm and two thiourea N-H
peaks at 8.77 and 8.69 ppm. In addition to thegeats there were also H-2” & H-4" signals
at 8.14 & 7.79 ppm and H-2' & H-4’ peaks at 8.347/&5 ppm respectively. The central ring
H-2, H-4, H-5 & H-6 protons were observed at 8.@mp 7.68 ppm, 7.58 ppm & 7.83 ppm
respectively while 8°C NMR spectroscopic signal at 180 ppm was ascribethe C=S
group. COSY and NOESY interactions aided peak asstgt and are shown in Table 2.19.
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Table 2.19: List of COSY and NOESY interactions #HdNMR spectroscopy peak assignmentd 58

Structure Proton & (ppm) Correlated With & (ppm) Correlated
proton
sy o om H-2’ 8.34 (s, 2H) 7.75 (s, 1H) H-4'
\%pr H-2” 8.14 (s, 2H) 7.79 (s, 1H) H-4"
AWl Loen H-4 7.68 (dJ=7.63Hz, 1H) | 7.58 (] = 7.63 Hz 1H) H-5
e T H-6 7.83(dJ=7.63Hz, 1H) | 7.58 (] = 7.63 Hz 1H) H-5
COSY interactions
< ¢ o CR Amide N-H 9.19 (s, 1H) 8.34 (s, 2H) H-2’
»pf@ Amide N-H | 9.19 (s, 1H 8.01 (s, 1H H-2
NN R TR Amide N-H | 9.19 (s, 1H 7.68 (dJ=7.63 Hz, 1H H-4
R " - - N-Hj, 8.77(s, 1H 8.01 (s, 1H H-2
NOESY interactions N-H, 8.69 (s, 1H) 8.14 (s, 2H) H-2"
H-2' 8.34 (s, 2H 7.75 (s1H) 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 457 & 158 were investigated usingd NMR spectroscopic
titrations with Bf, CI', AcO and BzO as tetraa-butylammonium salts in CITN, monitoring

all three N-H signals. Ksvalues were determined for each N-H group usinl B@PNMR %2

Receptor 157

Receptorl57 contained both an amide N-H group and a urea maetl was therefore
expected to bind through either cooperative mutipinteraction in a cleft-like system or
possibly through separate binding events at the wed amide groups. The electron-
withdrawing 3,5bis(trifluoromethyl)phenyl groups in the structure awring enhanced
acidity, strengthening the binding interactiondrations of urea/amide hybritb7 with Br" in
CDsCN produced typical expected N:i& N-Hy, binding curves while the shape of the amide
N-H binding curve was indicative of significantlyeaker binding (Figure 2.25a) & Vvalues
calculated for each of these protons were fittedaté:1 model (Table 2.20). Downfield
chemical shift changes of 2.50 ppm, 1.98 ppm aB8 ppm were observed corresponding to
urea N-H & N-H;, and amide N-H while Ksvalues of 2,800 M & 2,700 M* and 140 M
were obtained respectively. This clearly shows higher anion binding proclivity of ureas
compared to amides.
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(a) 157 with CI & Br- (b) 157 with Chloride
1.4 . ¢ 157/Chloride N-Ha

105 . ‘. ® 157/Chloride N-Hb
£ 0 1.2 . 4 157/Chloride Amide N-H
o - *
ey 1 . L] "a
9.5 w0
s E 0.8 1 ] " -
.; 9 . 0.6 - * .
£ —— 157/Bromide N-Hb -
% 85 —=— 157/Bromide N-Ha 0.4 4 . M
; 8 —&— 157/Bromide Amide N-H 0.2 4 -

75 —=&— 157/Chloride N-Hb 0

0 2 4 6 g+ 157/Gioride N-Ha 0 0.2 0.4 0.6 0.8 1
Ratio anion:receptor 4— 157/Chloride amide N-H Mole fraction 157

Figure 2.25: (a) Titration curves fa57 with Br and Cl in CD;CN for urea N-H & N-H,, groups and also the
amide N-H. (b) JOB plot fot57 with CI'in CD;CN confirming 1:1 stoichiometry for all N-H protons

As observed for previous receptors, Was bound with a considerably largegd€Compared to
Br" and this was also evident from the shape of thdibg curves. Chemical shift changes of
3.11 ppm, 2.48 ppm & 0.77 ppm were observed foa iNeH,, urea N-H and amide N-H
protons resulting in I values of 15,300 M, 16,800 M* & 100 M’ respectively (Table
2.20). Interestingly, the amide N-Hufor 157 with CI" was lower than with Bropposite to
the selectivity previously observed for diamidee@ors145151 This may be ascribed to
predominant anion binding at the urea site withitamtthl possible cooperative interactions
with the amide N-H group, an effect which may berenpronounced for Bdue to its larger
size. JOB plot analysis df57 with Br and Cl were plotted for each N-H group and were
indicative of 1:1 binding in all cases (Figure 225

Table 2.20: Binding constants for both urea N-Ht@ng and also amide N-H group with % errors 67 with
anions determined in GON.

Structure Kass Urea N-HyM?| Kas urea N-Hy/M? | K. Amide N-H/ M™ | Anion
[% error] [% error] [% error]
2,800 [1.5%)] 2,700 [1.5%] 140 [9.5%] Br
Q—/( Q 15,300 [2.0% 16,800 [1.0% 100 [6.7% cr
%N > 17,800 [12.8%] 24,400 [6.7%] 550 [22.0%] Acd
O 16,100 [14.0%] 12,800 [23.6%) 280 [17.0%)] Bz(

'H NMR spectroscopic titration curves fb57 with AcO and BzOin CD;CN were indicative
of very tight binding with a large downfield cheraicshift migration of the urea protons of
4.5-4.9 ppm followed by a sharp inflexion pointaatatio of 1:1 receptor:anion. Particularly
high binding was observed for urea N-&hd N-H, protons binding AcOwith K,ssvalues of
17,800 M* & 24,400 M* respectively (Table 2.20). Slightly weaker ureadHN<,ss values
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were observed with BZ016,100 M* & 12,800 M* for urea N-H & N-H,, respectively. The
amide N-H proton migrated linearly downfield forpmpximately 0.7 ppm up to the addition
of 1 equiv anion, followed by a decrease in slapa tess steep profile. i values for amide

N-H binding of 550 M" and 280 M' were calculated for AcGand BzO respectively when
fitted to a 1:1 model.

157 with AcO" & BzO- (b) 157with Acetate; Amide N-H
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Figure 2.26: Titration curves fdt57 with AcO and BzO in CD;CN for urea N-H & N-H, and amide N-H
signals. (b) JOB plot of amide N-H proton 267 with AcO showing 1:2 receptor:Ac@nd also 1:1 binding.

JOB plot analysis revealed 1:1 binding for the UxeH, and N-H, protons in all cases while
the amide N-H protons were bound in alternativechktometries. The amide N-H JOB plot of
157 with BzO disclosed a 1:2 receptor anion stoichiometry witplot maximum at approx
0.3 — 0.4 mole fraction af57. In the case of AcQDtwo maxima were observed, one at 0.5
mole fraction157 and another at approximately 0.3 — 0.4 mole foact57 corresponding to
both 1:1 and 1:257.AcO binding (Figure 2.26b). This may be due to inifidl binding up to
the addition of 1 equiv AcUollowed by a 1:2157.anion complex formation where the amide
N-H could bind to an anion and also form coopegabinding to an anion coordinated by the
urea N-H groups. The ability df57 to simultaneously coordinate two anionic specasd
facilitate dual enhancement through binding of betaine intermediate and the aldehyde

carbonyl group, activating these species and jpogity them in close proximity for reaction.

Receptor 158

Thiourea/amide hybrid receptd58was also tested for its anion binding ability iB4CN. *H
NMR spectroscopic titrations with Bproduced titration curves which were indicative of

relatively weak binding with less sharp inflexiomiqts (Figure 2.27a). Chemical shift
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changes of 2.0-2.6 ppm for both thiourea N-H prstand approximately 0.4 ppm for amide
N-H were observed while & values of thiourea N-Hand N-H, groups were of the order of
1600-1700 M with a considerably weaker.kof 190 M* observed for the amide N-H (Table
2.21). JOB plot analysis of this binding interantshowed 1:1.58Br" interaction. Binding of
158 with CI was considerably stronger indicated hyJalues of the order of 12,800-15,130
M™ and binding curves which were characteristic ofrsj binding systems (Table 2.21 &
Figure 2.27a). A Kssvalue of 185 M was found for the amide N-H binding Cslightly
lower than the binding to Bpossibly due to the smaller Ginion less effective at forming
cooperative H-bonds to all three N-H groups. Irgengly, the binding curves for thiourea N-
Ha & N-H, contained a slight perturbation at 1 equivalent @lis may be due to a
conformational change upon saturation of the reweptth CI although there is no further
evidence of this. JOB plot analysis 8 with Br and CI plotted for each N-H group was

indicative of 1:1 binding in all cases (Figure 227

Table 2.21: Binding constants for both thiourea NMidtons and also amide N-H groupld8 with % errors in
parentheses.

Structure Kass N-Hp/M™? [% | Kass N-H/M? [% | Kass Amide N-H/ M [% | Anion
error] error] error]

c e o oR 1,610 [1.3] 1,730 [1.4] 190 [11.9] Br

FiC s%p—fNQ 12,800 [2.0] 15,130 [1.8] 185 [12.5] Cl

A“Q‘N‘H ‘Hb CFs a _a a AcO

e T a -Nofit 160 [9.9] BzO

*Peak disappearance preventing calculation.gf K

(a) 158 with CI- & Br- (b) 158 with Chloride
MR 1.4 - . *158/Chloride N-Ha
11.6 . ® 158/Chloride N-Hb
% 1.2 4 . ., 158/Chloride Amide N-H
=106 1 M . *
o [} [ ]
% 9.6 A A Aa—h—h 0.6 - . -
T —— 158/Chloride N-Hb 04 |
Z 86 —=— 158/Chloride N-Ha M
—&— 158/Chloride Amide N-H 0.2 1
7.6 #— 158/Bromide N-Hb 0 T T T T .
0 5 10— 158/Bromide N-Ha 0 0.2 0.4 0.6 0.8 1
Ratio anion:receptor —4— 158/Bromide amide N-H Mole fraction 158

Figure 2.27: (a) Titration curves fds8 with Br and Clin CD;CN plotted for both thiourea N-H groups and
also the amide N-H. (b) JOB plot fd68with CI in CD;CN confirming 1:1 stoichiometry for all N-H protans
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Titration of 158 with BzO and AcO produced interesting observations. Upon additiba o
small quantity of AcQ severe N-H broadening followed by peak disappesravas observed
for all N-H signals and as a result, the titratiwas monitored using aromatic H-2, H-2’ and
H-2” signals. The binding curve for the H-2’ sigridose to the amide was indicative of weak
binding with an almost linear downfield migrationhraughout the titration and only slight
curvature present at approximately 1 equiv A@fgure 2.28).

The H-2" signal adjacent to the thiourea group raigd linearly downfield up to the addition
of 1 equiv AcO and after this point, there is evidence of a shifequilibrium towards the
suggested N-H proton transfer event indicated byH{2"” migration upfield (Figure 2.28). A
similar but less severe effect was also observethiBoH-2 signal located between the amide
and thiourea binding sites with JOB plot confirmidgminant 1:1158AcO’ interactions.
Overall, this behaviour may be attributed to prot@nsfer from the thiourea N-H group to
the basic AcOanion with an associated conformational change farttier weak binding
through the H-2' proton close to the amide grouimilar binding profiles were observed
previously with a urea/sulfonamide receptor foribamions by Galet al.*® where the first
equivalent of AcO bound to the receptor deshielding the urea N-Hugsoand further
additions promoted sulfonamide deprotonation andmdield shift of the urea N-H resonance.
Fabbrizziet al. reported a downfield shift of aromatic C-H grousdjacent to acidic urea
protons during the addition of the first equiv af anion followed by N-H deprtonation
resulting in electron density delocalisation legdia nuclear shielding and an upfield shift of
the aromatic C-H protons in close proximity to thea®

5:4 0 CF,
6
——H-2' F3C S 2 ,N 4
—a— H-2" }' N\ H 2
s p N, Hb CF3
» H 158
FsC

Figure 2.28: Titration curves showing migrationtb2, H-2' & H-2" signals of 158 upon addition of AcOin
CDsCN
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Titration of 158 with BzO was also accompanied by severe broadening of-Blld\gnals and
disappearance of the thiourea N-t¢sonance, therefore the titration was trackedgugie
remaining amide N-H group and thiourea N-idroups. The thiourea NHshifted
significantly downfield for approximately 4.8 pprpan addition of 1 equiv BzQollowed by

a sudden plateau without change in chemical shiftife remainder of the titration. The amide
N-H binding curve migrated significantly downfieldith the initial additions of BzO
followed by a less severe downfield migration wattidition of further anion, indicative of
weak binding (Figure 2.29a). The H-2’ proton adjade the amide group migrated downfield
throughout the titration while both the H-2 and Hrigrated downfield with addition of the
first equiv BzO followed by an upfield shift for the remainder thie titration in a similar
manner to that observed with Ac(igure 2.29b). This suggested weak binding toHRZ
but stronger binding to H-2 & H-2" binding of thBzO to the thiourea N-H followed by
equilibrium lying towards N-H group proton transfarpon further BzO addition.
WINEQNMR produced a very poor fit for H-2 and H-2f 158 binding AcO and BzO
however a reasonable fit was obtained for the ¥dton adjacent to the amide N-H group
producing low Kssvalues of 105 M and 325 M for AcO and BzOtitrations respectively.
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Figure 2.29:'H NMR spectroscopic titration curves of (a) N-H fms with increasing addition of Bz@n
CDsCN. (b) Aromatic C-H titration curves for H-2, H-a8hd H-2" with increasing addition of BZ@h CD;CN.

2.9.4 Binding of 157 & 158 in Competitive Solvent

Due to the relatively large error often associawéth Kass values in excess of iav™
calculated from'*H NMR spectroscopic data, titrations which produtégh Kuss values in
CDsCN were repeated in DMS@s: Binding of 157 with CI' in DMSO-ds produced binding
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curves characteristic of weak binding and signifttasmaller chemical shift migrations of
the order 0.4 -0.7 ppm compared to those in;@D where downfield migrations of
approximately 2.5-3.1 ppm were observedssKalues of 100 Nt for the urea N-H& N-H,
groups and 65 M for the amide N-H were obtained (Table 2.22), igantly reduced

compared to those in GDN.

'H NMR spectroscopic titrations 0f57 with BzO produced chemical shift downfield
migrations of the amide and urea N-& N-Hj, signals of the order 0.12 ppm, 3.8 ppm & 3.3
ppm respectively with titration curves indicativeveeak binding to the amide N-H signal but
stronger interactions to the both urea N-H sigridlssvalues of 5,300 M and 140 M" were
calculated for both urea N-H protons and the anNeld respectively. Binding titrations of
157 with AcO in DMSO-ds produced large chemical shift downfield migratidosthe urea
N-H, and N-H, signals of 3.9 ppm & 3.5 ppm respectively and aln migration for the
amide N-H group of 0.19 ppm (Figure 2.30a). Acetéig values of 18,000 M and 15,000
M™ were obtained for the urea Nyldnd N-H, protons respectively while the amide N-H with
AcO binding could not be fitted to a 1:1 model. Thesdremely high K values in
competitive DMSOd; values represent a high level of selectivity a$ tteceptor for AcO
Furthermore, the Ks values in this solvent only slightly decreased pared to those
obtained in the less competitive €IN. This strong binding to anionic species in a
competitive environment may have implications fofoaic transition state binding in the

MBH reaction.

Table 2.22: K¢ values for N-H groups of urea/amid®7 with anions in DMSQds. % errors are given in
parentheses.

Structure KassUrea N-Hy/M™? | K,ssUrea N-Hy/M™? | K,ssAmide N-H /M™ [% error] | Anion
[% error] [% error]
s oo o 100 [4.0%] 100 [4.0%] 65 [2.0%] cl
Fo o\%hQ—fN‘Q 15,000 [5.9% 18,000 [3.2% No fit AcO
‘“Q”H H, oFs 5,300 [3.5%] 5,300 [3.0%] 140 [9.0%) BzQ
FaC °
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Figure 2.30: (a) Titration curves showing migratafrurea & amide N-H signals 457 upon addition of AcO&
BzO in DMSOs. (b) Titration curves of urea & amide N-H signalsléB upon addition of Cin DMSO-ds.

For titration of 158 with CI' in DMSO-+s, relatively small N-H chemical shift downfield
migrations were observed with binding curves charatic of weak binding systems (Figure
2.30a). In this titration, 1:1 &svalues of 60 M, 75 M* & 40 M™ were obtained for the N-
Hp, N-H, and amide N-H groups respectively. For titratiamd AcO and BzQ, the thiourea
N-H resonances disappeared and the titrations wemeitored using the amide N-H and
aromatic C-H signals. In each case, the amide Nedkpvas shifted upfield upon addition of
the first equivalent anion followed by a linear ddigld migration. It is proposed that this was
due to the equilibrium favouring thiourea protoansfer following addition of the first
equivalent of AcOor BzO followed by a conformational change allowing futtbinding to
the amide N-H group, further indicated by sevematdening of many aromatic C-H signals

throughout the titration.

To compare with similar titrations in GDN, proton transfer effects were also observed with
binding curve perturbations at 1 equiv Ac@ BzO, however these effects appeared less
pronounced in the case of DMS#-shown by the amide N-H signal remaining visible
throughout the titration. Xsvalues for H-2' with AcO& BzO™ of 355 M* and 315 M were
calculated respectively but it was not possibleneasure Kssvalues for the H-2 or H-2”
protons due to severe peak broadening and signatlapy presumably as a result of

conformational change over the course of the iinat
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Table 2.23: N-H Kssvalues of thiourea/amidE58with anions in DMSQds. % errors are given in parentheses.

Structure KassN-Hb/M T | KosN-Ha/M™? | K cAmide N-H/ M | Anion
[% error] [% error] [% error]
5 4 o CFs 60 [16.6%] 75 [7.0%] 40 [15.0%)] Cl
S Q—(N—Q - -2 No fit AcO
N H - -
AvaNy H 7 R -2 -a No fit BzO
. H
X
*Peak disappeared preventing calculation Qf K
(a) - 158 with AcO" & BzO" in DMSO-ds (b) 158 with AcO" & BzO" in DMSO-dj
8.52
£ 108 'g‘ 8.515 -
s £ 851 |
£ 108 - £ 8505 |
= T 85
£ . E 8.495 | —=— 158/Acetate H-2'
$ 10.75 - —— 158/Acetate Amide N-H 2 849 1
E= o N '
I‘:' —=— 158/Benzoate Amide N-H 5 8.485 - —#—158/Benzoate H-2
2 107 . . . . . 8.48
0 2 4 6 8 10 0 2 4 6 8 10
Ratio anion:receptor Ratio anion:receptor

Figure 2.31: (aJH NMR spectroscopic titration curves showing migmatof amide N-H signals of58 upon
addition of AcO or BzO in DMSO-dg (b) Titration curves showing migration of H-2' sigja of 158 upon
addition of AcOor BzO in DMSO-g,

2.10 X-Ray Diffraction & Conformational Studies of 157 & 158

Several attempts at crystal growthld7 & 158individually and in the presence of Acénd
BzO were undertaken including slow evaporation andouagliffusion. Diffraction grade
crystals ofLl58 were obtained following recrystallisation from tatrile. ?'® X-ray diffraction
revealed thafl58 crystallised into monoclinic RZ space group with Z' = 8 (Figure 2.32).
Two molecules were arranged with intermoleculardtd formation from the C=S group of
one molecule to the amide N-H of a neighbouringeuoole. All 3 aromatic rings were
twisted in separate planes while both thiourea NfBups pointed in the same direction,
optimal for cooperative H-bonding to anionic guegtdditionally, it is reasonable to propose
that the thiourea portion of the molecule formebirading cleft involving the H-2 and H-2”
C-H groups as both of these atoms lay within 3 Ahefthiourea N-H.
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Figure 2.32: XRay crystal structure ¢158 showing some distances between atoms and the coafon for
intermolecular H-bonding.

The conformation ofl5€ in solution phase was assessed through 2D NOESk/sisman
CDsCN. In the abence of anion, NOE interactions were observeddeivthe amide -H and
H-2, H-2' and H4 protons, the latter interaction suggestin¢syn-anti equilibration of
conformation was occurring. NOE interactions betwbl-H, and F-2, N-H, and H-2” were
also detectedHjgure 2.33a). In the presence of 1 equiv' GIOE interactions were observ
between H2 and the amide -H, thiourea N-H and H2” signals. There were als
interactions between-N, and H2” while significantly, there was no detectablédractin
between the amide N-and F-4 in the presence of C{Figure 2.3b). This suggests that a
conformational change may have occurred in theeme@s of C which forced the amide -H
to project away from -4 and into asyn-conformation for binding. This cnge in
conformation should facilitate cooperativi-bonding from the urea and amide groups to
anion; however amide -H binding was weak as evidenced from *H NMR spectroscopic
titrations and Kssvalues
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Figure 2.33 (a) 2D NOESY spectrum (158in CD;CN. (b) 2D NOESY spectrum (158 in the presence of 1
equiv Cl'in CDsCN.
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Conformational studies df57 were also conducted through NOE experiments irabisence
and presence of ClFor a solution of pure receptor, NOE interactisiese observed between
the amide N-H and H-2, N4{H-2" and also H-4, suggesting that the amide Hefdilibrated
between thesyn & anti conformations with respect to the urea N-H groupisis latter
interaction was also visible in the presence ofquivalent Cl, a result which was in
contradistinction td58 with CI. This may be due to conformational differencesvieen157

& 158 when binding Cl and further evidence came from JOB plot analyBigte 1:1
stoichiometries were obtained for the H-2’, H-2hdaH-2 signals ofl3 with CI. More
complex Cl binding to the H-2’, H-2” and H-2 protons df57 gave rise to apparent
maximum values at 0.33 mol fractid®7, indicative of 1.2 receptat57. CI interactions.
Therefore, it seems plausible tH&7 bound two Clanions, one at the urea and another at the
amide N-H site with the adjacent C-H groups inteéngcweakly in both binding processes.
The binding studies 0f57 & 158 to anions of varying size and geometry inCN and
DMSO-s suggested thafl57 & 158 should be efficient organocatalysts for reactions
consisting of anionic transition states. In N, extremely strong anion binding
predominantly through the (thio)urea N-H group whaserved to Cl AcOand BzO with less
efficient to Bf. Minor cooperative binding effects were also obedrfrom the amide N-H to
bromide as previously discussed. Interestingly, tfE@eptor: anion interactions were also
observed for the amide N-H proton with carboxylatgons, therefore 1 equivalent of anion
could bind to the amide N-H group and urea N-H diameously.

The urea/amide hybri@l57 appeared to bind halides stronger than the thadaneidel158 in
CDsCN. In the case of AcOand BzO, strong binding was observed fab7 while 158
produced proton transfer effects. As previouslyestathis could be considered to have a
beneficial effect on the proton transfer step ef MiBH reaction. In the case 57 with AcO
and BzQ, 1:1 and 1:2 receptor:anion stoichiometries wédrgeoved from the JOB plot of the
amide N-H signal indicating that it could bind tera than one oxyanion species. This was
expected to be beneficial to catalytic activity. dddition, 157 possessed a high level of
selectivity for AcO in polar competitive DMSQ@}s with Kassvalues in excess of 1817 This
selectivity and strong binding was also considdreaeficial 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 bdtional receptord57 & 158 and compare
them to the previously described catalykts-151 they were tested in the DABCO promoted
MBH reaction of benzaldehyde with methyl acrylaseng the same procedure as described in
earlier sections. Catalytic yields and rate cortstamere calculated and compared to the

uncatalysed reaction using the initial rate condgi(Table 2.24 & Figure 2.34).

The urea/amide hybrid catalys57 produced a somewhat disappointing yield of 66%velo
than expected considering that the isophthalarh#léproduced a yield of 68%. However,
157 produced the highest initial rate constant oftladl anion receptors analysed with a 7.2
fold increase in rate constant over the uncatalysedtion (Figure 2.34). A number of
additional bands were observed by TLC in 158 catalysed reaction, many of which were in
close proximity and co-eluting with the productv&eal attempts were made to isolate the
product by flash chromatography and preparative ,Ti©wever all efforts proved
unsuccessful. The yield was determined followingnstauction of a calibration curve on
HPLC with UV detection at 260 nm using a freshiytéesised purified batch df55 as
standard and a 79% vyield was calculated. Recd@®was observed to enhance the reaction
rate to by a factor of 5.5 compared to the unca&yreaction. In comparison, Sohtoehel.
reported a 50-fold increase in reaction rate coegban the uncatalysed reaction for ths-

thiourea catalysed MBH reaction of cyclohexenoni wenzaldehyd&'’

Table 2.24: Catalysis of Baylis-Hillman reaction lignzaldehyde and methyl acrylate usiy & 158 as H-
bond donating organocatalysts.
OH O

o o)
20 mol% Catalyst
H o+ [ owe OMe

N
1 mmol 3 mmol [(]
N

1 mmol

Receptor | Yield [%]? | Kope X 102 [h ] | Kl
Uncatalyse 34 0.82 1

157 66 5.8 7.2

158 7 45 5.5

®Reagents and conditions: benzaldehyde (1 equivBO® (1 equiv), methyl acrylate (3 equiv), cataly&tor
13 (20 mol%), r.t., 20 h. Isolated yields unless ottise statedInitial rates, 10 equiv methyl acrylate usef])-(
stilbene used as an internal standardfbNMR spectroscopyYield determined from HPLC calibration curve.
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Figure 2.34: Kinetic plots and least square fits-bfi[PhCHO] vs time fol57 & 158 catalysed Baylis-Hillman
reaction of benzaldehyde with methyl acrylate. Theatalysed reaction is also shown.

Due to the previously observed high proclivityldi7 for acetate anions even in a highly polar
DMSO-ds environment, it was possible that it could bindl atabilise the anionic reaction
intermediates to such an extent that they becasseréactive and inhibited the catalytic cycle,
thus a lower yield than expected based on kinedi@a dvas observed. In addition, product
binding may lead to inhibition of the reaction.idtpossible that due to the higher acidity of
158 and given its tendency for proton transfer in phesence of AcOor BzQ, it may have
acted as an anion receptor binding to and staiglifie intermediates while also aiding proton

transfer by acting as a proton shuttle, therebyaraimg this important step.

In the case 0158 the 79% yield determined by HPLC representechtbkest catalytic yield

of all receptors tested. However, due to formatdémultiple side products and/or catalyst
degradation, purification proved difficult. A numbef conditions were screened for their
effects on side-product formation. The use of altve bases, aldehydes or Michael
acceptors and reduced reaction temperatures gadecrease in side product formation. A
stability study on a solution df58 both in the presence and absence of DABCO igCMD

showed no catalyst degradation at ambient temperasfter 20 hours. Therefore the
additional peaks may have been due to catalysadagon under the conditions of the MBH

reaction.
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2.11.1 Investigation into Catalytic Mechanism

To investigate the binding properties 168 to the MBH reactants and adduct't NMR
spectroscopic binding study was conducted ik@ND (Table 2.25). Addition of 1 equivalent
of benzaldehyde to a solution ©58in CD;CN produced downfield migrations of 0.036 and
0.084 ppm for the thiourea Nztdnd N-H, protons respectively while a change of 0.050 ppm
occurred for the amide N-H. The H-2” and H-2’ pyos were also moderately shifted
downfield with changes of 0.008 and 0.002 ppm reispaly. The thiourea N-H N-H, and
amide N-H signals broadened and shifted signifigatownfield upon addition of 1
equivalent of methyl acrylate with chemical shittanges of 0.47, 0.31 & 0.26 ppm
respectively. The H-2” and H-2 signals were albdted downfield by 0.021 and 0.01 ppm

respectively.

Addition of 1 equivalent of methyl acrylate impaftéhe largest downfield chemical shift
change to the amide N-H group which migrated 0,038 downfield. Overall, these results
suggest strong binding betwe#s8 and methyl acrylate with significantly weaker Gimgl to

benzaldehyde and55 From these results, it is possible to suggest 168 may impart

several effects. Methyl acrylate binding and a¢toracould occur at the thiourea N-H group.
Upon reaction with DABCO, thiourea N-H protons niaigd to the betaine group while the
amide N-H may bind and activate benzaldehyde, frasstioning these molecules in close

proximity.

Table 2.25: Binding study df58 with reactants and MBH product monitored'blyNMR spectroscopy.

A8 (N-Hp) | A8 (N-H,) | A8 (Amide | A& (H-2") | A& (H-2") | A8 (H-2)
N-H)

158+ benzaldehyde 0.036 0.0831 0.0499 0.001 0.0077 0018.

158+ methyl acrylate 0.3289 | 0.4722 0.2634 0.001 0.021 0.009

158+ MBH adductl55 | 0.0134 0.0285 0.0382 0 0.0038  0.0021

158+ acetat ¢ ¢ ¢ 0.041 0.324¢ | 0.170¢

reactant/productBroad peak®signal disappeared.

%All analyses were conducted using 10 mM 188 in CD;CN wit

h addition of 1 equivalent of each

Therefore, a dual catalytic system is proposedlfft (Scheme 2.18) via the simultaneous
coordination of the betaine intermediate and beletaide to the N-H groups d68 This

may stabilise the betaine intermediétepromoting its formation and also position it lose
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proximity to the electrophilic aldehyde. Followitige nucleophilic addition of the betaine to
the aldehyde, the resulting Zwitterionic interméelid is also expected to bind to the catalyst,
causing carbonyl activation and rapid eliminatidrthe tertiary amine catalyst in a similar

mechanism to that described by Sohtome for théfaldhis-thiourea catalyst™*

An alternative catalytic activity model may be letkto the apparent proton transfer potential
of 158 As suggested in th#! NMR spectroscopic binding studieks8 may undergo proton
transfer in the presence of AcOr BzO. It may also be considered that intermediag
generated following addition of the enolate to #h@ehyde interacts with the thiourea N-H
protons, thus facilitating formation of a six-memdxk cyclic transition state which could aid

in the rate-limiting proton transfer step actingagsroton shuttle (Scheme 2.18].

o CFy o CF,4
Wt Wt
FaC S»/N H o FiC S»/N H o
. N 3 A K
NGB NooH ’

FsC MBH adduct 155

158
A NRg )
CF
ety ST
S { FsC N H CF
F3C yN‘ H CF, ’\?’ Y EH 3
N 'H - - N '-_ %
VH S \' H'“*~.'b 0
Vi NR FiC I\
F3C 1 0o 3
H MeO
MeOOC -
. B2 c2
RsN

Scheme 2.18: Two proposed modes of actiod5#in the DABCO promoted MBH reaction of benzaldehyde
with methyl acrylate.

118



2.12 Conclusions

The aim of this work was to synthesise a serieaaidic monofunctional and bifunctional
amide receptors and test their ability to act asrareceptors. It was envisaged that a study of
the anion binding performance of these receptorsldvgive a good indication of their
catalytic activity in reactions possessing anidnamsition states. Therefore, this method was
used as an alternative approach to the syntheseaofion transition state analogues in order

to probe the catalytic activity a series of recefto

The anion binding properties of a number of isoplaimide receptors and a hybrid amidie/
acylsulfonamide were assessed for, B, AcO and BzO through’H NMR spectroscopic
titration in CO;CN. In general, increasing acidity resulted insgrer binding while in the case
of some of the more acidic receptors, proton temsffifects were observed with basic
oxyanions. In a number of casesisd¢alues in excess of 40M™ were obtained and these
systems were re-analysed in the more polar DMISOn this environment, the acidic
receptors appeared to possess a degree of sdledtviacetate, which may indicate the
successful coordination of similar species in tighlly polar MBH reaction conditions where
an excess of methyl acrylate was used. Protonfeaeffects were also noted in DMS#y-
but appeared less pronounced compared to those4GNC

The catalytic properties df45151 were studied in the DABCO promoted MBH reaction of
benzaldehyde with methyl acrylate and yield andiahirate constant enhancements were
observed with yields of up to 76% and up to a 8lf-increase in initial rate constant for
receptorl51 This catalyst was also successful for a numbealteinative MBH substrates
and could be conveniently recycled three times wn#ignificant loss of catalytic activity.
There was correlation between reaction yield aretade Kssfor receptorsl4s 146 & 147,
this relationship was more difficult to directlysass for the more acidic receptors due to
proton transfer effects. However, this relationsimay not be accurate due to the significant
differences between the pKalues of the anions studied and the likely, pélues of the
MBH reaction intermediates. In the case of theiagieceptorsl49 & 151, binding events and

proton transfer effects were apparent, offering keeghanistic insights.
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Based on the success 45151, bifunctional 157 & 158 incorporating urea or thiourea
groups were synthesised, tested for their aniordibin properties throughH NMR
spectroscopic titration in both GON and DMSOds. For 157, very strong binding was
observed to Cl AcO and BzO and as a result, binding titrations were repeatddMSO-ds.

In this medium 157 displayed a remarkable level of selectivity forGAcowever when this
receptor was studied for its catalytic propertiggh initial reaction rates but disappointing

yields were obtained.

Receptorl58 underwent strong halide binding and proton tranpfeenomena by AcCand
BzO in CD;CN and DMSOds and when tested as an organocatalyst, producighaield of
79%. Based on previous literature investigation® ithe MBH reaction mechanism, a
rationale for the high catalytic df51 and 158 was proposed involving anion binding and
proton transfer and shuttling effects. Overalls tiork showed that a cooperative view can be
taken between the ability of a receptor to binsdbagiand to act as an organocatalyst while the

anion binding properties can be used to prediciyat activity and as a mechanistic probe.
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3 Chapter 3

Proline and Proline Derivatives as Organocatalysts the Direct

Asymmetric Aldol Reaction
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3.1 Introduction

Chapter 1 and 2 detailed the design and testing @umber of compounds with dual

applicability to bind anions and act as organogatal investigating the relationship between
the anion binding ability of a H-bond donating netwe and its efficiency as a H-bond

donating organocatalyst. The work reported in @hspter and in Chapter 4 details the design
and application of chiral iminium-based H-bond damaorganocatalysts in synthetic organic
reactions. In the design of chiral H-bonding orgaatalysts based on molecular recongition, a
number of factors must be considered includingstinecture of the reaction transition states
and intermediates and how catalytic activity andrgioselective induction could be achieved

using chiral organocatalysts.

This Chapter in particular contains a review oérkiture surrounding proline and proline
derived organocatalysts in the stereoselectivermmakecular aldol reaction of ketones with
aldehydes and ketones with ketones. The variougrdéschniques which have been applied
to proline and proline based derivatives will beieaved for their effect on the yield and
enantioselectivity. Common modifications reportadlude incorporation of various H-bond
donating functional groups, use lifs-substituted and bifunctional catalysts, use ofous
additives including acids and water and also the afsa range of reaction solvents. For
consistency purposes and also to enable direct aosop of catalytic performance, two
reactions which are most often used to examine damlytic performance of new
organocatalysts will be considered. These are thactions of acetone with 4-
nitrobenzaldehyde and also cyclohexanone with #ipénzaldehyde while other substrates
will also be referred to but not dealt with in asah detail due to the breadth of the subject
area. Additionally, the successful application @blime catalysts in intermolecular aldol

reaction towards the synthesis of oxindole biolabiargets will be considered.

3.2 Aldol Reaction

The aldol reaction involves the reaction of an eadlle carbonyl compound (pro-nucleophile)
with another carbonyl compound (an electrophile@lsp possibly with itself to producesa

hydroxy carbonyl compound. Frequently, the produntlergoes dehydration to produce an
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a,f-unsaturated carbonyl compound in an overall reackinown as an aldol condensation.
The aldol reaction was first described by Kahal. in 1838%'" and later reported by Wurét
al. in 1872%'8 It is extremely useful reaction due to the formatbf new C-C bonds along
with the potential generation of a new chiral cerfBcheme 3.1).

0 o O OH

[HTor[B] * Chiral centre
rRe L+ AR B R I AR,

Scheme 3.1: General scheme showing the direchiolecular asymmetric aldol reaction

A number of biochemical systems, e.g. aldolase me#}° and catalytic antibodié® have
been reported to enantioselectively catalyse akhitions’?* The aldol reaction is effected in
biological systems using either aldolase | or adel Il enzymes (Scheme 3.2). Type |
aldolases are found in animals and plants and tgpéneough an enamine mechanism. The
enzymeA activates the donor by forming a Schiff base enanmtermediat® at the active
site. This activated donor adds stereoselectivelythie acceptor electrophile to give an
iminium adductC. Subsequent hydrolysis releases the substrate tihhenenzyme. Type Il
aldolases are generally found in bacteria and fangi contain a Zii cofactor at the active
site which activates the aldol donor. This actimathas the effect of acidifying theproton,
allowing a zinc enolate to forrB2. Hydrogen bonding to the carbonyl of the acceptor
activates it towards attack from the enolate artissguent protonation and decomplexation

releases the aldol product (Scheme 3.2).

The promotion of the aldol reaction has also bedneaed using organocatalysts, a process
which does not suffer the drawback of limited stdist scope commonly observed in
enzymatic systems. Chemists have focused on thelaeuent of small molecule catalysts
which mirror the aldolase enzymes in terms of gétalactivity and selectivity and surpass
them in terms of substrate scope. The vast majofitgrganocatalysts function in a similar
way to type | aldolases (enamine mechanism), aoinfiy the success that can be achieved

using natural systems as a starting point for gstalesign.
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Scheme 3.2: Mechanism of type | and type |l aldeddsr aldol reactioff?

3.3 Development of Proline as Organocatalyst for Al dol Reaction

In the early 1970s, the first organocatalytic eitmeiective aldol reaction was reported
simultaneously by two separate industrial resegroaps, the group of Hajos and Parrish at
Hoffman-La-Roche and Eder, Sauer and Wiechert &eisg AG®*%’ The amino acid
proline was used to catalyse an intramolecular asstmc aldol cyclization reaction
(Robinson-type annulation) of a triketone to giveh@ral bicyclic enone (Scheme 3.3). Both
groups found that the yield and enantioselectivitis improved using§-proline as catalyst
and this method was later used to enantioselegtigghthesise useful intermediates of

progesterone and other steroféfs??*
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93% ee
>99% vyield

Scheme 3.3: Proline catalysed Robinson annulatieperted by groups at Hoffman-La-Roche and Schering
AG.106’107

Despite this early 1970’s breakthrough, it was appnately 25 years before the full potential
of this reaction was examined. In 2003, lgstl. reported 6-enolexo aldolisations usitgy- (
proline as a catalyst with a number of dialdehydes give trans-1,2-disubstituted
cyclohexanes in high yield, enantio and diastelecotigity (Scheme 3.4&>?*° The
mechanism of action of§-proline was explained by transition state modetsnolendo and
enolexo aldolization reactions (Scheme 3.4b & lw)stproviding a highly selective route to

the intramolecular aldol adducts.

OH

R S)-Proli
OHC._ R :_CHO E1gm';;:f OHC,,,..(\
_ \moe) 1
@ J L

CH,Cl,, RT
8-16h R = H; 95% yield; 99% ee; 10:1 dr
R =CHg, 74% yield, 98% ee, 20:1 dr

Enolendo Aldolization

(b) N o
Oy
}M

o H 0 OH

I Enolexo Aldolization |
(c) N9
oO-H

Scheme 3.4: (a) Intermolecular aldol reaction cetetli by Listet al.?*> (b) Proposed transition state for
enolendo aldolization similar to that conductedrmjustrial groups at Hoffman-La-Roche and Schetffid® (c)
Proposed transition state for enolexo aldolizationducted by Lisét al >*

Proline has been applied as an organocatalyst foulatude of reactions due to its low cost,

availability in both enantiomeric forms and it basa it boasts a carboxyl group and an amino

group which may act as an acid or base similar &myrenzymatic systems. Examples of

successful proline-catalysed reactions include ittteamolecular and intermolecular aldol

reaction, Mannich reaction, Michael reaction angIBeHillman reactior??’ The remainder

of this literature review details the use of preliand pyrrolidine based secondary amine
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catalysts in the enantioselective intermoleculdoke:aldehyde aldol reaction. It will focus on
variation of catalyst structure and detail develepts of a range of structural motifs based
around the pyrrolidine ring including an analysistiee advantages of each variation. The
effects of reaction conditions such as temperatuagslitives and solvents will also be
considered. Finally, a general overview of the ketketone aldol reaction will be presented
followed by a more detailed analysis of the synthe$ oxindole natural products through

ketone:ketone aldol reactions involving isatin datives.

3.4 Intermolecular Ketone:Aldehyde Aldol Reactions

3.4.1 (S)-Proline as an Aldol Organocatalyst

There are many reports of the use §Ffroline as a catalyst in the intermolecular aldol
reaction of ketones with aldehyd@&.In 2000, using the activity of class | aldolaseyenes

as a model system, List al. reported the first intermolecular proline catatysbrect aldol
reaction (Scheme 3.58f They obtained high ee values for the reaction liphatic and
branched aldehydes with ketones; unbranched aléshyalve low yields and ee values. In all
cases, a large excess of ketone was used to meisimie reactions such as aldehyde self-
condensation or oxazolidinone formatib®l from reaction of proline with the aldehyde. Both
the pyrrolidine ring and carboxylate motifs weraeggtial for efficient reaction catalysis and

they later synthesise®)ipsenol162, a sex pheromone of the bark beetle (Scheme %¥5b).

2. el

B
(@) 20-30 mol%

4:1 DMSO: acetone 96% ee; 97% yield

g{“ w Oxazolidinone

side product 161

)-Proline OH \g/ X OH
P -
Acetone
73% ee (S)-ipsenol 162

P atic.s

Scheme 3.5: (a) Most successful aldol reactionsobityraldehyde with acetone catalysed Bypfoline
conducted by Lisét al.**® (b) Later synthesis of-ipsenol which used3-proline as a major catalyst as part of
the the synthetic roufé’
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Later, Listet al. successfully applied hydroxyacetone as a donthdrproline catalysed direct
aldol reaction using similar conditioA®. This reaction was subsequently adapted by Reng

al. for the synthesis of brassinolidé3 a steroidal plant growth inhibit6f:

o % (S)-Proline
)H + H (30 mol%) C)H
OH

OH

DMSO: acetone 4:1
rt, 2days

60% regioselectivity: >20:1
(]

diastereoselectivity: >20:1
enantioselectivity: >100:1 o

Brassinolide synthesis, Peng et al.

Scheme 3.6: Reaction of hydroxyacetone with cyotahecarboxaldehyde catalysed I8)-froline studied by
List et al.*° This reaction was later modified to synthesisssirmlide163by Pencgt al. in 2003%3*

In 2001, Barbast al. used proline as a catalyst in the reaction of mber of cyclic and
acyclic ketones with aliphatic and aromatic aldedsydnd obtained aldol products with high
regio-, diastereo- and enantioselectivities in meases>? Initially, they tested the reaction of
acetone with 4-nitrobenzaldehyde using a numbeamnufo acid catalysts (Scheme 3.7). The
results showed the necessity of a five-memberediccgecondary amine structure and an
acidic proton in the catalyst structure. The 5)bethyl thiazolidinium-4-carboxylate
(DMTC) catalystl64 gave product in 86% ee and 66% vyield; 10% higleewken compared
to proline. Reaction with varying ketone donors atighatic and aromatic aldehydes showed
that ©)-proline and catalyst64 had similar activities. It was proposed that tbarfation of

the kinetic enamine was rate limiting resultinghe exclusive formation of the linear product.

o
S O OH

o)
o LN OH
+ H H 164
P{ 20 mol%
O,N NO,

o \i
4:1 DMSO: acetone, 4-24 h 66% Yield

86% ee
o} 0 0O
m 0 Sw M 0
o Y
D S A 0 S O S SRV
H H NH, H N OH H NH OH
i i H 0/ vsi
68% yield . 67% yield 55% yield .
76%ee (R) <107 Yield 73% ee <10% yield 40% ce <10% yield

Scheme 3.7: Reaction of 4-nitrobenzaldehyde wittiaae catalysed by amino acids reported by Bagbals™
with most successful catalys64 also shown.
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Casa%t al. extended the scope of th®-proline catalysed aldol reaction to cyclic ketefi&
They obtained aldol products in moderate yieldshigh enantioselectivity of 95-99% in the

reaction of cyclic ketones with formaledehyde (Sobe3.8).

(0] ) OH O
o (S)-proline
10 mol%
+ N
H™ H DMSO, rt
Yield = 47%

ee =>99%

Scheme 3.8: Reaction of formaldehyui¢h cyclic ketones catalysed bg¢proline %3

In 2006, Pihkoet al. investigated the effects of various additives e proline catalysed
ketone:aldehyde aldol reaction and found the reastivere tolerant to low levels of tertiary
amine bases or weak acids but not to strong &tld¥ater as an additive had a positive effect
on reactions where a stoichiometric ratio of kettmaldehyde was used. The reaction of a
number of ketones e.g. 4-thianone with a rangeldd#hgydes gave high yields and excellent

enantio- and diastereoselectivities using thesdiads (Scheme 3.9).

R Yield | Anti:syn | ee

O OH
o) o (S)-proline o ™ :
(10 mol%) R ;7 R Ph 60 >20:1 | 98
+ H)J\R 2 * /-
DMF, s~ S i-Pr 50 151 | 95
syn

S = .
100 mol% 100 mol 00-500mol% HO gy prtisym oo 10,201 C
up to 99% ee 4-NOPh| 45 20:1 | 9d

Scheme 3.9: Reaction of thianone with aldehyde@giproducts in high diastereo and enantioseldsyi
studied by Pihket al.>**

3.4.2 Mechanism of the Proline Catalysed Intermolec  ular Aldol Reaction

Based on type | aldolase enzyme (Scheme 3.2)et &t proposed a similar mechanism for
the proline catalysed aldol reaction in 2000 (Sobh&1i0) basing their proposal presented in
earlier findings which successfully demonstratesl ike of Aldolase Antibody 38C2 in aldol
cyclodehydrations. The reaction is proposed to tigalized with the rate determining
formation of the enaminé. H-bonding of the aldehyde to the catalyst carlioxacid group

is proposed to make it more susceptible to nucléopattack of the enamine, producing
intermediateB. This nucleophilic addition step is expected tesg@ss high enantiofacial
selectivity due to a hydrogen bonded network. Hiydiie of the iminium ionC releases the
aldol product and the catalyst. The addition stephe mechanism to forf is proposed to

have a similar activation energy barrier as thev@na formation step and therefore, in certain
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instances, this addition can be the rate-determyiatap (RDS¥3 Blackmondet al. conducted
a kinetic study on the aldol reaction of 2-chlonob&ldehyde with acetone, verified the
enamine mechanism of List and proposed that the R&sSthe addition of the enamine to the
aldehyde?®® Additionally, List et al. obtained crystal structures for proline ketoneiveéet

enamines, supporting this mechanfS.

0

0 wo 0 0 o
N -H0 w RCHO | Hu) J\ H
== N\ SH NS

re-facial attack

B
o: D - D
o] O OH 3TN OH  +H,0 O .l +/ OH
_— ] - N N
(NH : © H/\\)\R \g )\\)\R
H OH
OH c

Scheme 3.10: Mechanism of the aldol reaction ofcaxeeand aldehydes as proposed by dtist.**®

In 2007, an alternative mechanism was proposeddap&het al. (Scheme 3.113*® This
work proposed that two oxazolidinones, previousbnsidered to be side-products, are
involved in the catalytic cycle. The mechanism isgmsed to begin by formation of the
oxazolidinoneA through condensation of proline with the aldol alorThis is followed by a
proposed regioselective formation of enanineither by E2 elimination or through a 2-step
iminium formation and intramolecular proton tranmgbeocess. Enamin® is then suggested to
undergo drans-addition to an electrophile to generate oxazobdeC and hydrolysis o€ is
expected to produce the aldol product. In contiashe List-Houk model, the key activation
step is ay-lactonization step and not activation of the aldoteptor by H-bonding to the
catalyst. This mechanism has not been widely aedeplue to a number of questions
surrounding it, mainly based on facial selectiatyd mode of action for catalysts which do

not possess free carboxylic acid groups for oxdaaine formation.
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Scheme 3.11: Mechanism of aldol reaction as prapbgeSeebacht al.>*®

In 2007, Armstronget al. conducted kinetic and spectroscopic studies optbéne catalysed
reaction of 2-chlorobenzaldehyde with acetone amggsed that water has two conflicting
roles®® It is proposed to suppress the aldol reaction bgtshifting the equilibrium fronB
back towards enamin& while it simultaneously increases the total catlgoncentration
within the reaction cycle due to suppression ofoyffle processes such as oxazolidinone
formation (Scheme 3.12). In the absence of wategctivation due to oxazolidinone
formation was thought to be more pronounced, resulh a lower yield than expected for a

given concentration of proline.

0
(0] )J\/RZ )J\
w Ry w wo A [ S~coo e
: -

Ri B

M ﬂ\mo - HR “ A
%OH% L~ v D

Ar )\\ OH o)
R
LT L RS .

Ar R Ar Ar

Desired Pathway, potentially suppressed by H,O Off-cycle reaction of proline with aldehyde; also suppressed by
H,0, resulting in less proline being consumed here and more

available for the desired reaction.

Scheme 3.12: Armstrong’s proposed catalytic cyde gdroline catalysed aldol reaction in the preseate
water?*®

In 2011, Penhoadt al. considered that addition of a Lewis acid into alipe catalysed aldol
reaction in the presence of water without pre-ngxih reagents would create a dual catalytic
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system; analogous to class Il aldolases with a egyactor and also by enamine activation
through the proline moiety similar to class | alk#s**® Water compatible Lewis acids such
as ZnCj, FeCh, HgChL and CuCi were studied in the reaction of cyclohexanone énd
nitrobenzaldehyde (Scheme 3.13). In many casesdaction in side products such as 1-
oxapyrrolylzidine 165 higher ee values and enhanced diastereoselestiwiere observed.
The optimum proline: ZnGlratio was 2:1 and the authors postulated a zitadytec complex
as shown in Scheme 3.13. A substrate study shoigedicant yield and enantioselectivity
enhancements; one key example was a 77% improvamestusing the zinc additive in the

reaction of benzaldehyde with cyclohexanone.

O OH O OH

H
20 mol% ¥
NO, NO,
ZnCly, DMSO:H,0 (8:2) anti syn
0,
rt, 24 h 96% ee

O anti/syn dr: 9:1

Oci c©
O)Lo OJ'

1 oxapyrroly2|d|neN02
(possible side-product)

Scheme 3.13: Reaction of cyclohexanone with 4-bénzaldehyde catalysed by a mixture $fgroline and
ZnCl, Lewis acid additive reported by Penhetal 2*°

3.4.3 Substituted Proline Catalysts

The use of proline as a chiral catalyst for theoklgaction was quite a milestone for
organocatalysis, however it had some limitationsluding the formation of by-products
leading to diminished yields in some cases e.d. a@hdensation of the aldehyde and
formation of an oxazolidinone byproduct as mentibnm the previous sectidit!
Additionally, often an excess of ketone is requitegrevent aldehyde dimerization, minimize
side-reactions and push equilibrium towards produdt this is a significant disadvantage
when using of larger, non-volatile ketones. In maages, a high catalyst loading of 10-30
mol% is necessary and the poor solubility of pmlin organic solvents proved troublesome
often leading to extended reaction times. Thesaddmntages have resulted in a number of
substituted proline derivatives being investigat€dmmon structural modifications include

increasing the hydrophobicity thereby improvingamig solvent solubility, substitution of the
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carboxylic acid group for other H-bond donatingdtionalties and incorporation of additional
stereocentres and bulky groups to the pyrroliding to enhance enantioselectivity. Initially,
pyrrolidine ring substituted proline derivativeslivbe discussed followed by other carboxyl

derivatives.

3.4.4 Pyrrolidine Ring-Substituted Proline Derivati  ves

Ring-substituted proline derivatives include hydngaeoline and its derivatives, substituted
with more bulky groups such as phenoxy and silylgsgups (Figure 3.1). Incorporation of a
hydroxyl group at the 4-position of the pyrrolidin@g provides an additional chiral non-
covalent binding site which may exist in this or trans configuration with respect to the
carboxyl group. This moiety may H-bond to the stdist or transition states, thereby
enhancing reaction rates and influencing the stbmmistry of the reaction. Use of a
hydrophobic silyloxy or phenoxy groups may sequestdol transition states from water,
resulting in enhanced catalyst solubility in thegyamic reactants. Furthermore, the oxygen
atom of these derivatives may H-bond to the sutestenhancing reaction rate. Pyrrolidine
ring-substituted proline catalysts will now be dissed and their activity compared for the
reaction of 4-nitrobenzaldehyde with acetone whih details summarised in Scheme 3.14 and
Table 3.1.

_— botential H-bonding to substrates/intermediates
o

R = H; potential H-bonding effects — 5 R~ O
R = alkyl or aryl; potential hydrophobic effects m
N OH
__—H ™ potential H-bonding to

enamine formation ) .
substrates/intermediates

Figure 3.1: General structure of a pyrrolidine réudpstituted catalyst showing potential pointsndéiiaction with
substrates.

The initial catalyst screen for the asymmetric hldeaction of 4-nitrobenzaldehyde with
acetone reported by List al. found thattrans-4-hydroxy-&)-proline produced an 85% vyield
with 78% ee compared to the 68% yield and 76% edJeproline. (Scheme 3.14}® The
cis-diastereomer yielded the opposite enantiomer % 62 and lower yield and 62% ee while
a number of other 4-substituted hydroxy prolineivdgives proved inferior toS)-proline
(Scheme 3.14).
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)(J)\ . H 20 mol% catalyst %\ )J\/\©\
4:1 DMSO t 4-24 h
02N acetone, N02

68% yield 5% yield >50% yield 70% yield >5o% yield
76% ee (R) 78% ee (R) 62% ee (R) 74% ee (R) 62% ee (S)

Scheme 3.14: Reaction of 4-nitrobenzaldehyde widiame catalysed by4-substituted proline catalyéts.

Other similar modifications to the pyrrolidine rifiave resulted in improvements in yield,
enantioselectivity, purification conditions anddality. For example, Fache & Piva applied a
polyfluorohydroxyproline catalystl66 using benzenetrifluoride as solvent in the same
reaction, allowing direct chromatographic purifioat producing 72% yield and 73% ee
(enties 1 & 2, Table 3.7f? Subsequently, Shenet al. incorporated a /&
naphthalenyl)methoxy group into the structure tonfd4R)-4-(3-naphthalenyl)methoxys-
proline 167 (entry 3, Table 3.13** The improved solubility allowed the reaction taco in
neat acetone, however low temperatures were negegssaobtain high ee values with

moderate reaction yields.

Table 3.1: Reaction of 4-nitrobenzaldehyde withi@te catalysed by 4-substituted proline catalysts.

o QH (0]
H + o catalyst /©/(é)\)J\
)J\ Solvent, Temp, additive O.N
O,N 2
Loading | Temp . % '
Entry Catalyst (mol%) °C) Solvent Additive vield | €& Config
o]
242 4:1 benzenetrifluoride:
1 E{?‘«OH 25 rt acetone: 48 h - 58 63 R
ot (HzQ)EO”’“mo 4:1 benzenetrifluoride:
2 CgF17 N oH 25 rt acetone: 24 h - 72 73 R
H 166
343 | l\/o,,,,,mo 5 -25 Acetone - 41| 8 R
N Mi67

@ |y éo oy, 10 rt DMF E4N 71 | 90| R

o g
H %168
TBDPSO, o
5248 N o 10 re Water (0.13 mL) Water 63| 67 R
H 169
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Kokotos and Bellis prepared and tested a numbgrafne deroved catalysts substituted at
the 4-position and found much improved enantioseities using (54R)-4-
camphorsulfonyloxyproline cataly$68as an alternative to proline. In addition, theitatysts
could be used at lower catalyst loadings (entryTdble 3.1¥* In 2006, Hayashgt al.
reported the aldol reaction of a number of aromaltiehydes with ketones in the presence of
water using 4ert-butyldimethylsiloxyproline (entry 5, Table 3.4}, The level of water had
little effect on the reaction outcome; however, asan organic solvent in combination with
water caused a significant reduction in diastefdecsigity. The success of the siloxyproline
catalyst under the optimum conditions was suggetstdze linked to solubility causing it to
form a distinct organic phase with the aldehyde ketdne reactants and catalyst loading was
reduced to 1 mol% without loss of ee. The authtss studied the reaction of cyclohexanone
with benzaldehyde usinbp9and other similar catalysts and obtained moderiatdsy high ee
values and good diastereoselectivities ofdh-product in many cases (Scheme 3.15). The
reaction with cyclohexanone produced higher enaelastivities compared to the use of

acetone as the aldol donor and this trend has bé&sn observed for many proline

10 mol% Catalyst
Water rt, 18 h

TBSO, m TIPSO, O  TBDPSO,
N on Q—< D—% m

derivatives??!

N OH
61% Yield . H 169

o Yie 71% Yield 78% Yield <5% Yiel
>99% ee >99% ee >99% ee o Yield
19:1 anti:syn 14:1 anti:syn 13:1 anti:syn

Scheme 3.15: Aldol reaction of benzaldehyde witti@yexanone using the silyl-protected proline daiixe in
water without organic solvent reported by Hayaslail. *°

3.4.5 Prolinamide based Catalysts

Further attempts to enhance the aldol reactionendnrbiding the drawbacks of proline led to

the development dfl-acyl proline derivatives such as prolinamides (Feg3.2). Initially, the

simple primary prolinamidel 70 failed to be a successful organocatalyst (Scherig''8

however further research showed it along with oM@yl substituents could be successfully

applied in a vast array of aldol reactidAsThese derivatives allowed fine-tuning of catalytic
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properties with improved activities and enantiosigies compared toS)-proline with up to
99% ee reported in some ca$®sProlinamides are easily prepared from proline kactien
with an appropriate amine and the amide NH group lba acidic enough to activate
electrophiles.
0
En>«<wr«>

H
enamine formation — Hydrogen bonding to electrophiles

Figure 3.2: General structure of a prolinamide shgwpotential points of interaction with substrates

In 2007, Gongt al. found that one of the best performing chiral prafide catalyst to be the
previously unsuccessfubf-prolinamide in the aldol reaction of trifluoroaaklehyde ethyl
hemiacetall 71 with a range of ketones or aldehydes (Scheme B*6¢5)-prolinamide170
was found to induce diastereo- and enantioselégtiof up to 90:10 dr and 88% ee
respectively, considerably better th&ygroline (35% ee) or its methyl ester (13% ee)d@»
et al. used catalystl70 in the intermolecular aldol reaction of ketonesd adiethyl
formylphosphonate to give the corresponding seagndahydroxyphosphonates (Scheme

3.16b) with high enantio- and diastereoselectigfté

0 O
OH 20 mol%

°, L SR, CE_&\OH CE(OH
(a) (j F3C”~ ~OC,H5 CHCI3, rt ]
171 anti CF3 syn CFj

92% yield, 90:10 anti:syn, 88% ee

0
m O OH

o) H 170"z .0
HO V4 5 |o/ H PI<OEt
(b) + R-OEt __ °MOA R, R, OEt
Ry R, HO OEt 0°C dr up to >95:5

ee up to >99%

Scheme 3.16: (a) Reaction of trifluoroacetaldehgtleyl hemiacetall71 with cyclohexanone catalysed by
primary prolinamide catalystl70 studied by Gonget al.?*’ (b) Reaction of ketones with diethyl
formylphosphonate undertaken by Dodiial . **®

A variety of other prolinamide catalysts have bdesigned and applied in the intermolecular
aldol reaction. This section will focus on the t&ae of 4-nitrobenzaldehyde with acetone
with a summary in Table 3.2 & Table 3.3. In 200&nGet al. successfully applied terminal
hydroxyl bearing §)-prolinamide derivatives such as catal¢32 in this reactiorf*® These
catalysts were capable of a second H-bonding efifiectigh the OH group and they observed

increased yields and enantioselectivities (entryfdble 3.2). Temperature had a dramatic
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effect on ee while a substrate scope study forrabeu of aldehydes gave good yields and
high enantioselectivites in many cases. Furthekvigrthe Gong group in 2004 showed that
catalyst efficiency was affected by the H-bondidglites of the amide N-H with electron
deficientN-aryl prolinamides more effective in the reactibiartN-alkyl analogues (entry 2,
Table 3.2). A substrate scope study of a numbealadghydes with acetone and 2-butanone

gave good yields and enantioselectivities up to @8%h99% ee respectively.

Table 3.2: Reaction of 4-nitrobenzaldehyde withi@te catalysed by prolinamide catalysts

o QH 0 OH O
O
/@)J\H + )J\ catalyst R) " (S)
Solvent, Temp, additive
ON p O,N O,N
Loading Temp % '
Entry Catalyst (mol%) °C) Solvent vield ee | Config
o]
20 25 Neat acetone 89 69 R
1249 Q—ﬁN 4
H
----- Ph
HG 172 20 -25 Neat acetone 66 93 R
0o R =t-Bu 20 25 Neat acetone 55 15 R
g0 | [ > M
N HN-R =4
H CFPF 20 25 Neat acetone 88 45 R
(S) 0 -
251 N N—® i 4:1 56 R
3 o b 20 0-4 acetone:water 60 16| R
173
0
R=GH 20 rt Neat acetone 53 15 R
4252 Q<H<N R "
H 1]
HG "R R = COOEt 2 -25 Neat acetone 62 D9 R
(0]
O_q R R="Ph 5 -40 Neat acetone 78 85 R
5246 N HN
Ph i ) q
o Ph R =i-Bu 10 40 Neat acetone 70 99 R

®non-protonated catalyst gave 16% ee.

In 2005 and also in a later report in 2006, Chinehial. used a protonated chiral
phenylethylamine prolinamid73for the aldol reaction in water (entry 3, Tablg)3>12% A
transition state involving a 6-membered cyclic stuve with activation and orientation of the
aldehyde by the amide N-H was proposed (Figure)3Tdee hydrophobic interaction of the
aromatic groups of the catalyst and the aldehyde weemed to have a considerable effect on
the catalytic ability. The extra flexibility assated with a benzyl amine derived prolinamide
175 catalyst afforded significantly higher activityrapared to the more rigid aniline analogue
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174, however a decrease in enantioselectivity of atnd@86 was observed. The enhanced
reactivity was ascribed to increased access ta@dlaytic enamine when substituted with an
N-benzyl group compared to the more rigiephenyl substituted prolinamide (Figure 3.3b).
Catalysts derived from alkyl amines with increasimbain lengths gave improved

enantioselectivity with chain length due to incehiydrophobic interactions.

(0] N Hydrophobic interactions
@) H.
@ H---2:
N O_
=
_

173 &

o H @
N
(b) Q N Aniline-derived
" [/?’ ‘H prolinamide 174

NH

cis-covers pyrrolidine ring trans-no steric effect on pyrrolidine ring

o  H
N o) f@ Benzlyamine- derived
\/© N prolinamide 175
H (more flexible)

NH

cis-no steric effect on pyrrolidine ring NH

trans-no steric effect on pyrrolidine ring

Figure 3.3: (a) Proposed transition state for phethylamine derived prolinamide catalysed aldokties >* (b)
Diagram illustrating origin of reactivity and enmselectivity differences between aniline and bérayine
derived prolinamide catalysts in aldol reactfoh.

In 2005, the Gong group found that more acidic ipawhide catalysts provided enhanced
reactivity and enantioselectivity compared to lasklic analogue¥? The R)-configuration

of thea- andp-carbons of catalysts with electron withdrawingeegiroups was found to be
optimal for generation of high enantioselectivigniry 4, Table 3.2). A substrate scope study
found that the reaction of a number of aldehydes wcetone and butanone produced high
yield and enantioselectivities up to 99% in favobithe R)-enantiomer ot:-hydroxyketone
product. For cyclic ketones, they found both higtargio- and diastereoselectivity for the
anti-aldol product. Mechanistic studies through DFT cuakdtions suggested aldehyde
activation through H-bonding to both the amide Nakhtl hydroxyl protons in a cooperative

system (Figure 3.4).

Figure 3.4: Proposed transition states for aldattiens catalysed by prolinamides with a terminill g@ooup?®>?
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Singhet al. also reported a number of aminoalcohol catalysterporating agem-diphenyl
group at thes-carbon in the reaction of acetone with aliphatid aromatic aldehydéé® They
obtained excellent enantioselectivities up to 99%h@ 5-10 mol% of catalyst (entry 5, Table
3.2) and a transition state based on DFT calculatwas used to explain the enantioselectivity
(Figure 3.5). The aldehyde was proposed to formoHeds to the OH and NH groups of the
catalyst which favoured reaction at treeface @) Thes face was unfavoured due to steric
interactions between the alkyl or aryl portion loé taldehyde and the catalyst OH groBp. (
The gem-diphenyl group restricted the conformation, insezhthe H-bond donor capabilities

of the OH group and improved solubility.

N N N
H Ph )/\H Ph
Z.0-H-0 Ph ~.g-H-0 Ph
Y H R
Rz H g
Favoured transition state A unfavoured transition state B

Figure 3.5: The proposed origin of enantioselegtidiue to repulsion of the aldehyde with the catialyulky
group is shown in the unfavoured transition st&te.

Zhou et al. reported a highly active prolinamide spiro-derivatl76 that could be used at 1

mol% loading and in a short reaction time of 4.513aat -25°C. Product was obtained in good
yield but moderate enantioselectivity (entry 1, [€ak3)*>* They also applied this catalyst to
the reaction of a number of aliphatic and aromataehydes with acetone and obtained

product in up to 87% yield and 76% ee.

In 2007, Lattanziet al. synthesised catalyst77 comprising a prolinamide group with a
binaphthyl ring system possessing axial chir&fity?>° The most efficient catalyst reported
incorporated $-NOBIN (2-amino-2’-hydroxy-1,1’-binaphthyl) ligarsdas the amide portion
(entry 2, Table 3.3) used with 1.1 equiv water 00 1L dioxane. They suggested that the
amide N-H and OH of NOBIN activate the electroptble H-bonding and the new bond is
formed by attack of the enamine from Re face onto thdRe face of the aldehyde similar to

that previously reported by Gomgal .2*°
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In 2008, Xiaoet al. reported the successful cataly3i8 based on the combination of proline
with cinchona alkaloids providing a large chiralcklaone and one tertiary quinuclidine
nitrogen which could form an ion pair with acid étle and in turn act as a H-bond dordf.
The optimum system involved using acetic acid aclperic acid as additive in a ratio of 2:1
acid: catalyst (entry 3, Table 3.3). The scopehef tatalyst was extended to aliphatic and

aromatic aldehydes with acetone and 2-butanone.

Table 3.3: Reaction of 4-nitrobenzaldehyde withi@te catalysed by prolinamide catalysts.

0 QH o) OH O
0
/©)LH . )J\ catalyst /@/(R)\)J\ . W
ON Solvent, Temp, additive O,N O,N
Loading Temp " % '
Entry Catalyst (mol%) °C) Solvent Additive vield | €€ Config
1258 1 25 Neat - 82 |55 R
acetone
N HN
255,25 t O .
2 HO Q 5 4 200 pL 1.1 equiv 7 | 8ol R
dioxane H,O
257 Neat 20 mol%
3 10 -30 acetone AcOH 85 90 R
4258 10 15 Neat - 40 |64 R
acetone
5250 20 r HMPA 30 equiv 9 |85 R
H,O
OoN 180
R = GF 10 mol%
0 5
w 181 20 3 DMF TEA 80 90 R
6°° | >N HN-R R=35-
! 0,
H (NO,),CoHs 20 3 DMF 10#‘2'/" 78 | 72| R
182

In 2008, Schwalet al. studied the performance of cysteine-derived pasfiitle catalysts?®
The presence of gem-diphenyl group was necessary for high enantiosiglgc while
temperature and solvent also played significanésolThe most successfgem-diphenyl

cysteine catalystl79 gave moderate yield and enantioselectivity in tkaction of 4-
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nitrobenzaldehyde with acetone (entry 4, Table 3Bd produced good vyields and
enantioselectivies of 82-94% in a substrate scoplyf acetone with aldehydes.

A number of authors subsequently reported sucdepsfilinamide based catalysts bearing
electron withdrawing phenyl groups, highlightingetmelationship between catalyst N-H
acidity and enantioselectivity. Shirai al. studied the electronic properties of prolinamide
catalysts and found catalys80 which possessed N@roups at the 2-, 4- & 6-positions thie
N-aryl ring to be optimal in HMPA (hexamethylphosplimide) solvent in the presence of
H,O (entry 5, Table 3.3%° It should be noted that they obtained a similael®f success for

a perflouorophenyl prolinamide analogue. In 2009pokhy et al. found this latter
perflouorophenyl prolinamidd81 to be optimal amongst a range of nitro- and methyl
substituted aromatic prolinamid&¥.In general, steric hindrance from the catalyst &ng
reduced the product yield but successful enangcsglty results for the sterically hindered
3,5-dinitrophenyl substituted catalys82 confirmed that N-H acidity was a dominant effect.
In many cases, enantio- and diastereoselectiviezs m of the order of 90%, (entry 6, Table
3.3). X-ray crystal analysis of cataly$B82 showed the 3,5-dinitrophenyl ring was almost co-
planar with the amide while the perfluorophenylgriwas twisted by approximately 76° in
another plane. The enhanced flexibility of thedattatalystl81 was proposed to allow more
effective H-bonding of the electrophile and the @eniN-H while weak C-HF, n-n
interactions between the catalyst and substrate &iso proposed to aid the transition state

structure.

Many of the previously described prolinamide cattdyhave also been applied in the
enantioselective aldol reaction of 4-nitrobenzajdihwith cyclohexanone. A summary of a
number of previously discussed prolinamide catalygtich have been used for this reaction
is given in Scheme 3.17. All catalysts favoured th#i-conformation with the R)-
configuration at the C-C bond formation site. Oédd examples, Moorthy’s perfluorophenyl
prolinamide catalyst provided the best results vith88% yield, 98:2 diastereomeric ratio
(dr) of 98:2 in favour ofanti-product in an 88% yieltf°
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H H

i ) Br NO,
m )

20 mol%, 27°C
o oo , ,
2 mol%, -25°C, 92%, 94:6 Anti:syn

0
0] m O
O—/( COOEt N HN O @4(
N HN H Ho Q N HNQ
H COOEt

83%, 95:5 Anti:syn 5 mol%, 4°C, 05% ee
79% ee 86%, 98:2 Antizsyn °
5 92% ee
0 0 OH 0 OH
é . /@)‘\H Catalyst, Temperature @@%’)\@\ G
H +
O,N
: anti NO, syn NO,
N
0]
WO 7\ m SBn mo F, F
= N HN
N HN H {Ph H HN@—F
H
17 § \ 179 HO Ph 181 F F
8 Nﬁ\ 10 mol%,-15°C, 20 mol%, 3°C,
10 mol%,-30°C, 95%, 77:23 Anti:syn 88%, 98:2 Anti:syn
99%, 93:7 Anti:syn 85% ee 98% ee
76% ee

Scheme 3.17: Enantioselective reaction of 4-nitnablehyde with cyclohexanone catalysed by prolidam
catalysts.

3.4.6 Pyrrolidine Ring Substituted Prolinamides

As described in a previous section, the scope apahilities of proline as a catalyst have
been extended by synthesizing pyrrolidine ring stuied derivatives includingrans-
hydroxyprolines and this is also true of prolinagsdFigure 3.6). There has been significant
reports of the use of hydroxy- and other pyrrokdiming substituted derivatives of
prolinamides for the aldol reaction and some ofrii@e relevant ones will be discussed in
this section. The use of pyrrolidine ring-subsgtliprolinamide catalysts in the reaction of 4-
nitrobenzaldehyde with acetone will be summarisedable 3.4 while Table 3.5 summarises

their use in the reaction of cyclohexanone withitdebenzaldehyde.

H-bonding to substrates/intermediates
R = H; H-bonding effects O/

- s R” (0]
R = alkyl of aryl; hydrophobic effects R m

N  HN-R

H
enamine formation — T~ H-bonding to substrates/intermediates

Figure 3.6: General structure of a pyrrolidine fustituted prolinamide showing potential poirfténteraction
with substrates.

Gonget al. tested a number of pyrrolidine ring-substitutedlipamide catalysts in the aldol

reaction using 1 mol% catalyst loading in waférFor the reaction of acetone with 4-

nitrobenzaldehyde, they found trans-TBS ether pigiree ring substituted amino alcohb83

containing a chiral diester group at the amide tyote be optimal producing the aldol
141



product in good yield and 71% ee (entry 1, Tab#.3atalyst183 was also applied in the
reaction of cyclohexanone with 4-nitrobenzaldehgdéd gave a higher yield, 94% ee and 99:1
anti:syn (entry 1, Table 3.5). The reaction was found touownder biphasic basic conditions
with product enantioselectivity strongly influencegt the balance between the hydrophilic
and hydrophobic nature of the catalyst and sulestfite electron withdrawing ester groups
increased the H-bonding ability of the catalyst aaldo its hydrophilicity which was
counteracted by thieans-hydrophobic siloxy group at the 4-position of therolidine ring.

Table 3.4: Reaction of 4-nitrobenzaldehyde withta@we catalysed by pyrrolidine ring-substituted pramide
catalysts.

o OH O OH O
/@)LH . )OJ\ catalyst _ (é) + ()
ON Solvent, Temp, additive O,N O,N
i 0,
Entry Catalyst Izr?]%?ol/:? T(Ecn;)p Solvent Additive Yiﬁl q|ee Config
TBSO,, 0
COOEt
1%t EE?—{N 1 25 0.5 mL HO - 85 | 71| R
H  )mCOOEt
H-0 183
SRas,
[~ 0
0262 N ”N{EL 10 rt 0.4 mL HO IOTEX'/" 9 |80 R
HO
184

Fu et al. incorporated a phenoxy group at the 4-positiothefpyrrolidine ring and additional
hydroxyl group at the 2-position of tiNearyl ring coupled to the prolinamide moiety toates
the successful cataly$84 for the reaction of actone with 4-nitrobenzaldehyentry 2, Table
3.4)?*2 They observed higher selectivity in the reactioh ayclohexanone with 4-
nitrobenzaldehyde which gave product in high yi€l6 ee and 99:1 dr in favour of theti-
product (entry 2, Table 3.5). They proposed thathidrophobic phenyl ring of the phenoxy
group would exclude water from the transition satenprove solubility in organic solvents

and bring the reactants closer togeftir.
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Table 3.5: Reaction of 4-nitrobenzaldehyde with lalyexanone catalysed by pyrrolidine ring-substdute
prolinamide catalysts.

0 o (0] OH 16} OH
é . Q)LH Catalyst, Solvent ii@%m\@ %
O,N Additive, Temperature 2 anti NO, * o xO,
%

Loading | Temp . . .
Entry Catalyst (molo) C) Solvent Additive Anti:syn Yield | €€ Config
TBSO,,
O—%O COOEt 02 mL
1261 N oo 1 25 5o - >00:1 | 99 | 94| R
H-O 2
18:<
©/0»,,, E>40
222 N ng 10 | 04T | tomoosTFA| 991 | 99| o4 R
2
HO
184
HO,, o)
Q—% Ph 0.2 mL
3% H ”Niph 5 -10 dry - 89:11 43 | 96| R
HO Ph MeOH
18t
BnO,, 0
265 m = 1mL 10 mol% )
4 N HN— N 10 rt H,0 DBSA 96:4 90 98 R
186

In 2009, Takeshitet al. designed prolinamide cataly$B5 containing one covalent site
(secondary amine for enamine formation) and 3 ravaient binding sites; a hydroxyl group
at the 4-position, amide N-H and terminal hydrogsdup (entry 3, Table 3.5§* Despite the
failure of the hydroxyl group at the 4-position bind the substrate, the other extra non-
covalent sites were proven to have a significatdlgc effect, as observed from the reaction
of cyclohexanone with 4-nitrobenzaldehyde using@d@% catalyst loading at -25°C (entry
3, Table 3.5). They also applied th#ians-4-hydroxy-2-prolinamide alcohol catalysts in the
aldol reaction of aldehydes and cyclic and acyk#tones producing up to 99% ee and high

diastereoselectivites.

Luo et al. used 4-substituted chiral prolinamide catalystthveurfactant Brgnsted acids to
form a colloidal dispersion in water, allowing thkeol reaction to proceed within micell&s.
DBSA (p-dodecyl benzenesulfonic acid) along with chiralirmspyridine based prolinamide
catalyst 186 were found to be optimal for the reaction of cyewanone with 4-
nitrobenzaldehyde in water (entry 4, Table 3.5)yiay catalytic properties from different 2-,
3-, and 4- aminopyridine derived prolinamides waseribed to pK differences and spatial
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effects. A substrate scope examining a numbersafbstituted cyclohexanone derivatives and

aromatic aldehydes gave product in high yield,tdi@® and enantioselectivities.

3.4.7 Proline Thioamides

Prolinethioamides share the same structural benefiith prolinamide catalysts, i.e.
interactions from the (thio)amide N-H group, coneen structural modification, however, the
thioamide group is potentially more efficient towsrelectrophile activation as a result of its
increased acidity (Figure 3.7). A number of pralimeamide catalysts will be discussed and
summarised in Table 3.6 & Table 3.7 for the reactbacetone and 4-nitrobenzaldehyde and
cyclohexanone with 4-nitrobenzaldehyde respectively
S

9t

enamine formation Hydrogen bonding to electrophiles

Figure 3.7: General structure of prolinthioamideabst showing potential points of interaction withbstrates.

In 2006, Gryko and Lipinski in teste®){prolinethioamides with varying acidities and ster
properties and also analysed a number of diastemeorprolinethioamides derived from
phenyl amine$®® The latter catalysts proved optimal producing bkigée values than proline
in the reaction of 4-nitrobenzaldehyde with acet(@wdry 1, Table 3.6). Later, the same group
found that prolinethiomidd87 in its TFA salt form gave improved efficiencies.réduction

in catalyst loading gave improved yields as a cdingeside reaction was minimized. They
also observed that at the TFA salt of the succepsflinethioamidel87 catalyst was equally
efficient in alternative solvents and neat acet(@rgry 2, Table 3.6). The choice of acid was
also investigated and it was found that salts éerifrom acids stronger than TFA led to
recovery of starting material while highest yielere obtained from acids with gkof
approximately 1.3 (entry 3, Table 3.6). This catblwas also successfully applied to the
reaction of 4-nitrobenzaldehyde with cyclohexandqeatry 1, Table 3.7). The authors
proposed a similar mechanism to proline through etalffree Zimmerman-Traxler type
transition state while it was proposed that theamide 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@oe catalysed by prolinethioamide catalysts.

o OH O OH O
Q)LH . i catalyst _ /@/@\)J\ . /©/(S)k)J\
ON Solvent, Temp, additive O,N O,N
Loading Temp . % '
Entry Catalyst (mol%) °C) Solvent Additive vield ee | Config
Neat
20 4 - 62 84 R
1266267 D—J( aceton
187 10 4 atl:\leetitn - 68 | 44| R
Neat
- O__( 2.5 4 acetone TFA 81 94 R
N J\ 1C 4 DMF TFA 71 |9 R
187 10 4 THF TFA 76 94 R
m Ph 25 4 acetone FLHCOH 95 92 R
3267 N HNAQ
H 167 2.5 4 acetone @CHCOM 99 | 93] R
O\(S
N
268 H uN 2 mol%
4 \f 0.2 0 water PhCOOH 92 95 R
Ph
HO ph 188

Using their most efficient catalydB7, the same authors considered water as a solvetiido
aldol reaction of cyclohexanone with 4-nitrobenehlglle and obtained 96% vyield, 94% ee
and 90:10 dr in favour of thanti product, an improvement over the reaction in neat
cyclohexanoné® Salts were found to increase the hydrophobic efigcelectrostriction of
water, decreasing the solubility of non-polar spe@nd promoting their association. The use
of salting-out brine allowed the reduction of ketaaxcess to 1.2 equiv without detrimentally
affecting the yields and stereoselectivities (e@tryable 3.7).

In 2010, Liet al. evaluated a number of prolinethioamide catalystsagueous reaction
media?®®?"°Their most efficient catalygt88was a prolinethioamide with a terminal hydroxyl
group and was successfully applied to the readfacetone and also cyclohexanone with 4-
nitrobenzaldehyde with benzoic acid additive in evaentry 4, Table 3.6 & entry 3, Table
3.7). The catalyst was proposed to create a hydtwphpocket for the reaction while H-

bonding from the thioamide activated the electrtgphi
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Table 3.7: Reaction of 4-nitrobenzaldehyde withlalyexanone catalysed by prolinethioamide catalysts.

o) o 6 OH O OH
+ Q)‘\H Catalyst, Solvent S R B7%)
O,N Additive, Temperature anti NO, + sy NO,
i 0,
Entry Catalyst IE%%?;;? T(?Cr?)p Solvent Additive Anti:syn Yig)l d | ee Config
S
Ph
1267 %N« 10 4 NMP TFA 95:5 88 | 90 R
187
D_qs o 5 t 2 mL HO - 95:5 96 | 94 R
269
2 N N 10 4 Neat ketond - 7713 82| 86 R
187 5 rt 2 mL HO Sat NaCl >95:5 90 92 R
O\(s
N
H HN 2 mol%
268 .
6 ﬁ 0.2 0 water PHCOOH 97:3 90 97| R
HO py
18¢

3.4.8 Bis-Prolinamide Catalysts

An improvement of catalytic activity without saétihg enantioselectivity of was observed by
incorporation of an additional proline amide graafo the catalyst structure. In particular,
when the molecule consists of two prolinamide ufiitked through a chiral spacer, there
exists potential opportunity for further improvesbatioselectivities (Figure 3.8).
(0] (0]
(o~ (]

\ N—(Chiral spacen—N N ~
enamine formation H H H H enamine formation
H-bonding to electrophiles

Figure 3.8: General structure lmf-prolinamide catalyst showing potential pointsragraction with substrates.

A C,-symmetricbis-prolinamide catalyst89was reported by Zhaei al. in 2005 and used in
the aldol reaction of 4-nitrobenzaldehyde with anet(entry 1, Table 3.8J! Their catalyst
can be viewed as substitution of the hydroxyl grampGong’s phenyl substituted amino
alcohol catalyst (entry 1, Table 3.2) with an aiddial prolinamide moiety capable of strong

H-bonding to the electrophile.
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Table 3.8: Reaction of 4-nitrobenzaldehyde withi@te catalysed blyis-prolinamide catalysts.

o QH 0 OH O
Ho. (0] catalyst /@/(R)\)J\ . /©/(\'9)\)J\
ON )k Solvent, Temp, additive O,N O,N
Loading Temp . % '
Entry Catalyst (mol%) (°C) Solvent Additive vield | €€ Config
Ph_ Ph
o Y= o
Y/
NH HN—Z
1211 g 10 .35 Anhydrous - 88 98 R
\H HN/J acetone
10 0 DMF:HO 1:1 - 99 79 R
2272-
24 10 -20 DMF:HO 1:1 20 mol% PhCOOH 94| 86 R
5 0 2 equiv ketone 10 mol% PhCOOH 86 74 R
0 .
375 10 2 1:1 acetone: 0 | 20 m‘g'c/i"dStea”c 100 | 58| R
4276 10 -40 3 mL toluene 10 mol% AcOH 83 93 R

In 2006, Najerat al. reported a &symmetric catalyst90derived from 1,1’-binaphthyl-2,2’-
diamine (&)-BINAM) coupled to two §H-prolinamide units for the reaction of 4-
nitrobenzaldehyde with acetone (entry 2, Table .Z8)hey also studied a number of
aldehyde and ketone substrates and obtained prddutigh yield up to 99%, good
diastereoselectivity up to 10:1 dr and up to 96%eedry 2, Table 3.9). They later discovered
that in general, the rate of reaction catalysedl1B@ increased with decreasing plécid
additive without loss of enantioselectivity (ent?y Table 3.8f® Substrate scope studies
produced high yields up to 99% and enantio-, diasteand regioselectivitites were obtained
(99% ee, 100% dr and >50:1) in reasonable readiioas using of benzoic acid additive
(entry 2, Table 3.9). In 2008, Using ESI-MS, theurid evidence that benzoic acid promoted

the enamine formation at each proline sub-tffiit.
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Table 3.9: Reaction of 4-nitrobenzaldehyde withlalyexanone catalysed Ibjs-prolinamide catalysts.
o

(o} O OH O OH
é + Q)‘\H Catalyst, Solvent S R B7%)
e = +
O,N Additive, Temperature
2 NO, syn NO,
%

anti

Entry Catalyst IE%%?;; ;3 1’((3ch:1)p Solvent Additive Anti:syn vield | €€ Config
1 10 Rt CHCl, - 97:3 78 93] R
10 0 DME,Tzo 10:1 98 | 93| R
272-
£ 10 20 | DMFHO | 20 mol% 99:1 99 | 97| R
1:1 PhCOOH )
2 equiv 10 mol% .
5 0 ketone PhCOOH 96:4 85 90 R
275 0.8 mL 20 mol% .
8 10 2 H,O stearic acid 99:1 80 93 R
276 3 mL 10 mol% .
4 10 -40 toluene ACOH 98:2 90 95 R

Benagliaet al. later reported a number of binaphthyl catalystduiding catalystl91 for the
aldol reaction of acetone (entry 3, Table 3.8) waylclohexanone with 4-nitrobenzaldehyde
(entry 3, Table 3.8) in water using stearic acidaaslitive?”® In general, the catalysts
performed more successfully in water than in orgadlvent due to proposed hydrophobic
effects. In the same year, the Shi group also tigeted BINAM derived catalysts in the aldol
reaction’’® Using 10 mol% AcOH as additive, the reaction of ieenzaldehyde with
acetone produced high yields and up to 93% eey(éntifable 3.8) while the reaction with
cyclohexanone gave 90% yield, 95% ee and é812ntry 4, Table 3.9).

3.4.9 Bifunctional Prolinamide Catalysts

Bifunctional prolinamide catalysts contain a pralimde group and an additional functionality
capable of H-bonding or interacting with the sutgtror reaction transition states. Some

examples have been mentioned earlier in Table 3T4l8le 3.5 in the context of prolinamides
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functionalised with a second hydroxyl group. Thieprolinamides described in the previous
section 3.4.8 are symmetrical while the catalystsited in this section are non-symmetrical
in nature (Figure 3.9). Prolinamides containingaalditional functionality which may also

cooperatively interact with aldol reaction subsisasre potentially advantageous in terms of

yield and enantioselectivity; specific examples sarised in Table 3.10 & Table 3.11.

O~
N N—(Chiral spacer)
N NG )~

enamine formation Additional H-bonding or steric interactions

H-bonding to electrophiles

Figure 3.9: General structure of Bifunctional pnalinide catalyst showing potential interaction vsititostrates

Xiao et al. applied a number of unsymmetrical bisamide catslysked by a chiral
cyclohexane ring’"?"®They observed a strong dependence on the ‘nomljgjime’ amide N-

H pK, for efficient catalyst performance and used acted@ withdrawing groups to enhance
this in the reaction of acetone with 4-nitrobengalgbe in combination with 40 mol% AcOH
(entry 1, Table 3.10)® The bifunctional catalyst93 combining anN-acyl-4-methylphenyl
group with a prolinamidshowed enhanced catalytic ability in the reactisma tetrahydro-
4H-pyran-4-one with substantially improved resultsmpared use of §-proline?** In
addition, catalyst193 efficiently catalysed the reaction of cyclohexamowith aromatic

aldehydes (entry 1, Table 3.11).

In 2006, Benagliat al. used a bifunctional £symmetric binaphthyl amino derivatiu®4 in

the reaction of 4-nitrobenzaldehyde with acetonengi product in 92% vyield and 90% ee
(entry 2, Table 3.10Y° Use of 3 equivalents water had a positive effacbath reaction yield
and ee but had no effect on diastereoselectivitgnatyclohexanone was used (entry 2, Table
3.11). The Guillena group used a non-symmetric BUNES)-prolinamide sulfonamide
catalyst195in the aldol reaction of 4-nitrobenzaldehyde véttetone (entry 3, Table 3.1%).
The sulfonamide N-H moiety was suggested to H-bamdl activate the electrophii&199:281
For the reaction of cyclohexanone with 4-nitrobédelde, reactant conversion of 99% was
observed with 98% ee and 99/1 dr using 5 mol% ysitdbB5 under the optimal conditions at
0°C (entry 3, Table 3.11).

149



Table 3.10: Reaction of 4-nitrobenzaldehyde witbtage catalysed by bifunctional prolinamide catalys

o OH O OH O
/@)J\ Ho. i catalyst (/;) + ()
ON Solvent, Temp, additive O,N O,N
Loading | Temp . % '
Entry Catalyst (mol%) °C) Solvent Additive vield | €€ Config
o $4 5
0,
1278 N 20 -40 THF 4/(_)\ mobe | 57 | 77| R
N cOH
193
COLr
NH N . .
2279 , A 10 27 5 mol equiv DMF in 92 | 90 R
i acetone
\
194
H OQ 5 mol%
3280 O O 5 0 Neat ketone PhCOOH,7 | 88 | 86| R
Q equiv HO
19t
Ph
i
0,
422 3 R 1 Rt Brine _1 mol% 9 |94| R
NH Dinitrophenol
197
Ph Ph
o) S CFs 4-
7
5283 NF RN N 10 -20 Toluene nitrobenzoic | 95 | 97 R
NH acid
CF3198

A number of camphor containing prolinamide-thioucasalysts were reported by Cheiral.

in 2008284 The optimum catalyst96 with 20 mol% DBSA in HO produced a high yield of

95%, diastereoselectivity of 96/4 and 99% ee frbw teaction of cyclohexanone with 4-
nitrobenzaldehyde (entry 4, Table 3.11). A substratope study with a number of
arylaldehydes gave products in high diastero amahtwselectivities in most cases. The
authors proposed that the reactants and catalysts ferced into close proximity due to
hydrophobic interactions and H-bonding betweencttalyst thiourea and amide protons with

the aldol acceptor in the transition state allowshgnamine attack to the aldehyde carbonyl

group.
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Table 3.11: Reaction of 4-nitrobenzaldehyde wittclaljexanone catalysed by bifunctional prolinamide

catalysts.
0

O
+ H Catalyst, Solvent
O,N Additive, Temperature

anti

Loading | Temp . '
Entry Catalyst (molo) °C) Solvent Additive Anti:syn Ylel d | e Config
L1 20 mol%
177 20 -25 | CHCl: 0 96:4 89 | 92| R
AcOH
ketone
3 mol
227 10 27 | Sauwv - >982 | 91 | 95 R
H,0 in
acetone
Neat 5 mol%
3280 5 0 K PhCOOH, 7 99:1 99 | 98] R
etone )
equiv HO
TBDPSO )L Jﬁ/
284 1mL 20 mol% .
4 20 Rt H,0 DBSA 96:4 95 99 R
196
Ph, Ph
o y
NH
0,
5782 NS 1 Rt Brine | _ 1mol% 7921 | 84 | 93 R
NH Dinitrophenol
197
N HN_// & 4-nitrobenzoic
628 10 -20 | Toluene acid 97:3 100 | 99| R
Fa

In 2009, Daet al. studied bifunctional prolinamide catalysts inchglicatalyst197 for the
direct aldol reaction of ketones with aldehydebiiime ?®? Reactions without acid additives or
including additives with very low pKvalues such as TFA and 2,4,6-trinitrophenol preduc
unsatisfactory enantioselectivies and yield; howeXd-dinitrophenol was identified as the
optimum additive. Replacement of water with brine eeaction solvent produced a
considerable improvement in selectivity. The authtasted a range of arylaldehydes with
cyclohexanone and acetone and obtained high enanib diastereoselectivities under the
optimised conditions (entry 4, Table 3.10 & entrylable 3.11).
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They proposed a transition state model based air@phile activation as a result of H-
bonding from the amide and tertiary ammonium daljyre 3.10). The enamine formed from

the pyrrolidine with acetone was prosed to atthekaldehyde from itRe-face, producing an

T,

Figure 3.10: Proposed transition state showingibgndf aldehyde to cataly497 studied by Dat al.

excess of th&-product.

In 2011, Kokotost al. reported a number of successful bifunctional pastiides containing
thiourea groups in the aldol reaction of acetoned aoyclohexanone with 4-
nitrobenzaldehyd&? Acid additives with medium acidity were found te most successful to
enhance the reaction with 4-nitrobenzoic acid bévegoptimal additive (entry 5, Table 3.10
& entry 6, Table 3.11) while water as additive @ased reaction yields and
stereoselectivities. A transition state model wagppsed where the amide and thiourea
groups formed H-bonds to the aldehyde influenctageaction with the aldehyde leading to
good enantioselectivities while a similar model wasoposed in the presence of 4-
nitrobenzoic acid which was proposed to form H-®rtd the catalyst thiourea and
electrophilic aldehyde (Figure 3.11).

7 Ry/ 4N |
Rew ¢ == Ro 7/ =s 198

RN‘( H-N R "/Qf I,/H—N

H H o

@*Cﬁ H 5 QCFs
FaC FsC
No acid additive

NO,

4-Nitrobenzoic acid included

Figure 3.11: Proposed transition state modelshioutea-prolinamide catalysts:
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3.4.10 Proline-Derived N-acyl Sulfonamides

The use of proline and prolinamide derivatives mg@oocatalysts has been extendffeThe
replacement of the hydroxyl group @){proline with a sulfonamide has also been evatliate
to generate catalysts of similar acidity to proliflégure 3.12)*° The use of this group
allowed substantial changes in catalyst, g be made without completely altering the
backbone structure of the catalyst and also praviagroved solubility compared to proline.
o}
m (0]
N N-S-R
/ H H’ 1]

(0]
~~__ Hydrogen bonding to electrophiles,
More acidic compared to prolinamides

enamine formation

Figure 3.12: General structure proline deritedcyl sulfonamide proline amide catalysts showiateptial sites
of interaction with substrates.

Berkessekt al. reported the first proline derived-acyl sulfonamide organocatalyst in 2004
and varied the steric and electronic effects ofNk&ulfonyl group creatong catalysi99 &
200'® They observed significantly improved results ie tieaction of 4-nitrobenzaldehyde
with acetone in polar aprotic DMSO (entries 1-2bl€a3.12). They explained the mechanism
of action using a similar model t&)¢proline catalysi$** where the acidic N-H proton forms
H-bonds with the reactants. Improved shielding reé of the enantiopic faces of the aldehyde
by the sulfonyl aryl ring and also possibly strongfebonding compared to proline was
proposed to explain the superior enantioselectivity

In 2005, the Ley group used proline derivggcylsulfonamide catalysts for the reaction of
acetone and cyclohexanone with 4-nitrobenzaldehgtiserving dichloromethane to be the
optimum solvent®® A number of ketones were examined for their reactivith 4-
nitrobenzaldehyde using 20 mol% oN-acylsulfonamide catalysts and excellent
enantioselectivities were observed, however, radftipooranti:syn ratios were reported in
the case of cyclic ketones (entry 3, Table 3.12 emly 1, Table 3.13)° These catalysts
gave significantly improved results comparedSpgroline. The lowN-acyl sulfonamide N-H
pKa was suggested to facilitate strong H-bonding & MrH proton to the electrophile,

producing a more tightly bound transition state higther ee values.
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Table 3.12: Reaction of 4-nitrobenzaldehyde witbtae catalysed by proline sulfonamide catalysts.
OH O OH O

(0] : (S
Ho . )k catalyst /@/(R)\)J\ . /@/)k)J\
ON Solvent, Temp, additive O,N O,N

2

Loading | Temp . % '
Entry Catalyst (mol%) °C) Solvent Additive vield | €€ Config
O j-Pr,
o
118 Eﬁw—:sl -Pr 10 Rt DMSO - 91 | 9§ R
Ver 199
0
2l 9@ 30 Rt DMSO - 73| 99 R
N HN-§ NO,
6 200
o] _
R =CH 20 20 CHCI, - 78 79 R
o}
199
3 WN—é—R
A R =Ph 20 20 CHClI, - 49 84 R
HO,, 0
(0]
4% Q‘ﬁﬁ,_g@ 20 Rt DMF ESN 63 | 90| R
Hio 6 201

Later in 2005, Kokotogt al. studied proline derivetll-acyl sulfonamide catalysts including
some pyrrolidine ring 4-substituted derivati¥8sn the reaction of 4-nitrobenzaldehyde with
acetone. A hydroxyproline derivédtacyl sulfonamide cataly201 was the most successful
catalyst using 1 equivalent of triethylamine andtane as a co-solvent (entry 4, Table 3.12).
In 2006, Wangt al. synthesised a number of chiral dendmiacyl sulfonamides and studied
their activity in the reaction of cyclohexanone twit-nitrobenzaldehyde in water (entry 2,
Table 3.13Y%° They proposed that their cataly2 bearing hydrophobic polyether dendritic
groups enhanced the reaction in water through ydeophobic effect.

In 2009, Fuet al. synthesised a range of t&t-butyldimethylsiloxy pyrrolidine ring
substitutedN-acylsulfonamides as catalysts in the aldol reactib4-nitrobenzaldehyde with
neat cyclohexanone (entry 3, Table 3.#38)The authors ascribed the success of their casalyst
to the hydrophobic effect of the TBS ether groupdeiailed substrate scope gave successful
results for cyclohexanone with a range of aldehyates$ producing excellent yields, enantio
and diastereoselectivities in many cases. Hual. considered a novel proline derivéd
acylsulfonamide cataly®03 similar in structure to Berkessel’'s and Ley’s bgh however it
contained a non-polar group at thara- position of the aromatic ring of the sulfonamide
improve solubility?®’ They obtained high yields, enantio and diasteleogeities in the aldol

reaction of cyclohexanone with 4-nitrobenzaldehy@atry 4, Table 3.13). They later
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successfully conducted this reaction in an indakyruseful solvent 2-methyl-tetrahydrofuran
and also under neat reaction conditions (entryabld 3.13¥% The Hua catalys203 gave
improved performance over other catalysts testsdsuccess ascribed to high solubility in

non-polar solvents.

Table 3.13: Reaction of 4-nitrobenzaldehyde withclalygexanone catalysed by proline derivéacyl
sulfonamide catalysts.

0 (0] OH 1) OH
é . Q)LH Catalyst, Solvent ii@%m\@ %
O,N Additive, Temperature 2 anti NO, * on xO,
%

Loading Temp - . '
Entry Catalyst (mol%) C) Solvent | Additive | Anti:syn vield | €8 Config
R =
(0] - :
o m 0 CH, 20 20 CHCI, 51:29 80 78 R
1 N HN-S-R
o] R =Ph 20 20 CHCl, - 53:35 88 90 R
vl B B 8 Wy W) [ 5 Rt 1 mL - 99:1 99 | 99| R
oI\ H.0
202
TBSO,, 0
262 o 0.5 mL .
3 %’“‘ﬁ@“‘% 3 Rt o - 97:3 | >99 | 99 R
20 4 | GHCl, | 18V | S99 | o5 | 99| R
EHO Hzo
287,288 Q 1 equiv ,
4 N HN_gOC1ZH25203 2 Rt Neat H,0 >99:1 9% | 96| R
2-Me- 1 equiv )
20 Rt THF H,0 30:1 85 94 R

3.5 Intermolecular Ketone:Ketone Aldol Reactions

The number and variety of aldol acceptors is gexieaordinary however the number of aldol
donors remains more limited. Ketones are knownetdess reactive than aldehydes and may
have less steric discrimination compared to anhgide. Despite these challenges, there has
been significant progress on this type of aldoktiea driven by the valuable nature of the

aldol adducts as building blocks for biologicalktise compound§?®2%°

In 2005, Wenet al. were the first to report an enantioselective alddtition of methyl
ketones such as acetone to aryl ketones contai@iggroups catalysed bySy-proline

(Scheme 3.18¥° They used acetone in large excess, thereforegaatirthe solvent and the
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nucleophilic source in combination with 10 mol%®-proline to give the product in moderate

enantioselectivity (Scheme 3.18).

=

N OH OH O
0 o) H FiCs
)J\ + )J\ 10 mol% AI’>\)]\R
Ar” "CFs HC™ R -20°C, 1-24 h 45-99% yield
R =alkyl 18-64% ee

Scheme 3.18: Reaction of l-aryl-2,2,2-trifluoroettiaes with methyl ketones catalysed By groline reported
by Wenet al.**°

In 2006, Gongt al. reported a catalytic system for the reactiom-&eto acids with acetone
Scheme 3.1%° This work was based on original findings by Haoriltet al. that the
prolinamide catalyst39 derived from 2-aminopyridine group was a highlfioéént artificial
molecular recognition receptor which could bindsgly to a carboxyl group® Gonget al.
developed a number of relatively simpleS-prolinamide catalysts containing the
aminopyridine moiety and found the catal$89 derived from proline with 2-aminopyridine
to be optimal producing high yield and up to 98%Eeerimental investigations showed the
importance of the H-bonding interactions betweean 2kpyridyl prolinamide catalyst and the
both the keto and carboxyl groups of the keto-atildstrate. These H-bonding interactions
activated the keto functionality for controlled aatk by the closely located enamine

nucleophile to form the product in high ee.

o) =
) 2 0
S |
NH D
139 0 OH
o 0 20 mol% NOH COOH
L R)kCOOH / o0 0 MR
. \
Toluene, 0°C s up to >99% yield

R = aryl or alkyl R o) up to 98% e (R)

Scheme 3.19: Reaction efketo acids with acetone catalysed by a 2-pyridglipamide catalyst39.7¢2%

Fenget al. used a gsymmetrichis-prolinamide catalyst89for the reaction ofi-keto esters
with acetoné?? The chiral tertiary alcohol product was obtainedigh yield and up to 94%
ee (Scheme 3.20). The authors also tested thisararsing the mono-prolinamide equivalent
of their catalyst and obtained a yield of 32% ad&blee, confirming the importance of the
cooperative effects of the two pyrrolidine amidétsift* Theoretical calculations showed that

one pyrrole ring was involved in enamine formatvamle thea-keto ester H-bonded with the
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second amide and protonated pyrrolidine amine gimoupe presence of an acid. As a result,
the Re face was more prone to nucleophilic attack, resylin stereoselective catalysis as

shown in the proposed transiton states in Schegte 3.

Ph Ph
O K]
NNH HN
0 o) CNH 189 1N o o
PO o coom 15 mol% b
e _— <
ACOH, -20°C COOMe

Ph O Ph O 92% yield, 93% ee
Ph
Ph\e/'\'T‘m VLN
¥ N ¥ N
O NHIH. y-No o NH H | N®
H &~ H _0 H
o)

s

Re attack - TS favoured Si attack - TS disfavoured

Scheme 3.20: Asymmetric aldol reaction wketo esters with acetone usibis-prolinamide catalysi897%
Proposed transition states leading to enantioseitycdf the catalyst obtained based on theoretazdtulations
by the authors.

In 2011, Nakamura applied their previously sucadsisf(heteroarenesulfonyl)prolinamide
catalysts for the reaction of 2,2,2-trifluoro-1-plgkethanone with acetone and determined the
N-(8-quinolinesulfonyl)prolinamide catalyg04 to be optimal (Scheme 3.2%). The product
was obtained in 92% vyield and 89% ee. This catalas$ also efficient using a range of
fluoroalkyl ketones and trichloroalkyl ketones wiicetone. The authors proposed that the
transition state leading to thBR){product was disfavoured due to steric repulsietwiken the

trifluoromethyl groups and the 8-quinolyl groupli®me 3.21).

N N~
HH &
o .
9 TFA N
Oy e A -
10 mol% 204 .
~ . up to 97% vyield
X=F,Cl -20°C up to 96% ee
y& o ’ﬁ/@:o
I:Bc\rl//o\“H—N ° TN
Ph TN o CF3 N  §%
—N ST J 0
e}
\ steric \
interactions
TS-S TSR

Scheme 3.21: Reaction of trihaloketones with aeetatalysed by optimui-(8-quinolinesulfonyl)prolinamide
catalyst204. Transition states proposed to explain preferéocéS)-product also showfi>
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3.5.1 Ketone: Ketone Aldol Reactions towards Natura | Products

The enantioselective synthesis of natural prodiscté continuing interest. Compounds based
on the indole substructure appear in many natutaycts and drug molecules. For example,
oxindoles, which possess a carbonyl group at tpesion of the 5-membered ring and a
guaternary carbon centre at the 3-position of ting (Figure 3.13) are present in many
biologically active alkaloids and pharmacologicgénts®®*3*° Structure-activity relationships

have shown the absolute configuration and substitygattern at the C-3 position control the
biological activities of these group¥, creating a need to develop methods to

enantioselectively synthesise these compounds.

R
O
N
H
3-substituted-3-hydroxyindoline-2-ones

Figure 3.13: General structure of 3-substituted/@rbxyindoline-2-ones.

Oxindoles are present in convolutamydines A-E, mgn, dioxibrassinine and 3-
cycloalkanone-3-hydroxy-2-oxindoles (Figure 3.14)*°%3%230%0ne other notable example is
3-acetonyl-3-hydroxyoxindole which has been showrbé a chemical inducer of systemic
acquired resistance, an inducible defence mechaagamnst microbial pathogen attack in
tobacco plants against the tobacco mosaic Viishe potential applications of oxindoles has
led to much interest in their synthe¥63'* The aldol addition of ketones to substituted and
unsubstituted isatins would appear to be a simpderaute towards these important biological
compound$?3!® This method can be rather challenging due to telatively poor

electrophilicity of ketones for the aldol reactithi2¢-*

S\\/\,SMe

Convolutamydine A-E
A: R =CH,COCH;3

B: R = CH,CH,CI maremycin
C:R=CHg

D: R=CH=CH,

E: R = CH,CH,0H

dioxibrassinine 3-cycloalkanone-3-hydroxy-
2-oxindoles

Figure 3.14: Structure of some biologically acte@mpounds based on 3-substituted-3-hydroxyindolane
substructure.
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In 2005, Tomasingt al. reported the first enantioselective addition otirsandN-alkylated
isatins to acetone using organocataly¥isn the reaction of isatin with acetone, they tésie
library of prolinamide based dipeptides and foumel eptimal dipeptide H-D-Pro-B3-hPhg-
OBn catalys05 gave theR)-aldol product in 73% ee at -15 °C, much improgethpared to
(9-proline which produced 33% ee @){product. They also reported ee of the order of 73
77% for a number of substituted isatin derivatiwéh acetone (Scheme 3.22). Interestingly, a

degree of enantiomeric enrichment was observedgehromatographic purification.

0 HO, 4/<
Ry (R

Ri 9 -15°C, 17 h o
(@] + P —— N
N O \
\ . R
R, 90 equiv. Q(_.Z./{ Ph R,
H

HN (R 0 R4 =H, Ry =H: Quant; 73% ee (R)

R4 =H, R, =Me: Quant; 77% ee (R)
205 OBn Ry = H, R, = Et: 92%; 74% ee (R)
H-D-Pro-L-3-hPhg-OBn R4 =H, Ry, =Bn: 90%; 74% ee (R)
10 mol% R4 =Br, R, = H: Quant; 73% ee (R)

Scheme 3.22: Reaction of isatins with acetone ysedl by optimum proline dipeptide catal@€t5 reported by
Tomasiniet al 3

Chen et al. evaluated the §-proline catalysed reaction of several isatinshwétcetone,
observed faster reactions and higher ee valuesewMaubstituted isatins were used and
postulated a mechanism to account for the relagtipelor ee values for the reaction with
unsubstituted isatin (Scheme 3.3%).Isatin may exist in a more active for&l, which
facilitates intramolecular H-bond formation betweabe carbonyl oxygen and enol hydrogen
atom. Meanwhile, enamine formation occurs with ipeknd acetone to form which would
combine withA’ via transition statd&. In this transition state, H-bonding betwe®nand the
carboxylic acid of enaminB is proposed to ensure that reaction occurs atamyface of the
pyrrolidine ring while this H-bonding also loweittset reaction energy barrier through charge
stabilisation. Based on this proposed mechanisme,iritermolecular H-bond i#&" would
hinder this H-bonding. In the caseN{substituted isatins, tautomerisation and intracudbr
H-bond formation is not possible and in the complararansition stateE, the proline
carboxylic acid group binds tightly to both carbbgyoups of the isatin, resulting in much

higher ee compared to unsubstituted isatin.

159



Y = H; 76% yield, 30% ee (R)
Y = Bn; 96% yield, 65% ee (R)
Y = Me; 83% yield; 79% ee (R)

O..

U

/ O
H Tautomerisation

’O O

Ho

@“fﬁ@*/ H

Scshlgme 3.23: Mechanism @){proline catalysed aldol reaction of isatin witbetone as proposed by Chen
al.

In 2006, Tomasiniet al. reported the synthesis oR)¢Convolutamydine A through the
reaction of 4,6-dibromoisatin with acetone cataly$y (R)-proline and also a number of
dipeptide prolinamide organocatalysts (Table 3*#4The R)-proline catalysed reaction was
very sensitive to temperature producing 3.5% g@&pproduct at room temperature compared
to 55% ee of -product at -20°C, the opposite configuration caned to when unsubstituted
isatin was used as the aldol substrate. The reawtas less efficient in anhydrous acetone
suggesting involvement of water in the mechanisimeiiT previously determined optimum
catalyst205 for the reaction of isatin with acetofiéwas also found to be optimal for the
synthesis of R)-Convolutamydine A. The product was obtained i#9&e through initial

removal of catalyst by filtration followed by restallisation (entry 2, Table 3.14).
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Table 3.14: Reaction of 4,6-dibromoisatin with isatatalysed by$)-proline and prolinamide dipeptide studied
by Tomasiniet al.3*?

(0]
Br B
[ 0 Ho 4/<
10 mol% catalyst \(?
o . /U\ 0 mol% catalys mo
Br ” Br N

-15°C, 17h H 206
Entry Catalyst Yield | ee | Config
O
1% Cﬁ’l\“”\OH 86 | 55| S
NH
0
B¢ Ph Quant| 68 R
319 D
2 ” HN-£ O
OBn 50 | 97 R

After recrystallisation.

Xiao et al. tested a range o$)-proline derived bifunctional bisamide catalysis the reaction

of isatin with acetone and 2-butanofi&.Their most successful cataly807 resulted in
product208 with an ee of 88% for the reaction using acet@@emol% AcOH and 10 mol%
catalyst loading at -50°C. High ee values were alst@ained using cataly&07 with a number

of other substrates (Scheme 3.24). They confirnted groduct had theS)-configuration
through X-ray crystallography. Based on this, teaggested a possible transition state model
where the catalyst controlled the enamine geoneetdyalso orientation of the isatin substrate
with both amide N-H groups involved in binding thebstrate (Scheme 3.24).

o Y o
NH HN NN

0 HH o

R : z’( o NH 207 N R'\\“j o HO,
O O A(s) R'
N +)J\R' 10 mol% {____\ o
v 20 mol% AcOH, temp O R N
N

R =Y =H, R = CHjg; -50°C; 99% vyield, 88% ee, (S) Y
R =H,Y =Bn, R' = CHj; -45°C; 99% yield, 87% ee (config not given)
R =H,Y =H, R'= CH,yCHj; -20°C; 98% yield, 80% ee, regioselectivity 9:1 (config not given)

H
R = H; (5)-208

Scheme 3.24: Reaction of isatin with acetone ubifighctional bisamide cataly&07. Their proposed transition
state is also showt}?

In 2008, Nakamurat al. reported the enantioselective synthesisR){Gonvolutamydine A

using a novel sulfonyl prolinamide organocatal®6® and in 2009, they also reported the

synthesis of R)-Convolutamydines B and E using the same cat3§3t' The TFA salt oN-

(2-thienylsulfonyl)prolinamide cataly&09 in the presence of 10 equivalentgCHwas found

to be optimal in the reaction of 4,6-dibromoisatwmith acetone to obtainedR)-
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Convolutamydine A (Scheme 3.254). Catalyst loading could be reduced to 0.5 mol%
without significant loss of enantioselectivity. Rbie reaction of unsubstituted and substituted
isatins with acetone, good yields and high enaelsutivites were obtained in all cases. They
subsequently applied this catalyst to the reacbbnsatin derivatives with acetaldehyde
followed by reduction to give Convolutamydine B aBkd(Scheme 3.25b). The authors
postulated that intramolecular hydrogen bondingvbet the amide N-H and the sulfur
heteroatom as the mode of activation, such anaatien leading to two potential transition
states (Scheme 3.25c). Thm-trans transition state was proposed to be disfavourexltdu
steric interactions between the Br substituentsthadtatalyst thienyl ring, thus preferentially
giving theanti-trans transition state, leading to high product ee.

o (o]
Co4ee o

HN-8 HO
R o Hrea ) N
(@) o 209 g o
5 mol% N
o + M _ Smole NF R N
R N

200 equiv H,0 (10 equiv) R = Br; 99% yield, 95% ee (R)
0°C, oh R = H; 99% yield, 3% ee (S)
0
[ Yoo

N HN-S' 209 OH JC|

B o 5 mol%T FA S/>; BrHO =J TsClI (10 equiv) BrHo $

1. H,0 (5 equiv) 9 pyridine, \
(b) o + Acetaldehyde, THF, rt o _T75C N

T E—— [ A—
B N 2. NaBH,CN Br N Br Ho
H Acetic acid (R)-convolutamydine E (R)-convolutamydine B

94% yield, 92% ee

o) (0]
N _\\1/ N _\’/

N-S 209

N=S_ 209 /
e ESY

c R R Steric effects
(c) Br \\O(R) QR /Br
o) o
NH HN
Br

Br
anti-trans- TS syn-trans- TS

Scheme 3.25: (a) Enantioselective synthesis &)-cénvolutamydine B and E usingN-(2-
thenylsulfonyl)prolinamide cataly209 (b) Enantioselective synthesis d®){convolutamydine B & E using
catalyst209. (c) Proposed transition states favouring Reproduct:®

In 2008, Tomasinet al. conducted detailed mechanistic investigations th® §)-proline
catalysed reactions of isatin and 4,6-dibromoisatiith acetone using DFT calculatioffs.
DFT results for the isatin reaction with acetonedoiced two low energy transition states
anti-S-cis and anti-R-trans, consistent with the experimental formation of {8-product
(Figure 3.15). However, the energy gap betweerethgs transition states predicted a higher

preference for the§-product than the experimental finding and thifedence was initially
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suggested to be due to solvation effects decredisengnergy difference between the states in
solution. Calculations suggested that oxazolidinotermediates, steric interactions, dipole
moment and charge distribution had no effect oretientioselectivity of the reaction. Further
analysis showed that the bonds in #m-S-cis andanti-R-trans states were equivalent but a
greater degree of proton transfer from the carboxatid to the forming alkoxide ion in the

lower energy transition statarti-S-cis) was observed.

They also found that water preferentially formedatids to the outside lone pair electrons of
the ketone carbonyl group. This H-bonding avoid$awourable electrostatic interactions
between the electronegative amide oxygen and praterboxylic acid oxygen and also
creates a structure which only needs to rotatekelis® around the H-bond to give a
conformation similar to the lowest energuti-S-cis transition state (Figure 3.15). A large
rotation anticlockwise and through a higher energgformation would lead to the second
lowest transition statanti-R-trans. These results explained the preferential fornmatbthe

(9-product in the §-proline catalysed reaction of isatin with acetanth water as additive.

0
2o
® H
H O NTN0 Onl
Hw0®
o
N N

H H
anti-R-trans

anti-S-cis

Figure 3.15: Newman projections showing the twodstrenergy transition states proposed by Tomasised
on calculations on the reaction of isatin with acet*

In 2009, Tomasingt al. further studied the effects of water on tR-groline and prolinamide
catalysed reaction of acetone with isdfihlnitial results showed that when too little or too
much water was used as additive in tRegroline or the previously successful dipeptis
catalysed reaction, the ee of product decre38dd. the case of both reactions, the authors
defined an optimum level of water and found a snmaitease in ee as the reaction proceeded
which was attributed to the formation of diasteredmcomplexes between the catalyst and
the aldol adduct product, a process which was hsérved in the presence of large excess of
water or solvent. Overall, the effects of waterevekplained by including water molecules in

DFT calculations of transition states. These caloths showed that a water molecule could
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either actively or passively participate in thens@ion state (Figure 3.16) and calculations
suggested there was a larger energy gap betwedtydnated diastereomeric transition states
than the unhydrated states. A number of the lowastgy transition states were also more
stable in the presence of water, producing a higteerand shorter reaction time in wet

conditions.

H p

D H- -« a
£ [ d—coon oo
}\ ] H

y o
/ N
o H
N

Figure 3.16: Proposed water/isatin hydrogen borstedtures where a and p represent a H-bondindasitine
acid group of acetones)-proline enamine where water may actively or paggiparticipate.

In 2009 and 2010, two groups independently invagtig the reaction of acetaldehyde with a
range of isatin derivatives using 4-hydroxydiarypral catalyst210 to produce important
intermediates for 3-hydroxyalkaloid synthe¥%*** Hayashiet al. used catalys210 in the
reaction of isatin derivatives with acetaldehydgitdd the product in high enantioselectivities
in excess of 82% (entries 1-4, Table 3.¥8)Yuanet al. also used a wide range of isatins with
acetaldehyde in the 210 catalysed aldol reactiahda obtained successful results without
the need for an acid additi¥& In this work, they obtained products in good yieldd ee
values of the order 80-99% arf@){Convolutamydine E in 97% ee (entry 6, Table 3.They
also reported the synthesis 8){Convolutamydine B in 50% yield and 97% ee.

Table 3.15: Reaction of isatin and isatin derivegiwith ketones using a number of proline derivetdlgsts.

R o) RHO :J
/@f/gio . NaBH, reduction mo
R \
R Nﬁ( MeOH Y
Isatin . . ]
Entry substrate Conditions Yield | ee| Config
1328 R=H;Y=Bn 55 | 85| R
322 - - —
2 R=H Y=H 30 mol% catalyst, 20 mol% CIGBO,H, 4°C, 48 hours. <5
3323 R=H, Y = CHOTIPS Followed by NaBH reduction 73 | 85| R
42 | R=Br,Y=CHOTIPS 8 | 82| S
324 — —
5 R=HY=H 0.5 mL DME, 20 mol% catalyst, -20°C, 72 hours. Baled by | 2> | 75| R
G324 R=BrY=H NaBH, reduction 73 97 R
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3.6 Conclusions

This Chapter has detailed a selection of proling ioline derivatised organocatalysts in the
intermolecular ketone:aldehyde and ketone:ketordolateaction. In addition, several
examples of the useful application of these reasttowards natural products have been given
such as enantioselective oxindole synthesis. Chaptavill describe experimental work
involving the application of novel pyrrolidine baseorganocatalysts with a focus on

enantioselective synthesis of oxindoles.
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4 Chapter 4

Screening of SimpleN-aryl and N-heteroaryl Pyrrolidine Amide
Organocatalysts for the Enantioselective Aldol Redon of Acetone with

Isatin.
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4.1 Background

As discussed previously, the synthesis of enantimaley pure compounds is a significant
challenge for the organic chemist. Enantiomersedifinly in spatial orientation of atoms
around a chiral centre while mainly possessing tideh physical and chemical
properties??? One of the most efficient and widely used techeimior enantioselective
synthesis is chiral catalysisThe vast growth in the area of organocatalysisnpted the
experimental work described in this Chapter whmtuses on the development of novel chiral
organocatalysts employing suitable characterisifcsupramolecular binding systems for the

highly useful aldol reaction towards natural pradueas considered.

Compounds based on the indole substructure appeamany natural products and drug
molecules. For example, oxindoles, which possesslzonyl group at the 2-position of the 5-
membered ring and a quaternary carbon centre a&-psition of this ring (Figure 4.1) are
present in many biologically active alkaloids arfiapnacological agent§*>%® Structure-
Activity Relationships have shown the substitutattern and absolute configuration at the

C-3 position of these compounds control their ljaal activities™*

creating a need to
develop methods towards their stereoselective egighThe work described in this Chapter
focuses on the aldol addition of ketones to sulistit and unsubstituted isatins towards these

important biological compound&?3*®

)
Br

H R
N S
HO HsC, H., _ \—SMe
R R/ “H SCH, NH °
o] N Y% HO, HO,

N *
Br H N [¢] o o

¢ = -wOH N N

Convolutamydine A-E CH; R=

A: R =CH,COCH3 R= —OH dioxibrassinine 3-cycloalkanone-3-hydroxy-
B: R = CH,CH,CI maremycin 2-oxindoles

C:R=CHj,

D: R = CH=CH,

E: R = CH,CH,OH

Figure 4.1:General structure of 3-substituted-3rbygindoline-2-one natural products.

4.1.1 Hydroxyindole Synthesis — Proline Based Catal  ysts

Isatin and isatin based molecules belong to an itapb class of 3-substituted-3-
hydroxyindolin-2-one substituted molecules whichvénaapplications as hair dyes, in the

development of colour photographic materials arbition of corrosion in some metaf®
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As described in Chapter 3, several authors havetiesalectively synthesised hydroxyindole
based molecules using proline and prolinamide baatadysts and a summary of this work is
given in (Scheme 4.ff?314318

o}
o + Catalyst
R/% )J\
H
i /O Q \_<
N HN4<_/<O
NH H 207
NH

205
Tomasini 2005 \ Tomasini 2005,  OBn
R =H; quant yield; 33% ee (S) R = H; quant yield, 73% ee (R) Chen 2007, -50°C
R = Br; 97% ee after recrystallisation R = H; 99% yield, 88% ee (S)

Scheme 4.1: Summary of literature examples of i@acif isatin and 4,6-dibromoisatin with acetofié 4318

4.1.2 Oxindoles from Non-proline Derived Organocata  lysts

The enantioselective synthesis of oxindoles thrahghaldol reaction has also been achieved
using non-proline derived H-bonding catalysts. @02, Malkov and co-workers studied the
reaction of a number of substituted and unsubstitigatins with acetone using novel amino
alcohol organocatalysts derived from leucine antingacontaining primary amino and
terminal hydroxyl group™ They produced high vyields and ee values up to 9%%he
reaction ofN-methylisatin with acetone (Scheme 4.2a). The i@aatvas thought to proceed
via equilibration of an oxazolidinone by-product whichnsumed the catalyst, avoided the
build up of a stable imine and acted as a staSkngestate (Scheme 4.2b).

X 0 > " 0
0
(@) o, I 7\ HO,,
+ HoN OH 20 mol%
X g —_— (0]

X = H or Br 30equiv  cp,cl, it 1 equivH,O X g
R=HorMe up to 95% ee
0 >7 ‘ >¥ >7
(b) >_'-_' s >* . )
)J\ + [, . N OH == / \ e HN( \OH -— HN/ \O
H,oN OH ~ HN OH = Y
2 )l\ )\ /§ 4

Oxazolidine

Scheme 4.2: (a) Reaction of isatin and isatin @¢ifles catalysed by leucindt: (b) Proposed equilibrium
between acetone and leucinol to form the oxazaidtable resting state.

The enantioselective synthesis of 3-cycloalkanogeBoxy-2-oxindoles has been reported

including the aldol reaction of isatin with cyclofamone to give a product with known anti-
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convulsant propertie8/*?° The primary-tertiary diamine based catalgdtl enhanced the

reaction with impressive results (Scheme 4.3a). cetalytic ability was ascribed to formation
of a hydrophobic cavity by the catalyst aromatiougr in an aqueous medium with TFA as
additive facilitating the reaction within the cleftields of up to 90%, ee values up to 98% of
(9-product and dr up to 97:8n:anti were achieved in water, slightly inferior to DMF.
Recently, Cheret al. reported a number of carbohydrate derived aminohall catalysts for

the asymmetric reaction of isatin with acetone &Beh 4.3bf?’ They observed a high

dependence on solvent with optimum results in,@K (91% vyield; 67% ee) but racemic
product in MeOH. Their catalysts were not signifitp affected by a protecting group on
isatin but obtained greater yields and enantiosiglexs for isatin substrates with electron

withdrawing substituents.

@ﬁg: TFA, it b
DMF or H,O

In H,0: 90% y|eld 97:3 syn:anti, 97% ee

Ph\( In DMF: 92% yleld 99:1 syn:anti, >99% ee
o D
o]
b) o + )l\ 212 NHz
N 10 mol%, CH,Cly, 0°C

91% yleld 67% ee

Scheme 4.3: (a) Reaction of cyclohexanone withrisating primary-tertiary diamine catalyat1 conducted by
Rajet al.*'" (b) Successful carbohydrate derived amino alcohtalyst212reported by Chen et 4’

Recently in 2011, Wangt al. reported the first enantioselective synthesis iofogically
important 3-hydroxy-phospho substituted oxindol@®ugh the reaction of isatin derivatives
with phospho-nucleophile® The authors incorporated a tertiary amino grougp laydroxyl
or thiourea functionality into the scaffold of anchona alkaloid to activate the phosphate and
isatin through H-bonding. A quinine derived catal®$3 gave 99% yield and 67% ee under
optimised conditions in the reaction of 1-methylisavith diphenyl phosphate (Scheme 4.4).
A transition state based on a ternary complex betwthe catalyst, 1-methylisatin and
diphenyl phosphite was proposed (Scheme 4.4). Ehnieonyl group in 1-methylisatin was
activated by H-bonding to the catalyst OH and thegphite hydrogen was activated through
a separate H-bonding effect with the tertiary amBynergistic cooperation allowed attack of
the phosphite group on 1-methylisatin.
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OO Ry Ho_ P(O)(OPH),

9 o
=7N Oy N

) 2 99 |
O + H-P-OPh \ \ R,
N : 20 mol% 213 : o)

R OPh b IQ .+ upto99% yield
v o F to 67%
1 equiv 2 equiv 0°C, CHCl; O=P-oph 62N up to 7% ee

\

PhO optical rotation (+) in most cases

Scheme 4.4: Reaction of diphenyl phosphite withsstiied isatins catalysed by quinine based cat&alys
studied by Wangt al.**® Proposed transition state model also shown.

4.1.3 Baylis-Hillman Reaction of Isatin Derivatives

The previous section described the organocatatytamtioselective synthesis of 3-substituted-
3-hydroxy-2-oxindoles through addition of carbormgmpounds to isatins. An alternative
synthetic route to these compounds involves theitit@aylis-Hillman reaction, a reaction
which was reviewed in detail in Chapter 2. The a@hwariant of this reaction has been
extensively examined using either chiral amineauoe phosphine catalysts. In general,
aldehyde or imine electrophiles are used in thectien; however in 2002, Gardes al.
reported that the isatin keto-carbonyl carbonhat 3-position was sufficiently electrophilic
for the Morita-Baylis-Hillman (MBH) reaction with caylate esters or acryonitrifé®
Following this report, Shanmugarat al. developed a synthetic protocol towards 2-
spirocyclopropane-2-indolones, biologically actigempounds and also important starting
materials for alkaloid synthesis"

A number of groups reported the successful appbicabf g-isocupreidine214 in the
asymmetric MBH reaction using isatin derivativ&s**23*3n 2010, Zhotet al. used acrolein
as the nucleophile to give the corresponding 3-bwyh2-oxindole in excellent
enantioselectivity (Scheme 43¥. Also in 2010, Shit al. obtained product in good yields
and ee from the using cataly&l4 in the reaction of isatin derivatives with electrdeficient
alkenes™® The most successful substrates were 1-naphthylatéemwith unsubstituted isatins
(Scheme 4.5). The proposed mechanism suggesterefhdsion between the ester group and
N-substituents of isatin disfavoured the transitsteite leading to theRj-product, producing

an excess ofgj-product.
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R R HO,II‘
o CHO 10 mol%, CH,Cl,, 96 h o
Ri N * W Ri N

R R3 up to 96% yield
2 up to 98% ee

O O R =Hor halogen
N (0} R 050 Ry=HorBn
Ro o, 3 \ HO
Z N fe) 10 mol%, CH,Cl,, 40 h, rt 3
oo 4

up to 99% yield
R, O upto96% ee

Scheme 4.5: Use @isocupreidine in Morita Baylis-Hillman reaction isfatin derivatives with acroleiff and

also with 1-naphthyl acrylate by Séial.>**

In 2011, Luet al. usedp-isocupreidine214 in the MBH reaction of isatins with acrylates to
give the products in excellent yields and enantexsiities at ambient temperatures (83%
yield, 96% ee) with protected isatifis. A mechanism was proposed where the enolate
generated by nucleophilic addition of catalys?4 to the acrylate was stabilised by
intermolecular H-bonding with the C6’-OH group. Iealing synthesis of Zwitterionid®

through aldol reaction of enolafe with isatin, the key proton transfer step wasli@ted by

the C6’-OH group which acted as a proton shuttlewahg intramolecular proton transfer

which selectively lead to isome&r (Scheme 4.6).

O R \
BnO _
214 o. O~ "OBn

A

©\/¢C008n
ﬂ] P 1
| N o Proton tranfer N OBn
N W7 980 H
OH2
N

o

C Bn

H-bonding with enolate

SEt

I
B Bn

Scheme 4.6: Proposed mechanism of MBH reactioterofoutyl acrylate withN-benzylisatin catalysed by~
isocupreidine214 as outlined by Lt al.***

4.2 Project Scope

The aldol addition of ketones to substituted ansubstituted isatins has been shown to be an
effective synthetic route towards important natyedducts such as Convolutamydines as

discussed in the previous section and in Chapt8idghificant work has been conducted by a
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number of research groups towards successful ocgtelgtic enantioselective reactions of
isatin and isatin derivatives with ketones suchaestone'31331431833%0yerg||, this has
produced varied results and there still existed eednto develop new, successful
enantioselective catalytic systems for this reactiy large number of research groups have
studied organocatalysts for the ketone:aldehydel aéhctiod?* however the inherently more
challenging ketone:ketone reaction has attracgaifgiantly less attention. This reaction has
the potential to create useful products and assaltrtevas chosen for this project with the
ultimate aim of developing novel catalysts towahidslogically interesting intermediates.
With this goal in mind, a library of catalysts wdssigned and tested in the aldol reaction of
isatin with acetone. This reaction was chosen a®del for other more complex syntheses
due to the commercial availability of the startimgterials and the challenging nature of the
ketone/ketone aldol reaction.

4.2.1 Catalyst Design

In order to design potential catalysts for the hldmction of isatin and acetone, natural
enzymatic processes were considered as optimunensystMany enzymatic processes
function through molecular recognition between emey and substrates and artificial systems
have been developed based on the enzyme-substmadel nfor example the use of
organocatalysts as enzyme mimics for the aldolti@asE where synthetic catalysts function in
a similar way to aldolase enzym@e&.In particular, it was highly desirable to draw key
information from supramolecular systems and desigialysts capable of forming suitable
non-covalent interactions with reaction intermeekat The close relationship between
supramolecular interactions and catalysis has beported® and this work endeavoured to
provide more insight on this relationship. One bt#aapplication of supramolecular
interactions in the design of chiral catalysis egst for the aldol reaction was conducted by
Gonget al. as described in Chapter8:*** The basis of their work came from Hamiltetrsl.
who found that &is-N-aminopyridyl carboxamide group could successfltigm H-bonds

with a dicarboxylic acid as illustrated for adiicid and &is-picolinamide molecul&®
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Hamilton’s initial finding led to a significant amat of work utilising the binding properties
of the N-aminopyridyl carboxamide functionality for a numlaé applications including self
assembly?® and organocatalysi€®?*! The experimental work detailed in this Chapter was
inspired by the findings of Hamilton, the constgnévolving inter-relationships between
molecular recognition, active site considerationsenzyme catalysis and organocatafysis
and also previous results detailing the succesafylication of molecular receptors as
catalysts (Chapter £§° It aimed to apply a similar strategy to the aldsiction of isatin with
acetone by designing a number of chiral amide baatadysts incorporatinly-pyridyl andN-
quinolinyl groups. It was hoped to exploit coopelly the H-bond donating and accepting
properties of such catalysts. It was envisioned e H-bond donating amide N-H group in
the catalyst would bind to and activate the is&gtone group and also possibly bind to the
isatin amide carbonyl group while the H-bond acegppyridine moiety could simultaneously
form hydrogen bonds with the isatin amide N-H grdbjgure 4.2). A cooperative effect was

expected to enhance binding effects and hence irepeaction rate and enantioselectivity.

o 7
L
N
H
\ activation by H-bond

accepting through isatin N-H

activation by H-bonding
to H-bond donor

Figure 4.2: Design considerations for use of isatiran aldol substrate (aldol acceptor).

To this end, a number of chiral amide based catalyscorporatingN-pyridyl and N-
quinolinyl groups were considered. It was decidediritially generate ‘reverse amide’
catalysts215-218incorporating methyl pyrrolidine as the chiral um order to promote
enamine formation whilst the amide H-bonding to idain substrate (Figure 4.3). This class
of catalysts is referred to as ‘reverse amides’ uthe fact that they incorporate an amide
group in the reverse order compared to a prolinanttile amide N-H group resides adjacent
to the pyrrolidine ring for ‘reverse amide’ compalsnbut is adjacent to the aryl ring for
conventional prolinamides). ‘Reverse amides’ werpeeted to be of suitable size and have
H-bond donating and accepting groups located atogpiate positions for efficient binding.
This moiety also possessed an extra degree obilgéxicompared to ‘traditional’ prolinamide
catalysts due to the GHyroup between the pyrrolidine ring and the H-bagdgroups,

potentially allowing the catalyst to orient itsaliound the substrate.
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%N Q—DN El\>—DN NH N
H H s H HONTS
215 — 216 )= 217 = NH 218
Figure 4.3: Structure of ‘reverse amide’ catalyl5-218

Various interactions between catalyst and substkai® deemed possible (Figure 4.4). One
possibility was H-bonding between the pyridine agen of the catalyst and the isatin amide
N-H group with concurrent H-bonding between thetils@mide carbonyl group and the
catalyst amide N-H group. Alternatively, anothesgible but less efficient mode of binding
involves one point H-bonding between the catalystide group and the isatin ketone
functionality (Figure 4.4). In both cases, H-borglioould activate the electrophilic isatin
ketone group and hold it in close proximity to timeoming enamine nucleophile. The
aromatic pyridine group present could also possibiyn n-n stacking interactions with the

isatin substrate, leading to enhanced enantiosatgct
EH 0O

N N
H
RN
. 0 N _\
o>
/n-n interactions
HN

Figure 4.4. Potential H-bonding interactions betwemamine modified reverse amide catalysts andnisat
Possibler-n interactions between aromatic groups also shown.

A bifunctional catalyst was also considered incoatinog a ‘reverse amide’ group and an
aminopyridine moiety separated by an achiral spaceup. Previous results obtained (see
Chapters 1 & 2) showed that an isophthalamide sséaly bound anions through H-bonding
using complementary N-H groups in a cleft-like stame. Hamilton reported the catalysis of a
phosphoryl transfer reactidfi and also a Diels alder reacttéhusing isophthaloyl derived

compounds following verification of their bindingiéity to reaction intermediates.

The bifunctional catalys218 consisted of a chiral methylpyrrolidine ring bouledone amide
unit of an isophthaloyl skeleton and a substityteddyl group bound to the other amide unit.

Isophthalamides are known to exist in trsgin-anti lowest energy conformation but adopt the
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syn-syn conformation in the presence of an anionic gueshiing a cleft-like structure for
binding and in this case could bind to one or lattbonyl groups® This could activate isatin
towards attack and hold it close to the enaminethan pyrrolidine ring with possible
cooperative additional interactions between thedgymitrogen and isatin amide N-H group
(Figure 4.5).

Figure 4.5: Proposed binding of bifunctional enaemimodified catalys218to isatin.

4.2.2 Development of Synthetic Protocol

The common intermediate for the synthesis of tlevérse amide’ catalysts was the
protected methyl pyrrolidine amin219 (Scheme 4.7) and two possible routes for this
synthesis from$)-proline were identified from several publishedites®*"*One procedure
conducted by Adolfssoet al.**" involved a five step reaction starting fraxaBoc-proline
(Scheme 4.7). However, this method was deemed tongeconsuming, relatively inefficient
and produced a low yield of amine prodett.

G, 22 Dy, 2 Ot G T 0

OH  THF N ~ OH pyridine OTS Na N NH,
Boc G-t Boc 0°C 64°C 75°C Boc 219

Scheme 4.7: Synthetic route towards methyl pyriméicamine219 conducted by Adolfssoet al.**’

An alternative more efficient methodology was atemsidered. Wanet al. synthesised the
Cbz-protected methyl pyrrolidine amine startingniradhe commercially availableS)-2-
carbamoyl-1N-Cbz-pyrrolidine via a selective reduction reactfSfi based on a method
previously reported by Brown and Curr¥fiThe amide reduction step used borane-THF as
reducing agent without loss of the carbamoyl ptatgcgroup (Scheme 4.8). However, Cbz
removal can prove troublesome at the end of thehsyin sequence. The possibility of
adapting the procedure to use the easily attaclaitleemovable, Boc group in place of the

CBz group was considered as part of an overallraette the amin&*
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N NH,  THF N NH,

Cbz reflux, 7 h Cbz

Scheme 4.8: Reaction towards methyl pyrrolidinerantiy borane reduction of Cbz-protected prolinasiide

Traditionally, amide reduction using Borane-THFaiscompanied by a strong acid product
work-up in order to cleave the intermediate Borangne complex but a modification of this
procedure was essential to retain the acid labile protecting group?? This involved the
addition of chilled methanol to a cooled solutidnr@action mixture followed by heating to
reflux for 1 hour’®® In this way, the borane amine complex was brokerdmplexation to
methanol leading to formation of trimethylborateinethylborate forms an azeotrope with
methanol with evaporation of the salt at approxetya®0°Cin vacuo (Scheme 4.9).
O Boc,0 O GICOOE, THF o
El\ll_?—./<0|4| CHZZCIZ,rt ESE:(OH (I)E;SCN-’:H& Erﬁ:(NHz

‘ BH3-THF, THF

0°C - reflux
_CH,
D Gl SN [
- _
0" \OI * 'I%loc NH, azeotrope Boc N-H
CH, 219 distillation H BH;
azeotrope Borane-amine complex

Scheme 4.9: Synthetic protocol undertaken includeduction of amide to methyl pyrrolidine ami29 using
Borane-THF followed by azeotrope distillation teale the borane-amine complex.

4.2.3 Methyl-Pyrrolidine Catalyst Synthesis

The complete synthetic route MBoc protected methyl-pyrrolidine amir249 involved an
initial N-Boc-protection ofL-proline using Boc-anhydride (Scheme 4.10) in acedure
detailed by Changt al.*>** This reaction mixture was stirred in dichlorometador 48 hours.
N-Boc-protected proline was obtained in 99% yieldeafextractive work-up and flash
chromatography and its identity was confirmed by -&8, LC-MS and ‘H NMR
spectroscopy. Theert-butyl signal integrating for 9 protons at approately 1.45 ppm and
loss of the N-H signal from thi#d NMR confirmed the presence of the Boc protectingup
on the secondary amine. Additionally, fragmentatadnthe molecular ion (m/z 215) was
observed by GC-MS via loss of thtert-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 Migtty type rearrangement, a common
fragment for Boc groups (Scheme 4.3%).

O

0 O
mo (Boc),0 m CICOOE, THF m N OH
—_— —_—
N NH )
2 HO/\§

N OH  CH,Cl, rt, 72h, 99% N OH  EtN,NHg \
H Boc 16h, 0°C - rt, 70%  Boc miz 160
99% yield Boc-170

McLafferty peak of
N-Boc-proline

Scheme 4.10: Synthesis of Boc-proline and subseqattyl chloroformate coupling to form, Bd&Q
McLafferty fragment ion of Boc-proline also shown.

Boc-proline was subsequently converted into theesmonding primary amide Bdc20
through ethyl chloroformate couplif§ with ammonia in THF (Scheme 4.10). Following
extractive work-up and purification by flash chrdography, the white solid product amide
was isolated in 70% yield. The identity of the prodwas confirmed by GC-MS, LC-MS and
'H NMR spectroscopy with evidence of amide rotatdserved by broad N-H peaks between
5.4-6.9 ppm imH NMR spectroscopy observed dueds andtrans isomers as previously
reported®® Additionally, t-Bu protons were observed at 1.46 ppm and all cheriaation data
corresponded to previous literature synthesis &f tompound?® This amide displayed
similar fragmentation patterns to Boc-proline by -GS with McLafferty rearrangement of
the Boc group producing an ion at m/z 159 and #ekmt m/z 115 corresponded to loss of

the Boc group from the molecui¥&'

As discussed earlier, the reduction step was sulesd#ly necessary to convert the amide
group to an amine, a reaction which proved to lgentlost challenging step of the synthetic
sequence. In particular, hydrolysis of borane ansdd initially proved difficult. The
reduction was eventually achieved using 4 equitaleh 1M solution of borane in THF.
Initially, the reaction was cooled to 0°C for 2 heustirred at room temperature for 24 hours
and heated gently to approximately 50 °C for a nemdd hours with the progression of the
reduction monitored by GC-MS and LC-MS. Reactiametiwas a critical factor for the
success of this reaction due to the formation d@fyproduct with m/z 384 with increasing
reaction times and temperatures which was tentgtigentified to be a dimer complex of the

amine product by high resolution mass spectromeltyis was minimised using mild
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conditions and use of reaction time not exceeditgp@s at 50 °C despite the presence of a

fraction of unreacted amide at this reaction time.

O_/(O BH3-THF
—_—

EOC NH,  THF,
Boc-170 0°C - reflux

N N—H

—_—
AN azeotropic N
Boc |/ gy NH,

distillation Boc
Boc-219

Diastereotopic
O_.\ ] MeOH DJ(H protons
3

Borane-amine complex

Scheme 4.11: Reduction of Boc-prolinamide to itsree counterpart Bo219using BR-THF.

After the 6 hour reaction time, the mixture wasmghed with methanol at 0°C and stirred for
1 hour, heated to 50°C for 1 hour after solventaeahin vacuo. This step was repeated in
order to eliminate the borate salts by azeotroptilldtion (Scheme 4.18° This Boc
protected amine was used without further purifmatidue to the difficulties with
chromatographic purification. The amine B&t9 was estimated as approximately 66% pure
based on relative peak areas of the product versustarting Bo&d70 by GC-MS. Mass
spectral evidence along with NMR spectroscopic atterisation of the crude product
confirmed the presence of the amine product; sipatif evidence of diastereotopic
methylene protons from 2.6-2.7 ppm and 3.3-3.5 mprthe '"H NMR spectrum due to the
reduction of the carbonyl group verified the susce$ the reaction. Mass spectral data
showed the molecular ion (MHat m/z 201 and a McLafferty fragment ion at mab3*

Oﬁ EDCI, DMAP m O TFA, CH,Cl,
N NH N HN
Boc 12O CHxClrt6h g, J<Ar rt, 2h, 85 - 96% -

36 - 62%
Boc-219 HO/U\ ° 217

Catalyst | Ar % Yield Boc protected | % Yield over 2 seps @p)
215 | 2-Py 45 43 (+27.6, CIEl,)
216 | 6-Me-2-Py 36 32 (+26.6, GiAly)
217 3-Py 62 53 (+22.6, CiLl,)

Scheme 4.12: Coupling of methyl pyrrolidine aminecR19 to pyridine carboxylic acids and Boc-deprotection
to give215-217

This amineBoc-219 was an important intermediate for the synthesieawfh of the ‘reverse

amide’ catalysts. In each case, the required awcatiyst was formed by EDCI coupling of
the amine with the appropriate pyridine-carboxyad. The Boc-protected ‘reverse amide’
catalysts 215-217 were obtained in moderate vyields (up to 65% Yyiefd)lowing

chromatographic purification (Scheme 4.12). Striadtaonfirmation was carried out by NMR
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spectroscopy and LC-MS. LC-MS analysis producedtidal results for Bo@15 and Boc-
217 as expected with both the Na adducts at m/z 328tlam MH ion detected at m/z 306
with McLafferty rearrangement and cleavage of tlee§roup also observed while GC-MS
produced the Mion at m/z 320 for Bo@16 *H NMR spectroscopic evidence for the identity
of the compounds included amide N-H peaks in theyeaof 8.2-8.8 ppm along with the
relevant pyridyl and aliphatic pyrrolidine ring &a Boc215 and Boc216 possessed very
similar '"H NMR spectra with an additional methyl group &&ppm present in the case of
the latter. The aromatic NMR spectroscopic resoesaraf Boc217 were altered due to the
different substitution of the pyridyl ring with threain difference being the H-2 signal at 9.08
ppm,ortho to the amide group and pyridine nitrogen in tmg ri

Boc-deprotection was conducted by adding triflucet acid to a chilled solution of the
protected catalyst in dichloromethane and stiraigjoom temperature for 2 hours. After
removal of solvent and TFA salis vacuo, the residue was dissolved in dichloromethane,
neutralized with NaOH, extracted with dichlorometbaand dried with MgS©Oto give the
‘reverse amide’ catalysts in moderate yields owath lsteps (Scheme 4.12). The purity and

structures were confirmed usiftg & **C NMR spectroscopy and GC-MS or LC-MS.

Table 4.1: List of HMQC correlations and & **C NMR spectroscopic peak assignment8 15

Catalyst Structure | *C NMR 6 (ppm) H NMR & (ppm) Assignment

-y 1485 8.56 (dJ = 4.58 Hz, 1H)| C-6 & H6

5'%N 0 1374 7.81-7.87 (m, 1H) C-4&H-4

H v i ) 126.6 7.39-7.44 (m, 1H) C5&H5
\—/ 1225 8.18 () =839 Hz, 1H)| C3&H3

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 ®-3

41.0 3.31-3.49 (m, br, 2H) CONHHZ

The 2°C and'H NMR signals of215 and 217 were assigned through DEPT and HMQC
experiments (Table 4.1 & Table 4.2) as well as C@Rperiments to aid peak assignment in
'H NMR spectroscopy (Table 4.3). Catalyst 216 waaratterised using similar these
technigues and showed an extra methyl group segriab3 ppm and one less aromatic proton
compared to cataly@15. In the cases of catalys?d5 & 217, purification of the deprotected
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catalyst was achieved by preparative TLC in 100%yleacetate. High resolution mass

spectral analysis confirmed the approporiate’NtHeach case.

Table 4.2: List of HMQC correlations afd & **C NMR spectropscoic resonance assignmensd af

Catalyst Structure 3C NMR & (ppm) H NMR & (ppm) Assignment
o2 , 151.9 8.61 (dd) = 3.05 & 1.53 Hz, 1H) C-6 & H-6
5.%N 0 148.3 8.99 (dJ = 1.53 Hz, 1H) C2&H-2
H Y, { 5 1353 8.05-8.09 (m, 1H) C-4&H-4
N=/ 1233 7.27-7.30 (m, 1H) C5&H5
59.0 3.31-3.72 (m, 1H) C-2' & H-2
42.1 3.31-3.72 (m, 2H) CONH{#g,
24.7,28.4 1.50-2.05 (m, 4H) C-4'"&H-4;,C-3&B)

Table 4.3: COSY interactions @f.7.

Catalyst Structure Proton & (ppm) Correlated With & (ppm) Correlated With
‘fyﬂ . H-5 7.27-7.20 (m, 1H)|  8.05-8.09 (m, 1H) & 8.61 (dd; H-4 & H-6
5 N HN ) 3.05 & 1.53 Hz, 1H)
VAR CONH-CH, 3.40 (m, 1H) 3.70 (m, 1H) CONBH,
N_G

In all cases forr15-217in the'H NMR spectra, the presence of diastereotopic nietiey
protons from approximately 3.3 — 3.7 ppm for theN®{ZH- group and 1.3 — 2.1 ppm for the
ring diastereotopic protons (H-3’) along with thgrpelidine N-H, amide N-H and pyridyl
signals confirmed the reverse amide structure. *Fh&IMR spectra of all catalysts differed
from their Boc-protected forms only by the substin of the tert-butyl signal for the
secondary amine proton.

A number of additional steps were necessary tohsgme the pyridine-carboxylic acid
portion of the bifunctional cataly&19 (Scheme 4.13). The methyl pyrrolidine amine portion
was synthesised as described previously in Schebnd e acid portion was synthesised in 2
steps using an initial EDCI coupling of 2-aminoi6ghine with mono-methyl isophthalate
(Scheme 4.13). The corresponding ester prod2fl was obtained in 97% vyield after
purification by flash chromatography. The structanel purity of this bifunctional ester/amide
intermediate was confirmed B and®*C NMR spectroscopy and LC-MS. In the casétbf

NMR, two separate sets of signals correspondingramnatic and pyridyl protons, the amide
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N-H signal at 8.63 ppm and ester methoxy proton8.95 ppm were identified. LC-MS
showed the MHion at m/z 271.

O@Yo EOC1 DVAP o§©\f0 NaOH, MeOH O&o
_EDLL DVIAE _ e VER

CH,Cl, OMe N x 4h, rt OH N
OMe  OH 16 1t H 96% H-
97% 20 Nz 20

Py e G

TFA, CH,Cl, Boc

o
o o
N, N EELLEA Rl A S
H o HOYTS t, 82% LNV NN EDCI, DMAP
H N~ | GH,Cly, rt, 16h
NT N-Boc N~ 64%
218

Boc-218

Scheme 4.13: Synthesis of ‘reverse amide’ bifuneticatalys18

Subsequent ester hydrolysis 220 using NaOH in methanol yielded the acid intermexdiat

220ain 96% yield as a white solid. TH&! NMR spectrum showed the loss of methoxy
signals at 3.95 ppm compared to ef20 and FTIR analysis showed a broad OH signal
consistent with carboxylic acid formation. AlH NMR spectroscopic resonances were
assigned with the aid of COSY analysis (Table 4.6-MS showed a molecular ion at m/z

257 (MH")

Table 4.4: COSY data and associalddNMR spectroscopic resonance assignments for20d

Structure Protons & (ppm) Correlated with & (ppm) Correlated
with
By H-5 7.62 (app 1) 8.11 (d,=7.63Hz, 1H) & 8.26 (A1=7.63Hz, | H-4,H-6
o) y o . 1H)
HO H’N\N@"' H-4' 7.85 (app 1) 8.04 (d1=8.39 Hz, 1H) 7.85 (appd~=8.39 Hz, | H-3',H-5'
’ 1H)

This acid220awas coupled with the chiral methylpyrrolidine amiBoc219to give the Boc-
protected bifunctional catalyst B&3¥8 in 64% vyield as a colourless oil following
chromatographic purification. Boc-deprotection gsifFA produced the catalyst in 48%
overall yield over the four steps and its structwas confirmed throughH & *C NMR
spectroscopy and LC-MS. THE & *C NMR spectroscopic resonances of this catalysewer
assigned based on analysis '8¢, HMQC and DEPT experiments (Table 4.5 NMR
analysis identified key diastereotopic protons C@¥H from 3.37 — 3.68 ppm, H-3” from
1.35 - 1.70 ppm and 1.85 — 2.12 ppm. In additiothé&se, the catalyst contained two sets of
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aromatic signals including one set of pyridyl ripgptons, two amide N-H signals at 8.89 and
6.08 ppm and a CHsignal at 2.30 ppm which were all used to verlg success of the
coupling reaction and deprotection. LC-MS analgsiswed the protonated parent iom#z
339 and High Resolution Mass Spectroscopy furtthentified the product.

Table 4.5: List of HMQC correlations and assignm&itH & *C NMR spectroscopic resonances 2a6.

Structure 13C NMR & (ppm) H NMR & (ppm) Assignment
. 5 . 138.8 7.48-7.54 (m, 1H) C-5&H-5
o 0o 131.0&131.2 7.87-7.93 (m, 2H) C-6 & H-6; C-3' &3
NH TN, 1291 7.29-7.34 (m, 1H) C4&H&
\ éNH b @5' 126.0 834 (s, 1H) C2&H2
P 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”
415 3.37-3.68, (m, 2H) CONHH;
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
24.1 1.70-2.02 (m, 2H) C-4" & H-4"
23.9 230 (s, 3H) Ar-CH

4.2.4 Catalytic Performance of Methylpyrrolidine Ca

As a control catalyst,Sj-proline was tested at 10 mol% loading at roomperature in the
aldol reaction of isatin with acetone in order &velop chiral HPLC conditions and replicate
published result3'® The expected product was synthesised in quanttsteld after 16 hours
with 25% ee of the)-product, consistent with previous results (Scheiig)3!3314318The
ee was determined on the crude reaction mixturegushiral HPLC with a Chiralpak AD-H
column and isocratic elution consisting of 70:3&dree:iso-propanol with UV detection at
254 nm. The 3-substituted-3-hydroxy-indolin-2-om@aation producR08 was isolated after
removal of solvenin vacuo and purification by flash chromatography. The pridwas
verified by LC-MS where its Na-adduct was found wlamalysed in positive mode (m/z 228)
and also by NMR spectroscopy with ftd & **C NMR signals corresponding to previous

reports (Table 4.6}:***® The presence of diastereotopic methyl&HeNMR spectroscopic
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resonances at 3.36 and 3.15 ppm and methyl pedk84ippm confirmed the aldol reaction
had successfully occurred.

O

o} N OH
H
o + /[K
N
(:ﬁmg: -20°C,16 h H 208

95% vyield, 24% ee (S)

Scheme 4.14: Reaction of isatin with acetone cs¢a\oy §)-proline.

Table 4.6: List of HMQC correlations and assignmefitH & **C NMR spectroscopic resonances for product of
reaction of isatin with acetone.

Structure BC NMR & (ppm) 'H NMR & (ppm) Assignment
0o 1235 7.29 (dJ = 7.33 Hz, 1H) C-4 &H-4
4 HO, 1294 7.21 (dt)J=7.63 & 1.53 Hz, 1H) C-6 & H-6
Z N 9 122.1 6.98 (t) = 7.63 Hz, 1H) C-5&H-5
7 H 109.9 6.86 (m, 1H) C-7 & H-7
49.8 3.36 (dJ=16.78 Hz, 1H,) & 3.15 (d1 = 16.78 Hz, 1H) CH
29.3 2.04 (s, 3H) CH

The ‘reverse amide’ catalyst15218 (Figure 4.1) were tested in the aldol reactionsatin
with acetone under a variety of conditions inclgditemperature, catalyst loading and
additive. All reactions were monitored by TLC an®lEC and reactions were stopped once
the reaction was deemed to be at or near compléliom ee of product was obtained on the
crude reaction mixture and also on the purifieddpod and no obvious differences were
observed, contrary to some previous contradicteports of enantiomeric enrichméfitand

partial racemisatioi* during chromatographic purification.

Catalyst215 was tested using 10 mol% catalyst loading at reemperature and at -20 °C
with the use of acetic acid (AcOH) as an aldol tdelialso investigated. The effect of added
AcOH was investigated at room temperature and -28A@ in all cases, a high yield of
product was obtained with reaction times varyingfrl5 to 60 hours. The use of AcOH
additive resulted in a 75% reduction in reactionets, presumably due to the enhanced rate of
enamine formation in the presence of AcOH. Howeatrpom temperature the ee reduced by
4% through use of 20 mol% AcOH additive while a& tbwer temperature (-20 °C), a 4%

improvement to 30% ee was observed (entries 3 &dhle 4.7) with the K)-enantiomer
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favoured in all cases. The configuration of thedoicd was assigned through comparison of

reports using the same HPLC chiral phd¥e4®and specific optical rotation data.

Table 4.7: Reaction of isatin with acetone catalydy ‘reverse amide’ catalyf215 under a number of

conditions. Performance abfproline also shown.
o]

HO /Z{

o
(0] . (R
o " )]\ Catalyst, add|t{ve, o
N temperature, time H
H

. . b
Entry Catalyst E(?;?j% Sgt Solvent | Additive T(?crr:])p T(lhm)e Y('(?Al) ()j e€ (%) | Config
1 [9)
OH

NH 10 Acetone - Rt 16 95 24 S

2 Oﬂ 0 10 Acetone - Rt 44 85 22 R
N HN

3 H Jg/:> 10 Acetone | AcOH Rt 16.5 70 18 R

25 N\
4 — 10 Acetone - -20 63 95 26 R
5 10 Acetone | AcOH -20 15 98 30 R

All reactions were conducted with 0.3 mmol of isatind 2 mL of acetone. In cases where additive was
employed, 20 mol% AcOH was used. TLC and HPLC wesed to monitor the progression of reactitsolated
yield. “Determined by chiral HPLC.

The presence of an electron donating methyl grdughea 6-position of the pyridyl ring in
catalyst 216 was expected to release electron density to thélipg nitrogen and was
therefore expected to enhance its H-bond acceptiogerties. Cataly216 was testedavith a

10 mol% loading with and without a number of addis favouring theR)-product in all
cases. Use of 20 mol% AcOH additive gave a moreesstul result compared to no additive,
32% ee of R)-product after 18 hours at -20°C compared to 18%vken no additive was used
(entry 1 vs 6, Table 4.8). A number of acids inahgdTFA, p-toluenesulfonic acid and
benzoic acid were subsequently tested and AcOH faasd to be the most successful
additive for this catalyst. In addition, the congation of acetone was found to have a
negligible affect on yield and only a slight redantin 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 additivehie216 catalysed aldol reaction of isatin with acetone..

HO, =

(6]
O B
(0] ” \(R)
o + )k Catalyst, addm.ve, o
N temperature, time H
H

Entry Catalyst E;‘;‘Zli)r/] Sg Solvent | Additive T((fgp T(ihm)e Y(i(;i;jb e€ (%) | Config
1 %N o 10 Acetone - Rt 15 Quant 19 R
2 H e I\ 10 Acetone | AcOH Rt 15 93 20 R
3 N_ 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 1C Acetone | AcOH 2C 18 9E 32 R
7 10 Acetone | AcOH -20 11 93 31 R
g° 10 Acetone AcOH -2C 11 97 31 R

°All reactions were conducted with 0.3 mmol of isatind 2 mL of acetone. In cases where additive was
employed, 20 mol% of additive was used. TLC and BRiere used to monitor the progression of reaction
®|solated yield°Determined by chiral HPLC0.6 mL acetone usefD.3 mL acetone used.

The ‘reverse amide’ cataly&l7 derived from pyridine-3-carboxylic acid (nicotingcid)
coupled to the pyrrolidine ring was subsequentbte@. Upon initial study, the extremely
active catalyst brought the reaction to completfierr approximately 6 hours at -20 °C with a
disappointing ee of less than 10% ee Rf-groduct. In systems using no additive at room
temperature and using AcOH at -20°C, a slight exaéghe §)-product was obtained but in
general, the reaction was almost racemic (entribs Tlable 4.9). Several experiments were
undertaken in an attempt to improve the enantioteity of the 217 catalysed reaction of
isatin with acetone including the variation of saits, temperatures, additives, catalyst
loading and concentrations. The use of water aadditive was investigated due to previous
reports of its ability to enhance the ee of alég@ations including the aldol reaction of isatin
with acetoné™® For the solvent study, a wide range of solvenaritiés was studied including
non-polar hexane and toluene and also polar s@wamnth as DMF, dioxane and brine. The
(9-enantiomer was consistently preferentially formadtoluene co-solvent regardless of
additive used (entries 6-8, Table 4.9) In this soty the ee values varied considerably
depending on the additive used; 7% ee without agliR.5% ee with 40 equivJ@ additive
but an encouraging 18% ee §-product was obtained through the use of 20 mot@H. In

the case of DMF, 21% ee of the){product was obtained when using either 20 mol%@WKc
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or 40 equiv HO as additive with 20 mol% catalyst loading (erstridl & 12, Table 4.9). All
other solvents tested produced inferior ee valeagriés 9, 10 & 13-15, Table 4.9), therefore

toluene and DMF were considered to be the optimlaksts for catalys?17in this reaction.

With the optimum solvents in hand (toluene to gateean excess o$)-product and DMF for
excess of R)-product), a number of other variables were medifin an attempt to further
enhance the enantioselectivity. Initially, the cemication of acetone was reduced in order to
possibly decrease the overall rate of reaction #meteby possibly impart improved
enantioselectivity. The concentration of acetone vemluced from 2 mL to 5 equiv and also 2
equiv with respect to isatin for the reaction wt mol% AcOH additive in toluene and
DMF. As expected, the reaction rates were reducediderably; in the case of DMF, a 3%
increase in ee to 24% ee &){product was obtained when 2 equiv of acetoneusas, albeit
with a low yield of 31% (entry 17, Table 4.9). Roluene, use of 5 equiv acetone gave a very
low yield of product after 284 hours and a disapping ee of 7% in favour of th&)-product
(entry 18, Table 4.9). As a result of this unacablst slow reaction using 5 equiv acetone, the

corresponding system using 2 equiv acetone in te@@s reaction medium was not tested.

Finally, reaction temperature was further reducedn attempt to increase enantioselectivity.
Reactions comprising 1 mL acetone, 20 mol% AcOH 2Manol% catalyst loading at -42°C
for DMF and also at -80°C for toluene and DMF wesgted. In the case of toluene at -80°C, a
disappointing ee of 10% in favour of th®-product was obtained while in DMF, ee values of
22% and 18% ofR)-product at -42 °C and -80 °C were obtained respalg (entries 19-21,
Table 4.9). Therefore, this catalyst was most §icamtly affected by solvent; use of non-
polar toluene solvent and the polar aprotic DMFvent produced the§ and R) isomers of

product respectively, albeit in low selectivity wath high catalytic activity.
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Table 4.9: Testing of catalygt7 under a number of conditions including varyingvealt, temperature, catalyst

loading, and concentration of acetone used. Cdialysoperties of catalyst18also presented
o)

o\

O s
(0] - (R
0 " /“\ Catalyst, addm_ve, 0
N temperature, time H
H

Entry Catalyst Ec? r:\?jli)rllsgt Solvent | Additive T(?Cr?)p T(ihm)e Y(i;l ()j ’ ("g‘/‘f) Config
(mol%)
1 EH o 10 Acetone | AcOH Rt 14 Quant 5 R
2 N HN 20 Acetone - 2C 48 Quan 7 R
3 27 {q B 20 Acetone | AcOH 20 14 Quant 7 S
4 30 Acetong H,O -2C 13 Quan 8 R
5 10 Acetone - Rt 44 84 6 S
6 20 Toluene - -20 20 80 7 S
7 20 Toluent H,O -2C 12 72 2.8 S
8 20 Toluene AcOH -2C 18 85 18 S
9 20 Hexane - -20 19 83 2 R
10 20 Hexant AcOH -2C 18 8¢ 2 S
11 20 DMF AcOH -2C 16 87 21 R
12 20 DMF HO -20 22 87 21 R
13 20 THF AcOH -2C 16 8t S
14 20 Dioxane AcOH -2C 24 9C 3 S
No
15 20 Brine AcOH -20 Reaction
16° 20 DMF AcOH -20 40 94 23 R
17 20 DMF AcOH -20 135 31 24 R
1 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
O&O
N\H H,N | N
22 éN'H e NYT; 10 Acetone - Rt 44 84 6 S

All reactions in neat acetone were conducted with mol of isatin and 2 mL of acetone unless stated
otherwise. Where the reaction was conducted inltamative solvent, 2 mL of solvent and 1 mL acetovere
used. In cases where additive was employed, 20 m@@®H or 40 equiv KO was used. TLC and HPLC were
used to monitor the progression of reacfisolated yield“Determined by chiral HPLES equivalents (0.11 mL)
acetone used?2 equivalents (0.044 mL) acetone used.

The bifunctional reverse amide based cata®ls® based on the isophthalamide substructure
was finally evaluated. This catalyst produced api®inting result of 6% ee in favour of the
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(9-product at room temperature after 44 hours readime (entry 22, Table 4.9). The poor
performance of this catalyst may have been dudédachiral binding pocket of the catalyst
being too small and inaccessible for efficient Imgd of isatin aldol intermediates.
Alternatively, the isophthalamide may have existed conformation which where binding

may have occurred at the exterior of the molecailear than in the cleft.

4.2.5 Summary of ‘Reverse Amide’ Catalyst performan  ce

Overall, disappointingly the ‘reverse amide’ pymdate catalysts proved catalytically active
but lacked a significant degree of enantioseldagtiAlthough catalyst flexibility was desired
to bind the intermediates efficiently, the flexityil of the binding cleft due to the methyl
pyrrolidine functionality may have been too great fiigh enantioselectivity. The enhanced
flexibility of the catalyst was thought to have agative impact on enantioselectivity with
similar likelihood ofRe andS attack of the enamine on the isatin ketone (Figu6. The
high catalytic activity may have been due to a \@nall degree of steric strain for enamine
attack on the isatin ketone. Also, the flexibilitiythe catalyst may have provided unrestricted
access for the isatin substrate to efficiently dmthe catalyst via H-bonding which may have
been facilitated byt-n stacking interactions between the aromatic rinigthe catalyst and
substrate. These factors combined were suggestexkpiain the high reactivity and low

enantioselectivity of these catalysts.

(S)-isomer - catalyst 217 (R)-isomer - catalyst 217

Figure 4.6: Suggested binding modes of explanaifgoor enantioselectivity of reverse amide catalysdue to
enhanced flexibility and ease of attack on bothRbandS faces of isatin ketone.

The negative effects of catalyst flexibility wereepiously observed in the aldol reaction of 4-
nitrobenzaldehyde with acetone in water conductedChimni et al.>*® They compared the

catalytic properties of a prolinamide catalyst ded from aniline with a benzyl amine derived
prolinamide. The extra flexibility associated withe latter catalyst afforded significantly

higher activity but lower enantioselectivity comgdito the more rigid aniline analogue.
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Solvation may have played a key role in the enaptéextivity of the ‘reverse amide’ catalysed
reaction with the formation of opposite enantiomerssolvents of varying polarities. The
catalyst may have existed in different conformatian non-polar versus polar solvents,
although we do not have any direct evidence of. tmsaddition, in non-polar toluene, H-
bonding effects would be enhanced due to less ctitimpesolvent binding while polar
solvents would compete with the catalyst for H-dogdto isatin, altering binding modes.
Similar reversal of enantioselectivites dependingeaaction solvent was recently reported by
Wennemerst al. for their proline dipeptide catalysts in the aldeaction of benzaldehyde
and acetone. They proposed the difference in esraets was caused by different catalyst

conformations in methanol compared to methanol/matetures®*°

4.3 Prolinamide Catalysts

With the limited success of the ‘reverse amidealyets, a series of prolinamide catalysts
derived from aminopyridines and aminoquinolines avelesigned and synthesised. While
some N-pyridyl prolinamides had previously been succdséiu ketone-aldehyd@® and

ketone-ketone aldol reactions via H-bondtAt?**none had been applied to the isatin/acetone

aldol reaction.

In 2006, Chimniet al. testedN-pyridyl prolinamide catalysts in their protonatiedm for the
aldol reaction of acetone with 4-nitrobenzaldehydewater®?® Using 20 mol% catalyst
loading, the 2- and 4-aminopyridine derivativesvaie unsuccessful while the 3-aminopyridyl
derivative showed modest success; 52% vyield afleddys to give R)-product in 31% ee
(Scheme 4.15). In 2007, Lwa al. developed asymmetric catalysts through combination
chiral N-pyridyl prolinamides and surfactant Brgnsted acuis non-covalent acid-base
interactions in watet"®> The catalyst and reaction mixture formed colloid&persions in
water, indicating the reaction occurred in micellelsing p-dodecyl benzenesulfonic acid
(DBSA) additive for the reaction of cyclohexanonghw4-nitrobenzaldehyde in water, they
observed most success for the 3- and 4- aminopydielyvatives with varying yields and ee
values depending on reaction media (Scheme 4.4%)006, Gonget al. reported the use of

N-pyridyl prolinamide catalysts for the aldol reactiof acetone witlx-keto acids and found
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that a catalyst derived from proline and 2-aminapge to be in the optimum for transition
state binding for this reaction while the 3-aminogiye variant proved ineffective (Scheme
4.15).

OH O
o
H o (R)
+ O__/(O o ON
O,N = m _ 2-apy: No reaction
N HN—Q ) or by HNO 4-apy: No reaction
N H \_\ 3-apy: 52% yield, 31% ee

0 OH O

o] or w —
o) N HN—<:/\N /@4%
H \
H
leale
O,N

2-apy: No reaction
4-apy: 92% yield, 93% 33, 94:6 anti:syn
3-apy: 92% vyield, 88% ee, 95:5 anti:syn

O OH O OH
COOMe
0 0] COOH
S A
Ph COOH 2-apy: 98% vyield, 87% ee

4-apy: Not tested
3-apy: 22% vyield, -9% ee

Scheme 4.15: Aldol reactions conducted by Chffiniuo®® and Gond’® usingN-pyridyl prolinamide catalysts.

4.3.1 Prolinamide Catalysts in Isatin/Acetone Aldol Reaction

It was postulated thatl-pyridyl prolinamide catalysts of this type may @ito isatin in a
similar way to that of th&l-pyridyl methylpyrrolidine catalystgia H-bonding. TheN-pyridyl
prolinamide catalysts contain a H-bond donatingdamN-H group, a H-bond accepting
pyridine nitrogen atom and also a chiral second@amyne ring at which enamine formation
could occur in a more rigid structure when comparedteverse amide’ catalys&l5-218
The increased rigidity may give rise to a largegrgy gap between attack by the nucleophilic
enamine on th&e andS faces of the ketone, resulting in higher enantexgality. It was also
postulated thaN-quinolinyl prolinamides could rigidify the clefufther whilst providing H-

bonding andt-n stacking effects.

Initially, catalysts221 & 222 derived from 2-aminopyridine and 2-amino-6-picelicoupled
to proline were considered. These catalysts weseiqusly found to be the most successful
catalysts for the aldol reaction afketo-acids with ketones and the mechanism of ysital
was suggested to originate from successful bindihgthe keto acid substrate to the
aminopyridine functionality and the amide grdip.This binding enhanced nucleophilic

attack by the enamine and it was hoped that sirbitegting and activation would be possible
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in the case of isatin through a combination of Hding of the catalyst amide N-H to the
ketone and amide carbonyl groups of isatin and Rdba of pyridine nitrogen to isatin
amide N-H group (Figure 4.7).

P O
o) D—/( = m _

m — YN N N—

N /§ Ho N /K W N-Y

H N o . R \ Mo N

NN RN s .

221:R=H R “ N 0 - interactions
222: R = CHj 0 Ry

Figure 4.7: Structure dfl-pyridyl prolinamide catalyst®21 & 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 synthesisedaitwo step sequence as outlined in
Scheme 4.16. The first step involved Boc protectidS)-proline and was achieved in high
yield followed by ethyl chloroformate coupling of oB-proline to the appropriate
aminopyridine (2-aminopyridine or 6-methyl-2-amiyadine). The conditions for successful
coupling required th&l-protected amino acid to be dissolved in anhydemkgent and tertiary
amine base and the ethyl chloroformate was addaghilse at 0°C over 15 minutes to form
an unsymmetrical anhydride. Following an activateniod of approximately 30 minutes, the
relevant amine was added which reacted with thgdide generated to form the Boc-amide
product. This method has been extensively usdkisynthesis of peptidé¥.

HN

o}
m _ CICOOE, THF_ TFA, CHZCIZ H N_7
N
B

{ OH N A BN Ny ", 2h, 89-90% R
Boc J|\/\/|\16h 0°C - rt, 48-73% 221;R=H
H,NT ONTOR 222; R=CH,
Catalyst | R % Yield Boc protected | % Yield over 2 stps (ap)
221 H 48 43 (-56.2, EtOACc)
222 CH; 73 66 (-40.2, EtOACc)

Scheme 4.16: Synthesis Iipyridyl prolinamide catalyst®21& 222

The reaction mixture was left to stir at 0 °C fohdur, at room temperature for 16 hours and
heated to reflux for up to 3 hours with reactionnitaring by TLC. After dilution with ethyl

acetate, the triethylamine triethylamine hydrocidlersalt by-product was filtered and the
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organic layer washed with saturated aqueous ammouwiioride, dried over MgSQOand
solvent removedn vacuo. Chromatographic purification gave Boc protecBd & 222 in
48% and 73% yields respectively. Boc-deprotecti@s wonducted using TFA in GEl, to
give theN-pyridyl prolinamide catalyst®821 & 222in good yields (Scheme 4.16).

An enhanced vyield from coupling of the 6-methyl stithted derivative222 was observed
possibly due to enhanced electron density on theeagroup (73% yield compared to 48%).
LC-MS analysis of Bo@21 & Boc-222 furnished MH ions at m/z 292 and m/z 306
respectively. Typical fragmentation of these commsuwas through the previously described
fragmentation of the Boc group via McLafferty reargement (m/z 236 & 250) and also
cleavage of the Boc group from MHon (m/z 192 & 206). Following Boc-deprotection,
catalyst221& 222 were obtained in 43% & 66% overall yields.

Table 4.10: List of HMQC correlations and assigntreffNMR spectroscopic resonances 2@r.

Structure 3C NMR 6 (ppm) "H NMR & (ppm) Assignment
”ESWO . . 148.0 8.20-8.31 (m, 2H) C6&H-6;,C-3&H-3

sy HN@S 1383 7.65-7.72 (m, 1H) C4&H4

¢ 119.7 6.99-7.04 (m, 1H) C-5&H-5

61.0 3.86-3.92 (m, 1H) C2 &H2

473 2.98-3.12 (m, 2H) C5 &H-5

30.9 1.98-2.25 (m, 2H) C3 &H-3

26.1 1.71-1.81 (m, 2H) Ca4 &H&

GC-MS analysis showed peaks at m/z 191 & 205 rdisjeée corresponding to the Mons of
221 & 222 The structure of Boc-protected and deprotectealysis were also confirmed by
'H & BC NMR spectroscopy using DEPT, HMQC and COSY expents. Detailed
assignment of signals was conducted for the degtextecatalysts and show tH221 & 222
possessed very similaH & *C NMR spectra. IfH NMR spectroscopy, aromatic protons
from the pyridyl ring appeared in the range 6.82-@@m and pyrrolidine ring protons ranged
from 1.7 — 3.9 ppm with diastereotopic H-3’ protdnem 1.95 — 2.30 ppm. In each case,
amide N-H peaks appeared in the range 10.1-10.2 gpanpyrrolidine N-H signals were
present between 1.8 & 2.4 ppm (Table 4.10 & Takld @
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Table 4.11: COSY interactions and assignmenHINMR spectroscopic resonances 2@2

Structure Protons & (ppm) Correlated with 6 (ppm) | Correlated with
AIEEBZ;-(O i H-3 | 8.04(dJ=8.2Hz, 1H)| 7.56 (0 =8.2 Hz, 1H) H-4
N HNQS H-4 | 7.56 (1J=8.2 Hz, 1H) 6.86-6.89 (m, 1H) H-5

N H-5 6.86-6.89 (m, 1H) 2.46 (s, 3H) Ar-GH
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’

Catalysts221 & 222 were tested in the reaction of isatin with acetoseng a 20 mol%
catalyst loading at room temperature without addgi as an initial trial of catalytic
performance. The 2-aminopyridine derivati221 gave 11% ee ofR)-product with a long
reaction time and its closely related methyl subtd analogu@22 gave a marginally better
result yielding 15% ee oR}-product under the same conditions (entries 1 &dhle 4.12).
These results proved disappointing as cataB®1is& 222 had previously been successful for
reaction ofa-keto acids with aceton@® This lack of success may have been due to the

relative positioning of the pyridyl and amide greugnd this was subsequently investigated.

Table 4.12: Aldol reaction of isatin with acetorsgatysed by 2-aminopyridyl based cataly224 & 222.

0
o o HO, ~/[<
G
@%:o ol 221 or 222 o
N ft, 168 h N
H

H

Entry Catalyst Catalyst Loading (mol%) | Yield® (%) | e€(%) | Config
1 Y 20 80 11 R
221 N
2 Y 20 74 15 R
N
222

aAll reactions in neat acetone were conducted wighndmol of isatin and 2 mL of acetone. TLC and HRAu€re
used to monitor the progression of reacfisolated yield“Determined by chiral HPLC.

4.3.3 Synthesis of N-Pyridyl Prolinamide Catalysts 223 & 224

Next, the effect of relative position of the pyrdyitrogen atom in the aromatic ring was
varied. The 3- and 4- substituted versionsNopyridyl prolinamides223 & 224 were

synthesised in the same manner a2f¥ & 222 using 3-aminopyridine and 4-aminopyridine
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as starting materials (Scheme 4.17). The Boc-predegersions 0223 & 224 were obtained
in 46% and 35% yields. LC-MS analysis for both Bwotected catalysts produced Midns

at m/z 292 and fragment ions at m/z 218 (fragmantaif the Boc group) and m/z 190 (loss
of Boc group). Boc-deprotection using TFA afford2®3 & 224 in 40% and 31% overall
yields over 2 steps respectively. LC-MS analysi2@28gave the MH ion at m/z 192 and GC-
MS analysis 0224 gave the Mion at m/z 191.

0

0 m =
0

CICOOE, THF D—J( —. TFA,CH,Cl, N HN@Y

= N HN{Y—» X

N ! \

X

\  OH x>y BN, NH; Boc r, 2h, 87 - 89%
Boc | 1 16h,0°C - rt, 35-46% 223X=N; Y =CH
HNT X 224X =CH;Y=N

Catalyst | X Y % Yield Boc protected | % yield over 2 $eps (@p)
223 N CH 46 40 (-65.8, CHG)
224 [CH| N 35 31 (-84.2 (CHG)

Scheme 4.17: Synthesis of 3-aminopyridine and 4apyridine derivedN-pyridyl prolinamide223 & 224.

The structure of Boc-protected and deprotectedystiss?23 & 224 were also confirmed by
NMR spectroscopy usin{H, **C, DEPT, and COSY experiments. Detailed assignmént
signals conducted for the deprotected catalystvstidhat both catalystsad similar spectra
but differences were present reflecting the diffiees in the pyridyl ring substitution pattern
of both catalysts:H NMR spectra showed aromatic protons from thedyyniing appearing in
the range 7.2 — 8.6 ppm and pyrrolidine ring preteanging from 1.7 — 3.9 ppm with
diastereotopic H-3' protons in the range of 1.9.3 Bpm. In each case, amide protons
appeared at approximately 9.9 ppm and pyrrolidifd Bignals appeared within the range of
1.7 -2.25 ppm (Table 4.13 & Table 4.14).

Table 4.13: COSY interactions attd NMR spectroscopy assignments 223

Structure Protons | & (ppm) Correlated with Correlated with
d (ppm)
s 3 0 H-2 8.59 (dJ=2.75Hz, 1H)| 8.28-8.32 (m, 1H) H-4
2' 4 5
m — H-6 8.21-8.25 (m, 1H) 7.20-7.26 (m, 1H) H-5
5N HN—@G

H >N 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, ZHP H-4’
H-4’ 1.70-1.81 (m, 2H) 1.97-2.25 (m, 2HP H-3’
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Table 4.14: COSY interactions attd NMR spectroscopy assignments &4

Structure Protons | & (ppm) Correlated with & (ppm) | Correlated with
X, 0 H-2 | 8.43-8.51(m, 2H)| 7.49-7.55 (m, 2H) 03
5'EI\IB-4HN4<jN H-2" | 3.83-3.89 (m, 1H) 1.98-2.28 (m, 2H) RCY
4 \ /" HE [ 202313 (m, 2H) 1.66-1.88 (m, 2H) ™
H-3 | 1.98-2.28 (m, 2H)| 1.68-1.88 (m, 2H) ™

4.3.4 Catalytic Studies of 223 & 224

Catalysts223 & 224 were tested in the reaction of isatin with acetaiite varying additives,
temperatures and catalyst loadings. InitigB®3 was tested using 20 mol% catalyst loading at
different temperatures in the presence and absHradditives. Interestingly, an excess of the
(9-product was formed, opposite to that observethftbe 2-aminopyridine based catalysts
221 & 222 Gratifyingly, the ee values obtained from cataB23 were of the order of 55 —
69% ee. For the reaction without additives, temjpeeahad a minor effect with a 2%
improvement in ee value upon reduction of tempeeato -20°C (entries 1 & 2, Table 4.15).
A more significant 9% improvement in ee was obtdimden 20 mol% AcOH additive was
used at -20°C (entries 2 vs 4, Table 4.15). Additd 40 mol% AcOH had no further effects
on the enantioselectivity but decreased reactitengampared to 20 mol% AcOH (entry 4 vs
5, Table 4.15).

The use of water as an aldol additive has beenestud a large number of aldehyde:ketone
aldol reactions and was also studied by Tomaesiai. in 2009 for the aldol reaction of isatin
with aceton€’® In this work, the authors found that a requirecargity of water was
beneficial when compared to reaction without agditin the work reported in this Chapter,
the use of 6.6 equiv of water gave in a small iaseein ee but the reaction rate appeared
slower when compared to the system without addivery 2 vs 6, Table 4.15). The highest
ee of 69% in favour of theSf-isomer was found at -20°C using 40 equiv of waéestry 7,
Table 4.15).
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Table 4.15: Testing of cataly823 & 224in aldol reaction of isatin with acetone.
0

HO

O %,
o) " “{(8)
o . )]\ Catalyst, additive, 0
N temperature, time H
H

Entry Catalyst Additive | Temp (°C) [ Time (h) | Yield® (%) | e€®(%) | Config
1 o - Rt 17 98 55 S
> %N—@ - 20 32 96 57 S
3 23 N —AcoH Rt 15 92 60 5
4 AcOH 20 30 95 66 S
5 AcOH? -20 37 84 66 S
6° H,0° 2C 37 76 58 S

H,0 2C 37 72 69 S

o ACOH Ri 22 95 58 S
Eﬁ”@” AcOH 2C 22 8¢9 65 S

ic 224 H,O -2C 24 87 54 S

®All reactions were conducted with 0.3 mmol of inadind 2 mL of acetone with 20 mol%2#3 or 224. In cases
where additive was employed, 20 mol% additive oedQiv HO was used unless otherwise specified. TLC and
HPLC were used to monitor the progression of readlsolated yield “Determined by chiral HPLC'40 mol%
AcOH used®6.6 equiv HO used’10 mol% catalyst employed.

The 4-aminopyridyl derivativ@24 completed the study of tid-pyridyl prolinamide catalysts
and produced good yields in reasonable reactioagtimith only slightly decreased ee values
compared td®23 Interestingly, in the case of this catalyst, 201% AcOH appeared more
successful than 40 equiw@ as an additive for the reaction (entries 8 —THRhle 4.15).

To summarise the performance of tpyridyl prolinamide catalyst®21— 224, the 4-pyridyl
derivative224 proved slightly inferior to the 3-pyridyl derivag 223 in terms of both yield
and ee in particular when,8 was used as an additive. B&R3 and224 produced an excess
of (§-product and were far superior to the 2-pyridyticigives 221 & 222 which favoured
the ®-product in low enantioselectivities in extendedaation times. Similar work
highlighting significant differences in reactivibetween the structurally similar cataly2el,
223 & 224in alternative aldol reactions has been previotsbprted. Differences appeared to
be both substrate and reaction dependant; @baly found that the 2-pyridy221 was more
successful than the 3- or 4-pyridyl derivati@22 or 223 in the aldol reaction of an-keto
acid and a keton®€® In addition, Luoet al. compared the performance 221, 223& 224in

the aldol reaction of 4-nitrobenzaldehyde with opexanone in water with the addition of a
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surfactant®® They found the 2-pyridyl derivative21 to be catalytically inactive and the 4-
pyridyl 224 more successful than the 3-pyrid323 explained by basicity and geometrical

differences.

In the case of the aldol reaction with isatin, thisrk has shown the 3-pyridyl cataly&23to

be most effective. The relative position of theigylrand amide groups appeared key to this
success possibly due to suitable spatial fit fdodthding interactions between isatin #&#8

In addition, the acidity of the amide N-H may hauayed a role in efficient catalysis. This
work further extends the scope and use of cataB&ts- 224 to the aldol reaction of isatin
with acetone. The results from this study were afected by common aldol additives such
as acid additives or water with enhancement indyi@hd/or enantioselectivity in many
cases?! In general, the inclusion of 20 mol% AcOH and asctihg the reaction at -20°C
resulted in improved yield and ee vald&s**The addition of an appropriate quantity ofH
was also effective at improving ee (entries 6-Ml&al.15), but it decreased the reaction rate

as previously observed?329%%

4.4 N-Quinolinyl Derived Prolinamide Catalysts

Following the study of theN-pyridyl prolinamide catalysts, a number of-quinolyl
prolinamide catalysts were considered in the hbpe the larger aromatic ring system might
make the catalyst cleft more rigid and enantioselec Three different N-quinolyl
prolinamides were considered which were similath®N-pyridyl prolinamides in terms of
the relative position of heteroaromatic nitroged #me amide group and were derived from 2-
aminoquinoline, 3-aminoquinoline and 8-aminoquinel{catalyst225227; Scheme 4.18).

4.4.1 N-Quinolinyl Catalyst Synthesis

Synthesis of these catalysts was achieved in tine saanner as for tHé-pyridyl prolinamide
catalysts through ethyl chloroformate coupling bé tappropriate aminoquinoline to Boc-
proline to give the Boc-protectédtquinolinyl prolinamides in variable yields; 56%r fihe 2-

aminoquinoline derivative Bo225 28% for the 3-aminoquinoline derivative B226 and
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93% for the 8-aminoquinoline analogue B#e?. As expected, LC-MS analysis of these

isomers produced ions with m/z 342 correspondirthégrotonated MHion in each case.

o
mo CICOOEL, THF mo TFA, CH,Cl, N" HN-an
_ = _reve .
N EtsN, NH, N H

\ OH \ HN-Qn rt, 2h, 79 - 90% 225: Qn = 2-aminoquinoline
Boc 16h, 0°C - rt Boc 226: Qn = 3-aminoquinoline
28-93% p HN = 227: Qn = 8-aminoquinoline
X
H N/EN\/© N /©|\/j
2 - HoN N
2-Qn 3-Qn 2 8-Qn

Catalyst | Catalyst Structure | % Yield Boc protected | % Yield over 2 steps ép)

225 2 56 49 (+7.4,CH
@*u m ( Q
N\H
226 28 22 (-20, CHG)
9 N
OA” A
N H
H

227 o 93 84 (+18.6, CHG)
g R
H

Scheme 4.18: Synthesisquinolinyl prolinamide based catalysts.

Boc-deprotection was conducted using TFA in diaboethane to giveé25-227. Again, these
isomers produced identical mass spectra with thé MH at m/z 242 detected as the major
LC-MS peak in each case. The structure of the Botepted and deprotected catalysts were
also confirmed by NMR spectroscopy usfiy 2°C, DEPT and COSY experiments. Tié&

13C NMR spectra appeared similar 825 — 227 with moderate differences due to relative
arrangement of the quinolinyl aromatic peaks. Detiaassignment of signals was conducted
for the deprotected catalysts using these NMR ftgcles (Table 4.16, Table 4.17 & Table
4.18). The key'H NMR spectroscopic resonances indentified incluextomatic protons in
the range 7.6 — 8.9 ppm, aliphatic pyrrolidine pnat including diastereotopic H-3’ protons
from 2.0 — 2.3 ppm, pyrrolidine amine N-H group2at — 2.2 ppm and also the prolinamide
N-H proton varying from 10.1 — 11.6 ppm.
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Table 4.162H NMR spectroscopic assignments and COSY intenastior225

Structure Protons & (ppm) Correlated with 6 (ppm) | Correlated with
teis | M3 |848(d)=870Hz 1H) 8.16 (dl = 9.16 Hz) H-4

3 1 P , | H8 | 7.86(dJ=870Hz 1H) 7.61-7.68 (m, 1H) H-7
4-®#” N H5 | 7.76 (dJ=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'H NMR spectroscopic assignments and COSY intenastior 226

Structure Protons & (ppm) Correlated with 6 (ppm) | Correlated with
H-2 | 8.83-8.85 (m, 1H 8.75-8.77 (m, 1H) H-4
o H-5 8.0-8.04 (m, 1H) 7.57-7.62 (m, 1H) H-6
3C,2)LN H-7 | 7.77-7.81 (m, 1H 7.49-753 (m, 1H) H-8
45 ww H 2 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’H NMR spectroscopic assignments and COSY intenastior227

Structure Protons & (ppm) Correlated with 8 (ppm) | Correlated with
H-2 & H-7 | 8.81-8.89 (m, 2H 7.48-7.56 (m, 2H) H-5H&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

Catalysts225 — 227 were tested in the aldol reaction of isatin witretace and major
variations in reactivity and enantioselectivity weobserved between them; however
interestingly their profiles followed a similar patn to that of theN-pyridyl prolinamide
isomers221-224 The 2-aminoquinoline derivative cataly®5 effected product in 17% ee of
the R)-isomer in an unacceptably low yield of less tR@8%6 using 20 mol% catalyst loading
with 20 mol% AcOH at -20°C (entry 2, Table 4.19n {fy optimise this further, variation in
reaction temperature and use of water as an addiere investigated but resulted in lower
ee. Interestingly, whe@25 was used in 20 mol% loading with 40 equiv wateditake, a
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slight excess of 7% ee of th§){product was observed, opposite to the system wAwdH

was used as additive (entry 3, Table 4.19).

Table 4.19: Testing dfi-quinolinyl prolinamide catalyst325-227

Catalyst, additive,
temperature, time

o)

G - J
+
HO)J\

Catalyst P
Entry Catalyst Loading Additive T(?Cr?)p Time (h) Y('gk)j e€ (%) Config
(mol%) 0
1 o} m 10 AcOH Rt 192 <10 2 R
2 O)L NT°N 20 AcOH 20 504 <20 17 R
N, 225
3 . 20 H,0 -20 312 <20 7 S
2 10 ACOH Rt 24 95 59 S
5 0 M 20 AcOH 2C 5C 71 64 S
_N
6° G)L N 20 AcOH® -20 50 69 62 S
~ 226
7 H 20 H,0 -20 44 89 66 S
8 ) 10 - Rt 23 82 17 R
9 N 10 AcOH Rt 21 94 18 R
TN
10 227 20 AcOH 2C 7] 76 13 R
T 20 AcOH® 2C 44 86 13 R
12 20 H,0 2C 6C 75 5 R

All reactions were conducted with 0.3 mmol of isatind 2 mL of acetone. In cases where additive was
employed, 20 mol% additive was used. TLC and HPL€&ewused to monitor the progression of reaction
®|solated yieldDetermined by chiral HPLE40 mol% AcOH used.

The 3-aminoquinoline derivativ26 was tested under a number of conditions and
temperatures. Due to previous results showing tthetreactions were more efficient in the
presence of additives such as AcOH an®Hhese additives were used in this testing. For
catalyst226, enantioselectivities of the order 59-66% ee wota of the §-product were
obtained with the optimum ee of 66% observed wilm®|% catalyst loading, 40 equiw@l
additive at -20°C to give a yield of 89% after 4dubs (entry 7, Table 4.19). In all instances,
the ©-product was favoured when using the 3-aminoqumeotierived catalysts as observed

with the 3-aminopyridine derivative (cataly23).

The 8-aminoquinoline derivativ@27was also examined under a variety of conditionging

reaction temperature, catalyst loading and addifige. In all case®27 preferentially formed

200



excess of R)-product and provided good yields of product iropenantioselectivities with
reaction time up to 44 hours. Use of a 10 mol%lygstdoading with 20 mol% AcOH at room
temperature gave the product in slightly bettec@mapared to use of a higher catalyst loading
at lower temperatures (entries 8-12, Table 4.19)s Interesting to note that derivatives in
which the heterocyclic nitrogen was in relativelgse proximity to the amide group such as
catalyst221, 222, 225 & 227 tended to favour theRj-product in low enantioselectivity but

derivatives where the moieties are relatively safgaafforded an excess &-product.

4.5 Bis-N-pyridyl Prolinamide 228

A final C2 symmetricbis-N-pyridyl prolinamide was considered. Catalg&8 derived from
coupling of proline to 2,6-diaminopyridine repretshabis-prolinamide version of catalyst
221 which could enhance possible binding effects. I8gsis 0f228 was achieved in poor
yield through ethyl chloroformate coupling of Bomfected proline with 2,6-diaminopyridine
to give Boc228 LC-MS analysis of this product produced a Na atiddiNa” at m/z 526 and
MH" ion at m/z 504.

EtsN, NH, —

)
. t, 2h, 93%
16h, 0°C - rt, 26% Boc Boc” ?
2 equiv X

pZ

H,N” "N "NH, 24% overall yield
1 equiv

Boc

< L 2L
N o CICOOEt, THF O)LH N/ H O TFA, CH,CI, N N/ N)'""
N N N H H N
228

Scheme 4.19: Synthesis of C-2 symmébieN-pyridyl prolinamide catalys228

Boc-deprotection using TFA in dichloromethane caoetgd the synthesis (Scheme 4.19). The
structure and purity of the catalyst was assesgdd®MS and'H NMR spectroscopy. LC-
MS analysis gave the MNaon at m/z 326 and the MHion at m/z 304. Due to the
symmetrical nature of the catalyst, th&é NMR spectrum featured a relatively small number
of peaks. Key peaks identified included pyrrolidsignals, in particular diastereotopic H-3’
protons in the range of 1.6 — 2.3 ppm and amide Bigthal at 9.97 ppm. The aromatic
protons from the 2,6-pyridinedicarboxyl ring comesds of two signals with a doublet at 7.95

ppm representing H-3 and a triplet at 7.70 ppmesponding to H-4.
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45.1 Catalytic Performance of Bis-Prolinamide Catalyst 228

Various parameters were examined during catahgintg including catalyst loading, level
and type of acid additive and temperature. In ales, an excess of th§)-product was

produced, opposite to that favoured with the 2gbyrmono-prolinamide (cataly221).

Table 4.20: Testing of catalyd28under various conditions in the reaction of isatith acetone.
0

HO,

O %,
o) " “{(8)
o . )]\ Catalyst, additive, 0
N temperature, time H
H

C

Catalyst Loading Temp Yield® e€

Entry Catalyst (Mo1%) Additive ©C) (%) (%) Config
1 0 J\/j [ 10 - Rt 99 28 S
2 GI)L NTNTON NO 10 - 20 77 45 S
3 Hoo 228 H 10 AcOH 20 81 47 | s
7 20 - 20 78 73 S
5 20 ACOH 20 9¢ 39 S
6 20 20 eq F,0 20 9¢ 3€ S
7 20 H,0 20 9¢ 43 S
8 20 60 mol% ACOF 20 95 39 S

®All reactions were conducted with 0.3 mmol of isadind 2 mL of acetone using 88 hours reaction timeases
where additive was employed, 20 mol% additive oregiv HO was used. TLC and HPLC were used to
monitor the progression of reactilisolated yield°Determined by chiral HPLC.

For reactions in the absence and presence of Ad®éteasing the catalyst loading from 20
mol% to 10 mol% and use of 20 mol% AcOH resultedinincrease in ee of up to 8% in
some cases (entries 2-5, Table 4.20) The addifi@® @quiv water caused a slight reduction
in ee (entry 4 vs 6, Table 4.20) while the use®equiv water increased ee values equivalent
to the system without additive (entry 4 vs 6 & Bble 4.20). The reaction using 60 mol%
AcOH had no effect on enantioselectivity and onbfight yield reduction (entry 5 vs 8, Table
4.20). The optimum result was achieved throughuse of 10 mol% catalyst with 20 mol%
AcOH at -20 °C for 88 hours to give 47% ee &-froduct (entry 3, Table 4.20), a
considerable increase and in opposite configuratompared to the mono-prolinamide
equivalent221 This increase in yield and selectivity may be tluenore efficient binding of

the substrate to the amide N-H groups2@8B potentially through H-bonding to both isatin
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carbonyl groups. This could allow better spatidl df the catalyst and isatin without

interaction from the pyridine nitrogen.

4.5.2 Summary of Performance of Catalysts 221-228

From the results obtained frod-pyridyl prolinamide and alsdN-quinolinyl prolinamide
catalysts, the best result was obtained using thmiB8opyridine based cataly223 with a 20
mol% loading of catalyst in the presence of 40 ediO at -20°C for 37 hours, producing a
yield of 72% and 69% ee oB)fproduct (entry 7, Table 4.15). Geometrical défeces and
spatial effects appeared to have played a key moldinding and therefore catalytic
performance. It appeared that having the amidepgend pyridine nitrogen too close or too
far from one another led to less efficient resuwitith the 3-positioning of the pyridyl
prolinamide having the optimal catalyst arrangem&ht apparent size of the binding cleft
for 223 may have been most suitable for this reaction with smaller binding site i821,
222, 225& 228 unsuitable and this will be discussed in moreitiieter.

4.6 Hydroxyprolinamide & Ring Derivatised Catalysts

There have been reports of the use of hydroxypeadind other pyrrolidine ring derivatised
compounds as organic catalysts and in some casgsgcatalysts perform better than the non-
derivatised version®? With this in mind, prolinamide catalysts startifigm 4-hydroxyl4.-
proline were synthesised. These bifunctional ringssituted prolinamide catalysts were based
on the most successful catalyst to date (3-pyqdglinamide223) and examined with respect
to the effect of the additional chiral centre or thyrrolidine ring and also the effect of
protecting the additional OH group with a bulky bgloxy group (catalyse29) or leaving it
unprotected (cataly&30).

BnO,, 0 HO,, 0o
C HN@ C HNQ

229 230

Figure 4.8: Structure of hydroxyprolinamide andyraterivatised catalys229 & 230.
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4.6.1 Synthesis of Benzyloxy-3-Pyridyl Prolinamide 229

Catalyst229 was synthesised in 4 steps with moderate yieldimgawith N-Boc-trans-4-
hydroxyL-proline methyl ester (Scheme 4.20). To protectdbmmercially available ester
hydroxyl group, it was stirred with benzyl bromioleanhydrous DMF with sodium hydride.
After approximately 4 hours, the reaction was gqhedcwith HO and following mild acidic
work up and chromatographic purification, the expdgoroduct231 was obtained in 38%
yield. LC-MS analysis produced an MNadduct at m/z 358 and an Middduct at m/z 326.
The structure of this compound was also confirmed-bNMR spectroscopy witf°C, DEPT
and COSY analysis used to aid peak assignmentkd@yntH NMR spectroscopic resonances
which confirmed the successful reaction and vetifiee protected intermediate were the
benzyl methylene peaks from 4.27 — 4.52 ppm anddlaitional phenyl ring aromatic peaks
from 7.23 — 7.36 ppm.

BnO,,

o
NaOH, MeOH, O___/(

—_—
rt, 16h, 82% N OH
Boc

232

BnO,,
NaH, BnBr "mo
0°C, DMF, N OMe

Boc
1 h, 38% 231

HO,

O__/(o
N OMe

Boc

Scheme 4.20: Protection dfBoc-trans-4-hydroxy--proline methyl ester with benzyl bromide formi2§1l
followed by hydrolysis to the corresponding cardaxgcid 232

Table 4.21: COSY analysis of benzyl protected metiate231.

Structure Proton 3 (ppm) Correlated with & (opm) | Correlated with
461\\ o H-2 | 4.27-4.52 (m, 3H) 2.0-2.42 (m, 2H) 03
ow‘@i)L ove [ H-4" | 4.05-4.20 (m, 1H) 2.0-2.42 (m, 2H), H3 & H5

3.48-3.70 (m, 2H, H-5))

5 Yo
%/O

Ester 231 was hydrolysed to the corresponding acid using Ma® methanol at room
temperature. Upon completion, the reaction mixtues diluted with water and following a
mild acid/base work-up, was extracted with ethy¢tate, dried with MgS©and solvent
removedin vacuo to give a yield of 81% of the acid intermedi&82 LC-MS analysis
produced the Na adduct at m/z 3%#4.NMR spectroscopic resonances were assigned throug
comparison with the previously synthesised estmrimediate with an extra broad signal at
9.90 ppm ascribed to the carboxylic acid group afsb the loss of the methoxy group,
evident in both théH and**C NMR spectroscopy.

204



This carboxylic acid232 was subsequently reacted with 3-aminopyridine ugho ethyl
chloroformate coupling in the same manner asNkgyridyl and N-quinolinyl prolinamide
catalysts (Scheme 4.21). This coupling appeardx teery sensitive to reaction concentration
and also rate of addition of 3-aminopyridine, olkiedrfrom the failure of the reaction at more
concentrated levels than 122 mM and also with fadtlition of 3-aminopyridine. A
concentration of 58 mM of acid in THF was deemeddé¢ooptimal. The Boc-protected 4-
benzyloxyprolinamide version of cataly229 was synthesised in 45% vyield following
chromatographic purification using a mixture ofrpgum ether and ethyl acetate and LC-MS
analysis produced a peak at m/z 398 correspondidH" and also at m/z 298 due to loss of
the Boc group from the molecular ion.

BzO,, CICOOEt, THF, BZO,,

BzO,

ET;N, 16h, = . =

N HN rt, 2h, 96% N HN

Noe O 0°C-1t, 45% Boc @ H -\
229

N

14% overall yield
Scheme 4.21: Synthesis of catal®20.

Table 4.22: List of HMQC correlations and assigntm@NMR spectroscopic resonances 229.

Structure 13C NMR & (ppm) H NMR & (ppm) Assignment
T o 5 1451 8.28-8.31 (m, 1H) C4&H4
4'@1\ 3 Q ‘ | e _ R _
PPN 141.0 8.58-8.61 (m, 1H) C2&H?2
N H 126.6-128.7 7.20-7.38 (m, 5H) Ar-C & Ar-H
1265 8.19-8.23 (m, 1H) C6&H6
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) OGHPh
60.4 4.03-4.00 (s, 1H) C2&H2
52.8 3.20-3.25 (m, 1H) & 2.76-2.82 (m, 1H) C-5’ &M
363 2.47-2.56 (m, 1H) & 1.932.0 (m, 1H)  C-3 &®-

The protected catalyst B&29 was deprotected using TFA in dichloromethane atmroo
temperature to giv@29in 96% vyield from the deprotection and 14% ovefiain the 4-step
synthetic sequence. LC-MS analysis gave an' Meak at m/z 298 and NMR spectroscopic
analysis usingH, *C, DEPT & HMQC experiments were used to verify tagalyst and to
assign all NMR signals (Table 4.22). The kdy NMR spectroscopic resonances which
confirmed the success of this synthesis included @mide N-H peak at 9.85 ppm, two
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separate sets of aromatic protons, pyrrolidine pngfons in the range 1.9 — 4.1 ppm, the
benzyl disatereotopic protons from 4.41-4.52 pprd e pyrrolidine N-H proton at 2.55

ppm.

4.7  Synthesis of Hydroxy-Prolinamide Catalyst 230

The unprotected cataly&80 possessing a free hydroxyl grotrpns to the amide group was
synthesised as outlined in Scheme 4.22. Initial Baitection oftrans-4-hydroxyd-proline
was attained in 35% yield by reaction withteit-butyl-dicarbonate in a 1:1 mixture of water
and dioxane in the presence of saturated aqueadusisdicarbonate. After 16 hours reaction
at room temperature, product extraction was comduet pH 3 and following drying over
MgSQ,, removal of solventn vacuo and flash chromatography, the puNeBoc-protected
acid was obtainedH NMR spectroscopic characterisation correspondeqatévious synthetic
reports of this compound with the presence of B signal from 1.39 — 1.45 ppm

confirming the success of the reactf6h.
HO,, o) Ho, o HO, HO., o)
(Boc),0 CICOOE, THF, = * 0
- > - - — TFA, CHyCI —
N N

1, 2n, 87%
NaHCOs, rt, 16h Boc 0°C - 1t, 59% Boc " °
35% =

230
HzN N\ ./ 18% overall yield
N

Scheme 4.22: Synthesis of Boc-protected 4-hydioypyeline followed by coupling and deprotection tods
ring substituted cataly&30.

Ethyl choroformate coupling of thE-Boc-protected hydroxyproline with 3-aminopyridine
produced Bo@30in 59% yield. LC-MS analysis displayed a peak & 808 corresponding
to the MH ion and m/z 208 due to complete loss of the Bourdoc deprotection using
TFA in dichloromethane at room temperature gavalystt230in 87% yield and 18% yield
overall. LC-MS analysis 0230 produced an ion at m/z 208 corresponding to the” k.
NMR spectroscopic analysis was used to conf30 and'H, *C and HMQC experiments
were used as an aid for peak assignment.'Kefd MR spectroscopic resonances included the
pyrrolidine diastereotopic H-3' signals from 2.012-10 ppm and 2.36 — 2.43 ppm, H-5’
protons from 3.11 — 3.28 ppm, aromatic pyridyl signand also the amide N-H peak at 6.93

ppm.
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Table 4.23: List of HMQC correlations and assigntrifiNMR spectroscopic resonances 230.

Structure B3C NMR & (ppm) H NMR & (ppm) Assignment
o e 1443 8.26-8.29 (m, 1H) C-4 & H4
3 /@\l 140.8 8.77-8.81 (m, 1H) C-2 & H-2
HO”’A@# N 2 1278 8.08-8.14 (m, 1H) C6&H6
° 124.0 7.37-7.42 (m, 1H) C-5 & H-§
71.1 4.51 (s1H) C-4' & H-4'
59.8 4.31-4.37 (m, 1H) C-2' & H-2
54.2 3.11-3.28 (m, 2H) C5 &H5
39.0 2.36-2.43 (m, 1H) & 2.01-2.10 (m, 1H) C-3' &3

4.7.1 Catalytic Properties of 229 & 230

The trans-benzyl protected cataly229 was tested under a number of conditions including
using AcOH and kD as additives for the reaction. The most succesgéitem employed 20
mol% catalyst loading with 40 equiv,& at -20 °C, in an extended reaction time of 70r&iou
resulting in 54 % ee ofY-product (entry 2, Table 4.24). The unprotectehs-hydroxyl
derivative230furnished product in up to 58% ee §j-product, again using 20 mol% catalyst
loading and 40 equiv of # at -20 °C (entry 4, Table 4.24). These resulewsd that
incorporation of a second bulky H-bond donatingctionality and chiral centr&rans to the
amide in the pyrrolidine ring of the prolinamidetalgist resulted in a slight reduction in ee
compared to the unsubstituted system.

Table 4.24: Testing of pyrrolidine ring substitutgalinamide catalyst229 & 230.

O
o Catalyst, additive
o + )J\ ’ ) ’
N temperature, time
H

Entry Catalyst Eé‘é%%sg‘ Additive T(fg‘)p Time (h) Y(i;')‘)’b ed(%) | Config
(mol%)
1 520, o 20 AcOH 2C 9C 77 50 S
2 Ho 20 HO -20 90 79 54 S
3 TN 7 20 ACOH 2C 15 85 44 S
4 i 1;‘”@ 20 HO -20 17 87 58 S

°All reactions were conducted with 0.3 mmol of isatind 2 mL of acetone. In cases where additive was
employed, 20 mol% additive or 40 equiy®Hwas used. TLC and HPLC were used to monitor tbgrpssion of
reaction’lsolated yield°Determined by chiral HPLC.
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From the above series of catalys221-230; overall it was apparent thaR3 possessed the
most potential for the reaction. Work was subsetiye@onducted aiming to enhance further
the yield and enantioselectivity of the reactiotabsed by223(Figure 4.9).

O

Figure 4.9: Structure of most successful catd@gtbased on 3-aminopyridine and prolinamide coupling.

4.8 Effects of Acid Additives on Catalytic Performa  nce

Having observed the positive influence of AcOH am additive on yield and
enantioselectivity, the effect of strength of aadditive was then considered. Xiab al.
previously studied the isatin/acetone aldol reactiod conducted all reactions in the presence
of AcOH 3'* However, several other acid additives have alsmhssed in aldol reactions with

a number of these studies detailed in Chapt& & range of acid additives across a.pK
range of -2 to 16 were examined for P23 catalysed reaction of isatin and acetone and a
correlation between pKof acid additive and enantioselectivity was obedr{Table 4.25).
Interestingly, a plot of pKversus enantioselectivity resembled a pH titratarve. The ee
appeared to rise sharply and linearly between @eédgK, of 2-6. A plateau was reached at
pKa 7 after which point an essentially constant eee/alas obtained regardless of the, pK

the additive (Figure 4.10).

A relationship between pKof additive and reaction yield was also obsernledvas noted
that the reaction proceeded at a slower rate wlkamgwadditives with pKvalues >6 (entrg

vs entries 8 and 9, Table 4.25). Additionally, acrease in ee was observed to be obtained at
the expense of product yield and it could therefrestated that the optimum acid additive for

yield and enantioselectivity should possess avattue of approximately 4.0-6.0.
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Table 4.25 Variation of acid additive & relationship betwepl, of additive ancee of (S)-product catalysed ny

2232
7 0 20 mol% 223,
o + 20 mol% additive, -20°C
Chy = A )

Entry Additive Additive pK , Time (h) Yield® (%) ee (%)
1 p-TSA -1.34 88 52 13
2 TFA 0.26 12 97 12
3 CICH,COOH 2.85 6 98 37
4 HCOOH 3.75 14 94 58
5 PhCOOF 4.21 14 90 63
6 AcOH 4.76 65 95 66
7 4-NO,-Phena 7.14 78 84 69
8 4-Cl-Phenc 9.38 89 85 70.5
9 Phenao 9.94 89 80 71
10 Methano 15 89 7 69
11 Watel 15.7 32 96 57

2All reactions were conducted with 0.3 mmol of isatind 2 mL of acetone. In cases where additive
employed, 20 mol% additive. TLC and HPLC were usedonitor the progression of reacti’lsolated yield.

°Determined by chiral HPL!( Literature pK data as measured in wat&t.

60 -

eeof S product obtalned
IS
5

20

eevs pK, of additive

6 8 10 12 14

Literature pK, of additive

Figure 4.10 Relationship between [, of acid additive and ee of product using 20 mol%alyat 232 and 20

mol% additive.

Water as an additive was found to be an exceptiothe aforementioned trends produc

productwith lower ee and higher yield than expected baseis pk, of 15.7 when used at 20

mol% levels (entry 1. Table 4.2% It must be noted however t the quantity of water

present in the medium has been demonstrated totlaldo the level of enantioselectivi®*®
A quantty of 40 equiv (4000 mol%) has been found to benogitby Tomasiniet al. for a
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dipeptide catalyst and above this level, a decreasee occurred with increasing water

concentrations® This was also observed in this work fépyridyl prolinamide catalys223

4.9 Role of Solvent in 223 Catalysed Reaction

A detailed solvent study was undertaken investggathe effects of reaction solvent (Table
4.26). Due to the similar performance 2##3 using AcOH or 40 equiv ¥ as additive, the
study was undertaken for both additives indepemge8blvents of varying polarities were
examined and in the case of AcOH additive, tolymoeluced 91% vyield of product in 66% ee
with a reaction time of 22 hours compared to 65rfoeaction time in neat acetone. This
faster reaction in non-polar toluene may have lmkento potentially more efficient catalyst-
substrate H-bonding in a non-polar solvent witls lesbonding competition from the solvent.
A marginally higher ee value could be obtained whenreaction with AcOH additive was
conducted in relatively non-polar CHQr CH.CI, (entries 7 & 8, Table 4.26) but this came

at the expense of reaction yield.

When using HO as additive, the reaction in acetone was founetanarginally superior in
terms of ee compared to the use of alternativetimasolvents and this reaction gave the
most successful results overall. When relatively mpomlar co-solvents such as hexane or
CHCI; were used, an increase in reaction yield was wbddbut longer reaction times were
required (entries 9-16, Table 4.26).
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Table 4.26: Variation of solvent in reaction casalg by2232

20 mol% 223, 1 mL Acetone

0]
0 20 mol% AcOH or
o+ .
N 40 equiv H,0,
H

2 mL solvent, -20°C

Entry | Solvent | Additive | Time (h) | Yield® (%) | e€ (%)
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 CH,Cl, AcOH 46 82 68.5
8 CHCL AcOH 40 80 69
9 Acetone HO 37 72 69
10 Toluene HO 108 72 63
11 DMF HO 108 85 61
12 Dioxane HO 135 97 50
13 THF HO 41 92 63
14 Hexane KO 88 98 68
15 CHCl, H,O 108 68 66
16 CHCL H,O 90 85 68

®All reactions were conducted with 0.3 mmol of isadind 2 mL of co-solvent and 1 mL acetone usingn2®

of 223 at -20°C with either 20 mol% AcOH or 40 equiv H2&n excess of the (S)-product was obtained in all
cases. TLC and HPLC were used to monitor the pssipe of reactioffisolated yield ‘Determined by chiral
HPLC.

4.10 Study of Conditions for Optimal Enantioselecti vity using 223

The catalytic conditions were optimised further tbe most successful catalyd?23 The
effects of catalyst loading, temperature additimd additive loading were examined in turn.
As close values yield and ee values were obtainectHloroform, hexane and acetone as
solvents with HO additive, these were examined at a loading om&®b. The reaction in
neat acetone with # was the most efficient in terms of ee giving gheduct in 72% ee
compared to 68% ee for both chloroform and hexbmerestingly, the concentration at which
the acetone reaction was conducted did not haveeti@gt on yield or enantioselectivity with

no difference in results between the reaction # 01 and 0.3 M of isatin in acetone (entry 5
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vs 8, Table 4.27). A further increased loading 8fmMol% produced a slightly reduced ee
value of 69%, indicating that 30 mol% was the optimcatalyst loading (entry 5 vs 9, Table
4.27). The use of AcOH additive prodced slightlyenor enantioselectivities compared to
water as an additive. Overall, the best result alzained using 30 mol% loading of catalyst
in the presence of 40 equiw® at -20°C for 37 hours, producing a yield of 8886l 2% ee
of (9-product (entry 5, Table 4.27)°

Table 4.27: Variation of conditions and additiveseéaction of isatin and acetone catalysed.by

x mol% 223

0

6 + 1 20 mol% AGOH or
N )k 40 equiv H,0,
H

2 mL solvent, 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 AcOH -20 37 84 69
4 20 HO* -20 37 76 58
5 30 HO -20 37 88 72
6 30 HO/Hexane -20 37 90 68
7 30 HO/CHC -20 37 67 68
8 3¢ H,O -20 37 8¢ 77
9 40 HO -20 33 68 69

®Unless otherwise noted, all reactions for catadygimisation study were conducted using 30 mol%alyst
loading of223with either 20 mol% AcOH or 40 equiv,8 additive to yield and excess db)-{product. TLC and
HPLC were used to monitor the progression of tlaetien.’40 mol% AcOH used6.6 equiv HO used?1 mL
acetone used to give a concentration of 0.3 Mrisatacetone.

4.11 Structural Considerations

Overall, this study identified several key struatudesign parameters critical to yield and
enantioselectivity. Firstly, the results indicatattthe relative position of the pyridyl nitrogen
with the amide in the prolinamide catalyst was miagportant to achieve high yield and
enantioselectivity. The loss of yield and enantiestvity in the 2-pyridyl catalyst221 &
222and 2- and 8-quinolyl catalys?’?5& 227 was possibly due to electron repulsion between
the lone pair of electrons in the pyridine nitrogemd the non H-bonded carbonyl group of

isatin upon H bonding of the reactive carbonyl wilie amide N-H. This repulsion may not
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arise when theN lies at position 3 or 4 in the pyridyl ring or 8gton in the quinolyl
analogue. The pKof acid additive was also key to yield and enasdiectivity. Loss in
enantioselectivity appeared to occur when an additiith a pk; lower than 4 was employed.
Using acid with a lower pKcould lead to possible protonation of the pyridmigogen with
disruption of H-bonding and/or acceleration of tliect reaction of acetone with isatin which
could account for loss of selectivity. Water métgmmatively be used as an additive, with 40
eq at -20 °C giving the high yield and best enadiectivity (entry 5, Table 4.27). It can be
envisaged that water may bind the isatin substraten active/passive model similar to that

proposed by Tomasiet al. and discussed previoust.

e S
N o 2
Figure 4.11: Structure of the two most successtdlgsts; 3-pyridyl and 3-quinolinyl catalys223 & 226.

In order to further probe the impact of the pyraM in the ring and hence determine the
potential mode of action 123 catalyst233 in which a phenyl ring replaced the pyridine
ring was prepared. The synthesis of this catalggfah with Boc-protection of-proline
followed by ethyl chloroformate coupling of the pi@d Boc-proline with aniline to give 33%
yield of the white solid Bo@33 following chromatographic purification (Scheme 4.283C-
MS analysis of this compound showed a peak at 1zcBrresponding to the MNadduct.

O CICOOEt, THF 2 O

PhNH,
32% overall yield

Scheme 4.23: Synthesis of catal®88 derived fromN-Boc proline and aniline.

Boc deprotection was conducted using TFA in didrhoethane to give 97% yield 883 and
32% yield over 2 steps. GC-MS analysis showed aratan/z 191 corresponding to the MH
ion. 'H & *C NMR spectroscopic analysis were used to confmm pgroduct and HMQC,
COSY & DEPT experiments were used to aid peak asségt. Key'H NMR spectroscopic
resonances verifyin@33 and the success of the coupling included the arNid¢ signal at
9.72 ppm, pyrrolidine N-H signal in the range &7— 2.2 ppm, diastereotopic H-3’ protons
from 1.97 — 2.23 ppm and aromatic protons from-7706 ppm.
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Table 4.28: List of HMQC correlations and assigntriH & **C NMR spectroscopic resonances 268.

Structure B3C NMR & (ppm) H NMR & (ppm) Assignment
T 129.0 730 ()= 7.79 Hz, 2H)| C-3&H-3
s Q—ﬁN@‘t 124.0 7.04-7.10 (m, 1H) C-4 & H-4

H 119.3 7.59 (d)=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 &H5
30.8 1.97-2.23 (m, 2H) C-3'&H-3
26.4 1.69-1.80 (m, 2H) | C-4 &H4

Catalyst233 was tested under a number of conditions in thetiga of isatin with acetone
and surprisingly, product with high ee values whtamed when a 30 mol% loading with 40
equiv water additive at -20°C was used. The reactippeared considerably slower with
catalyst233 compared t®23 which furnished a yield of 88% with 72% ee aft&r [®ours.
This showed a 7% reduction in ee in the absendbeopyridyl nitrogen with an increase in
reaction time of 54 hours. Therefore, it can béestahat the pyridyl nitrogen played a role in
enhancing the ee of product.

Table 4.29: Reaction of isatin with acetone catadylsy aniline prolinamide cataly283

O I
o + )J\ Catalyst, addltl.ve,
N temperature, time
H
Entry Catalyst Cat loading (mol %) | Additive | Time (h) | Yield® (%) | e€f (%)
1 mo 20 - 91 90 58
2 N HN@ 20 AcOH 91 92 61
233
3 30 HO 91 89 65

2All reactions were conducted with 0.3 mmol of iragind 2 mL of acetone. An excess of the (S)-proudust
obtained in each case. TLC and HPLC were used tnitarothe progression of reactidisolated vyield.
“Determined by chiral HPLC.

4.12 N-Methylated Catalysts 234 & 235

In order to assess the role of the amide N-H profmolinamides234 and 235 were
synthesised from proline coupled to the appropriatethyl amine. In the case of 4-

methylaminopyridine derivative@34, Boc protected catalyst was obtained in 33% yadtdr
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work-up and chromatographic purification. LC-MS Bse&s produced an ion at m/z 306
corresponding to the MHion. Boc234 derived from coupling Boc-proline withl-methyl
aniline was obtained in 29% vyield following purdion by flash chromatography. GC-MS
analysis gave an ion at m/z 304 correspondingadvthion and LC-MS analysis produced a
peak at m/z 327 due to the Na adduct of the madecoih.

o 0
m CICOOEY, THF m TFA, CH,Cl,
R
N

N—-Ar —
Né OH  Et,N, NH, Boc / t, 2h, 76-88% NoONA
OC 0, - - 0,
16h, 0°C - rt, 29 31@“ 234: Ar = 4Py
235: Ar = CgH
HsC. or H3C\N = =6
N H

H

Catalyst | Catalyst Structure | % Yield Boc protected | Qverall Yield over 2 steps ¢p)

234 0 33 29 (-90.0, CHG)
o]
W50

Scheme 4.24: Synthesis ifmethylated prolinamide catalys?84 & 235.

235 29 22 (+18.2 (CHG)

Boc-deprotection using TFA in dichloromethane ofrbthe Boc protected versions 284 &
235 and gave product in good yields; 88% &34 giving a 29% yield over 2 steps and 76%
yield for 235 corresponding to 22% over 2 steps. LC-MS analysi83d produced an ion at
m/z 206 due to the MHion while an ion at m/z 204 by GC-MS corresponttethe M ion

for 235 'H NMR spectroscopy and the use'8€, DEPT, COSY and HMQC experiments
were used to confirm the identity @B4 & 235 and assign the relevant peaks (Table 4.30,
Table 4.31 & Table 4.32). KeyH NMR spectroscopic resonances in the cas28dfincluded
the N-CH; group at 2.70 ppm, pyrrolidine ring protons inchglithe diastereotopic H-3’
signals from 2.14 — 2.21 ppm and pyridyl ring pra@t 6.0 ppm and 8.0 ppm with no amide
N-H peak visible as expected. The pyrrolidine N4gnal was present as a broad signal at
6.75 ppm. Fol7, key peaks included tH¢-CHjz signal at 3.15 ppm, pyrrolidine ring protons
in particular diastereotopic protons in the randg®1 1.78 ppm and aromatic peaks from 7.1

— 7.4 ppm while as expected, there was no amidepéak observed.

215



Table 4.30: List of HMQC correlations and assigntriH & **C NMR spectroscopic resonances 264

Structure BCNMR & (ppm) | H NMR & (ppm) | Assignment
. 552'4(0 . 149.8 8.07-8.10 (m, 2H)| C-3& H-3
sy N@N 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) & C-5' & H-5’
3.16-3.23 (m, 1H)
31.3 2.14-2.21 (m, 2H)| C-3 & H-3
26.3 2.68-2.71 (m, 3H) NCH,
23.8 1.87-2.03 (m, 2H) C-4' & H-4

Table 4.31'H NMR spectroscopy peak assignment and COSY irtierscof234

Structure Proton | & (ppm) | Correlated with  (ppm) | Correlated with
ECSL/(O , H-3 | 8.07-8.10 6.31-6.34 H-2
2
\ /N@N 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 assigntriH & **C NMR spectroscopic peaks 285,

Structure 3C NMR 6 (ppm) | *H NMR 6 (ppm) | Assignment
. 3 , 0o . s 130.1 7.28-7.34 (m, 2H C-3 & H-3
5 Q‘«N@‘t 127.7 7.13-7.18 (m, 2H C-2 & H-2
H / 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) NGH;
30.4 1.50-1.78 (m, 2H) C-3'& H-3
254 1.50-1.78 (m,2H) C-4'& H-4

The N-methylated catalyst®34 & 235 were tested in the aldol reaction of acetone vgiin

in order to investigate the effects of the remmfadhe amide N-H group. Thé-methylated 4-
methylaminopyridine derived prolinamide cataly84 failed to catalyse the reaction with
only a trace quantity of product formed after agoeaction time (entry 1, Table 4.33). In the
case of theN-methylaniline prolinamide derivative35 product was obtained in high yield
using both AcOH and also.B additives. In this case, significantly lower etiaselectivity
compared t®23 was obtained and in favour of th){product, the opposite enantiomer to
that obtained fron223 & 224 (entries 2 & 3, Table 4.33). The most successfulteor 235
was 46% ee after 12 hours whil24, the non-methylated version 285 gave a yield of 89%
in 65% ee of §-product after 22 hours. These results show that @amide N-H had a

significant effect on the enantioselectivity and substitution of the N-H group forNtCHs
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moiety significantly affected the binding propestief the reaction resulting in preferential
formation of the R)-product.

Table 4.33: Aldol reaction of isatin and acetonelgaed by methylated catalys34 & 235
o]

o) HO, /«

o Catalyst, additive E;fﬁo
N © * )J\ temperature, time N
H H

Entry Catalyst Cat loading (mol %) | Additive | Time (h) | Yield® (%) | e€® (%)

mo 20 AcOH 336 Trace
H234 /N_@N

2¢ 20 AcOH 12 99 4%

0
3 w”‘@ 30 0 12 96 3¢
H235 4 H2

®Unless otherwise noted all reactions were conduetéd0.3 mmol of isatin and 2 mL of acetone at°>Q@o

yield an excess offf-product. 20 mol% AcOH or 40 equiv,& additives were used. TLC and HPLC were
emplo%/eo_l to monitor the progression of the reactisolated yield“determined by chiral HPLC(R)-product
was obtained as major enantiomer.

Therefore, it appears that in the caséNgdyridyl prolinamide andN-quinolinyl prolinamide
catalysts, the pyridine nitrogen atom was importentachieve high enantioselectivity as
shown by the lower enantioselectivity of productaited for catalys?233 Also, the amide N-
H group played a significant role. Loss of the aanidtH in catalyst®234 & 235resulted in
complete loss of enantioselectivity 884 and reduction in ee with preferential formation of
the opposite enantiomer f@34 There was also a significant difference in resigtiand
enantioselectivity for the 2-aminopyridyl cataly&l & 222 compared to its 3-aminopyridyl
analogue223 Collectively, these results display the importan€the heteroaromatic nitrogen
atom, the amide N-H group and in particular thatreé¢ position of the amide group and the
heteroaromatic nitrogen atom in imparting good &pnaalectivity 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 thdiren derived catalyst233 and the
demonstration of the importance of the N-H in tieding of both223 and233 compounds

236 & 237with enhanced N-H acidities compared®&8were considered as a final probe into
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the catalyst design. Cataly®86 was derived from proline coupled to 3is(trifluoromethyl)
aniline and19 derived from 3,%i(trifluoromethyl)benzenesulfonamide 54),2°0262:285.349
The application of acidic amides ahHacyl sulfonamides as successful anion receptais an
organocatalysts for the Baylis-Hillman reaction wlasailed in Chapter 2 and therefore it was
interesting to also monitor the effects of increadeH acidity on the ee and vyield in the

isatin/acetone aldol reactiGF.

Catalyst236 was synthesised through ethyl chloroformate cogptif Boc-proline with 3,5-
bis(trifluoromethyl)aniline and Bo@36 was obtained in 20% yield as a white solid follogyi
an acidic and basic work-up and chromatographidfipation. LC-MS analysis in positive
mode produced a peak at m/z 327 correspondingetd/itd” ion following loss of the Boc-
protecting group by fragmentation in the MS. LC-MSnegative mode produced an ion at
m/z 425 due to the M-H ion.

mo CICOOEY, THF D«/( TFA.CHCL O_/(
N OH  cF, ELN.NH, Q

\ rt, 2h 85%
Boc 16h, 0°C - t, 20%, BOC
CF3
H,N CF, overall yield = 17/

Scheme 4.25: Synthesis of acidic cataBas derived from 3,%is(trifluoromethyl)aniline.

Subsequent Boc-deprotection using TFA in dichloritvaee proceeded with a yield of 85%
corresponding to a yield of 17% over 2 steps. LC-a8lysis produced a peak at m/z 327 due
to the MH ion.'H & **C NMR spectroscopic analysis were used to confirenidentity and
purity of 236 Key 'H NMR spectroscopic resonances include the amidt dignal at 10.10
ppm, aromatic C-H signals at 7.54 & 8.12 ppm, aiphdiastereotopic pyrrolidine protons H-
3’ and pyrrolidine N-H signals in the range 1.98.27 ppm.

Table 4.34: HMQC correlations for cataly36.

Structure 3C NMR 6 (ppm) | 'H NMR & (ppm) | Assignment

3 - -
A'DZ'_(O ) CF, 119.2 8.10 (s, 2H) H-2 & C-2
5 H HN 4 117.1 7.54 (s, 1H) H-4 & C-4
oF 61.0 3.84-3.90 (m, 1H H-2' & C-2

3

474 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 3tbs(trifluoromethyl)benzene sulfonamide
group with a pyrrolidine ring and the synthetic tetowards this catalyst was modified when
compared to other prolinamide catalysts. In thissecacommercially available 3,5-
bis(trifluoromethyl)benzene sulfonyl chloride was resmbwith aqueous ammonia as described
in Chapter 2 to synthesise sulfonamidelin 98% yield as a white solid. The synthesi287
was subsequently achieved through EDCI couplinBaxf-proline with this sulfonamid&54

In this reaction, Boc-proline was dissolved in atuwie of 1:1 dichloroethanegert-butanol
and an excess of DMAP and EDCI were added. Follgwiims mixing, the previously
synthesised sulfonamide compound was added ande#otion mixture was stirred for 16
hours. After addition of Amberlyst 15 anion exchangsin and dilution of the mixture with
ethyl acetate, solvent was removead vacuo, the residue was reconstituted in
dichloromethane, washed with sodium bicarbonatediiedl to give 38% of the white solid
product. LC-MS analysis in negative mode produceeak at m/z 489 corresponding to the
(M-H)  ion.

! OH CHZCIZ 16h, rt rt, 2h 1%
Boc 38% CF,

o
D_( EDCI,DMAP m Q _ TFACHCl,
N

27% overall yield

P CF
HaN"Y 3

Scheme 4.26: Synthesis of catal§3¥% from Boc-protected.-proline.

Boc-deprotection was conducted using TFA in diabeethane and during the neutralisation
step, it was very difficult to achieve a pH whene tompound existed in its neutral state and
was soluble in dichloromethane. This was ascribedkprotonation of the acidic sulfonamide
N-H group in basic conditions and protonation of thyrrolidine N-H group under acidic
conditions resulting ir237 acting as a Zwitterionic molecule. The catalysswsolated as a
zwitterion in 27% overall yield over 2 steps. LC-M8alysis in negative mode showed a peak
at m/z 389 corresponding to the (M:Hdn and'H & *C NMR spectroscopic analysis was
used to confirm the product with HMQC experimentsfeming peak assignments. Kéi
NMR spectroscopic resonances included the alipltdéistereopic H-3' protons from 2.06 —
2.12 ppm and 1.62 — 1.83 ppm and 2 separate asigtials integrating for 1 and 2 protons
at 8.24 and 8.30 ppm. The pyrrolidine N-H and swfoide N-H groups were not visible by

219



'H NMR spectroscopy:>C NMR spectroscopy showed the correct number afadégfor the
free amine including only the amide C=0 signal & ppm, confirming that the TFA salt of
237was not isolated.

Table 4.35: HMQC correlations for cataly@37.

Structure B3C NMR & (ppm) 'H NMR & (ppm) Assignment
4-@0 o CF, 128.2 8.30 (s, 2H) H-2 & C-2
N HN-§Q4 124.9 8.24 (s, 1H) H-4 & C4
° CF, 62.4 3.86 (tJ=6.9 Hz, 1H) H-2' & C-2’
45.8 2.94-3.13 (m, 2H) H-5" & C-5’

294 2.06-2.12 (m, 1H), 1.62-1.83 (m, 1H H-3' &3C-
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 catalystsparticular237 whose acidity is expected to
be similar or less than prolif&***were quite surprising (Table 4.36). Catal336 furnished
the aldol product in high yield and up to 71% e¢haf §-product (entry 2, Table 4.36). This
result is very similar to the optimum cataly®23 under the same conditions howea23
produced a higher yield and slightly enhanced eg28b (entry 5, Table 4.27). Cataly37
was observed to give the opposite enantiorRgorpduct) in 92% yield and 68% ee using 20
mol% catalyst loading with 20 mol% AcOH (entry 3able 4.36). Interestingly, this catalyst
was inactive using ¥D as additive or in the absence of acid additive.alless acidic
environment, the sulfonamide N-H group287 may be deprotonated, making it unavailable
for H-bonding interactions. Further catalyst opsation studies were beyond the scope of this

work due to time constraints.
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Table 4.36: Aldol reaction of isatin and acetonglyaed by236 &2372

0
(6] HO, ¢
o} o (R)
©\)g20 . )J\ Catalyst, addm‘ve, o
N temperature, time N
H H
Entry Catalyst Cat loading (mol %) | Additive | Time (h) | Yield® (%) | e€ (%)
1 O“/(O CF3 20 AcOH 39 85 69
N HN
2 N Q 30 HO 39 71 71
CF3
3 m" o CF3 20 AcOH 37 92 68
= N HN-§
4 237 O 20 AcOH 37 87 68
CF3
5e 20 HO 37 32 38
aUnless otherwise noted all reactions were conduetgd0.3 mmol of isatin and 2 mL of acetone at>Q@o

ﬂeld an excess d@-product. Unless otherwise stated, 20 mol% AcOM®equiv HO was used. TLC and
PLC were used to monitor the progression of thetien."Isolated yield ‘determined by chiral HPLEAQ
mol% AcOH used(R)-product was obtained as major enantiomer.

4.14 Substrate and Further Mechanistic Studies

The final study undertaken was a substrate scopben223 catalysed isatin/acetone aldol
reaction to obtain further mechanistic informatregarding variation of the substrates and the
effects on the reaction outcome. A number of sabesrwere examined using cataly@8and

the optimum catalyst conditions as obtained fromvimusly described studies. In terms of
isatin derivatives, the use bfbenzylisatin andN-methylisatin were considered as alternative
substrates to the unprotected isatin (Scheme 4Th&se substrates demonstrate possible H-
bonding between the isatin N-H and pyridine nitrogéom of catalyst 223. Substitution of the
isatin N-H group with an alkyl group would interfewith this H-bonding and additionally,
the steric effects of C{HHcompared to the benzyl group on the enantioselgcof the aldol

reaction would be determined.

o 0 o
o NaH ©f‘g:o o
N Benzyl bromide, DMF N H

H
N-methyl isatin
N-benzyl isatin

Scheme 4.27: Synthesis benzyl isatin and structure Nfmethyl isatin.

N-methylisatin was commercially sourced whiNebenzylisatin was synthesised through the
reaction of isatin with benzyl bromide using NaHanhydrous DMF. Benzyl bromide was

added to a cooled suspension of isatin and NaHNMH-@nd the reaction was stirred for 15
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minutes. After the addition of water, filtration thfe product and washing with hexane, a 92%
yield of N-benzylisatin was obtained. LC-MS analysis produices 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 cortherproduct and assign signals (Table
4.37). Key'H NMR spectroscopic peaks included the presendeifyl CH protons at 4.94
ppm and aromatic protons from 7.27 — 7.38 ppm aleitg the absence of the isatin N-H

signal.

Table 4.37: COSY analysis afid NMR assignment dfl-benzyl isatin.

Structure Protons & (ppm) Correlated with & (ppm) Correlated with
iy 9 H-4 7.61 (dd)=6.0 & 1.4 Hz, 7.05-7.10 (m, 1H) H-5
7 K@ H-6 7.48 (dtJ=6.0 & 1.4 Hz, 6.74-6.77 (m, 1H) H-7
1H)
CH,-Ph 4.94 (s, 2H) 6.74-6.77 (m, 1H) & 7.27-7.38 (M, H-7 & Bz aryl
5H) protons

The reaction oN-benzylisatinwith acetone produced a 61% 288 after 44 hours (entry 1,
Table 4.38) with theS§) enantiomer assigned based on previous literateperts of this
compound This result has implications for the binding te tN-H of isatin which will be
discussed below and shows that substitution ofatméde N-H in isatin with arN-benzyl
group resulted in a significant decrease in ee ff@% ee for isatin to 61% fd-benzylisatin.
The reaction of isatin witiN-methylisatin proceeded to give 85% conversionr&& hours
but it was not possible to measure the ee of theglyrt due to the failure of the available
chiral stationary phases to successfully sepalegtsetenantiomers (Chiralpak AD-H, AS-H,
IA and Chromtech AGP).

Following chromatographic purification, the preserand purity of theN-benzylated aldol
product238 was verified by LC-MS with MH ion detected at m/z 296 and & **C NMR
spectroscopy. KeyH NMR spectroscopic resonances included the bgmoygbns from 7.37-
7.41 ppm, 7.29-7.35 & 4.77 — 4.91 ppm, methylend @rotons at 3.40 & 3.20 ppm and also
the CH group at 2.0 ppm.
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0
(0] 0 i
o . )J\ 30 mol% 223, 40 equiv H,0,
N -20°C, 44 h

R=CHzorBn R 238:R=Bn R

Scheme 4.28: Substrate scope varying isatin derevétr most successful cataly223

The reaction of isatin with a number of alternatredones was also considered. Reaction of 2-
butanone with isatin was studied to monitor theegelity of the catalyst for linear acyclic
ketones and with cyclohexanone to monitor the parémce with cyclic ketones. The reaction
of isatin with 2-butanone gave prod@39in 72% yield, 91% regioselectivity in favour of C-
C bond formation at the less substituted methyugrand 52% ee of the major regioisomer
(entry 3, Table 4.38) with the enantiomer and risgimer identified through literature

comparison§>*

The reaction mixture was purified by flash chrongaéphy and LC-MS analysis showed the
presence of an ion at m/z 242 corresponding tiNthadduct of the produdtd and*C NMR
spectroscopy were used to confirm the product with'H NMR spectroscopic resonances
detected including CHprotons at 3.25 & 2.97 ppm, methylene group alfthéhe methyl
group from 2.24 — 2.42 ppm and also the methyl grau 0.74 ppm!H & *C NMR
spectroscopy were used to determine the majorisegieer and regioisomeric ratio, the major
OH signal present at 5.96 ppm and minor at 6.1 yiim the ratio of integration traces of 9:1
respectively, comparable to a previous synthesihiefcompound™* Additionally, a second
minor set of**C NMR spectroscopic signals compared to the majnaés were identified.
The reaction of isatin with cyclohexanone was uosssful due to the formation of many
products which proved inseparable from the desaradi biologically active product (entry 4,
Table 4.38)"

o (¢}
S
o HO, HO,
o 30 o ’ 2((S) “{(S)
o . )J\/ mol% 223, 40 equiv H,0, o + o
N -20°C, 23 h N N
H 10947

H 239
90%
72% yield
52% ee

Scheme 4.29: Reaction of isatin with acetone csg¢a\by?223 under the optimal conditions.

223



Table 4.38: Substrate scope of cataB&3 varying each component of the reaction.

Entry Isatin Ketone Time (h) | Yield (%) | ee (%)
1 N-benzyl Acetone 44 62 61
2 N-methy! Acetone 99 8% £
3 Isatin 2-butanone 23 72 52
4 Isatin cyclohexanong >100 9- 9

®Unless otherwise noted, all reactions for substatpe study were copducted us,mg 30 mol% catbigsing
of 223 with 40 equiv HO additive at -20C to give excess ofy-product. Isolated yiel FDgterr_nlned by chiral
HPLC " % Conversion'Could not be determined from the available chir®lL@ columns.Regioselectivity of
90:10 in favour of reaction at less substitutednylegroup of 2-butanone?Multiple products formed.

The reaction of isatin antl-benzylisatin with acetaldehyde was also studiedraber to
investigate the performance of catal®88 for the reaction of isatins with aldehyde subsat
(entries 1 & 2 Table 4.39). In this case, the dithéd optimum conditions were not used
rather a previously reported method for this resct® This procedure used 30 mol% of
catalyst, 0.3 mmol of isatin &-benzylisatin, 5 equivalents of acetaldehyde af@ éhmol of
chloroacetic acid at room temperature. After 48 reoreaction time, a small volume of
methanol and NaBiHwvas added and the reaction was stirred for 1 abt20°C. The reaction
mixture was quenched with phosphate buffer, ex¢thdhto organic solvent, dried and
purified by flash chromatography. The latter redcwctstep was conducted as this was
previously conducted in literature reports of thesactions and also to faciliatate ee

measurement.

Table 4.39: Substrate scope of cataB®8in reactions of isatin anN-benzylisatin with acetaldehyde followed
by NaBH, reduction

O HQ, .‘.‘\\/OH
@/g:mj\ 30 mol% 223, 0.06 mmol CICH,COOH ~ NaBH, ©\)'\>:o et 200
N H 5 equiv CH3CHO, rt, 48 h MeOH ' o
. L g 3 R R=Bn:2#1
=HorBn
Entry Isatin Ketone Time (h) Yield (%) ee (%)
1° Isatin Acetaldehyde 48 85 39
2° N-benzyl Acetaldehyde 48 28 32

“Reaction conducted using 30 mol223 0.3 mmol isatin/N-benzylisatin, 5 equivalents GEHO, 17 mg
chloroacetic acid at r.t. and reduced (NaBEduction) to the alcohol product prior to anaysiith excess of
(R)-product. Absolute configurations were assignedoubh comparison of optical rotations and chiral
chromatography with literature data.

The reaction of isatin with acetaldehyde gave 85%educed product in the presence2@B

with 39% ee of theR)-product 240 while the reaction oN-benzylisatin under the same
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conditions gave a yield of 28% in 32% ee |f-product241l It is interesting to note that the
highly successful 4-hydroxydiarylprolinol catalysas previously unsuccessful at catalysing
the reaction of isatin with acetaldehy#.LC-MS produced ions at m/z 216 and 306
corresponding to MNaions of products240 & 241 respectively."H NMR spectroscopic
analysis of the240 identified key peaks including GHprotons from 1.95 — 2.09 ppm, the
methylene group close to the OH moiety at 3.5359 pm and OH signals at 2.98 & 4.30
ppm. For241, key'H NMR spectroscopic resonances included benzylopsofrom 7.24 —
7.33 ppm and 4.77 ppm, methylene protons from 2.2634 ppm, methylene group close to
the OH group from 3.92 — 4.04 and OH signals aB84dd 2.99 ppm. In addition, high
resolution mass spectroscopy was used to confiencdhalytic products.

4.15 Mechanistic Considerations

Results from earlier mechanistic studies and satesscope studies suggest a combination of
H-bonding andtrt stacking of the aromatic rings of catalysts wghtin may be responsible
for the observed catalytic activity and enantiosiigy of 223 Initially, the acid additive
may promote the reaction of the catalyst with agetm form a reactive enamine intermediate.

b

TC TCX cF,
CF3

i

N N N
H J / o’/ \
o

(S)-isomer - catalyst 223 (R)-isomer - catalyst 237

Figure 4.12: Proposed binding cleft of acetone eénamf223 & 237 binding to isatin showing the origin of
differences in configuration.

With catalyst223 testacking of isatin in the enamine modified catalyeft could allow H-

bonding of the isatin C=0 with the catalyst N-H.iSTtvould facilitate enamine attack on the

Re face of the isatin C=0O leading to th§)-product and is illustrated in Figure 4.12. An

additional H-bond is possible between isatin arel gigridyl N-atom but clearly it is not as

important as shown with results using the aniliregivetd catalyst233 albeit with lower

enantioselectivity and longer reaction time. Thiatreely high ee found foN-benzylisatin
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with 223 (entry 1, Table 4.38) also suggests that bindinthéoamide N-H of isatin may not
play a significant role in the mechanism of additidSimilar interactions t@23 are expected

to be possible with the structurally related amunaqgline based cataly226.

The proposed interactions shown in Figure 4.12 @esistent with the results for the
pyrrolidine ring-substituted catalys®29 and 230 where the added chiral centre had only
minor effects as the added groups point away frioencteft. Furthermore, the importance, in
the proposed model, of H-bonding to the amide group23, is supported by the reduced
activity and enantioselectivity of tié-methylated catalyst834 and235and the good results
found for the activated amide in catalg86.

The sulfonamide cataly&37 gave high enantioselectivity towards th®-product. With this
catalyst,estacking of isatin in the catalyst cleft couldoall formation of two H-bonds, one
between the C=0 on isatin and the sulfonamide NitHtae other between the N-H on isatin
and the S=0 of the catalyst, facilitating attackloeS face leading to theRj-product (Figure
4.12). In addition, when cataly®887 was tested in the reactiongfbenzylisatin with acetone,
the R)-product was formed with a slightly lower ee comgahto the reaction catalysed B33
(78% vyield and 55% ee oRJ-product after 39 hours). It is interesting toenthe low yield
and enantioselectivity when water was used as ditivaglinstead of AcOH; this may be due

to the sulfonamide group of Zwitterior®37in its deprotonated state in water.

With the ‘reverse amide catalysts’, while the cgtalactivity was high, the enantioselectivity
was poor and more variable betwe&) and ©)-selectivity. With these catalysts the extra
carbon can be expected to impart greater flexybtlit the cleft site and the high observed
catalytic activity may be related to the reduceeriststrain involved during the enamine
attack with these more flexible catalysts. Considgcatalys®17, it is possible to envisage
stacking of the isatin in the catalyst cleft whfelilitates two H-bonds between the isatin and
the amide group of the catalyst. Because of thatgrdlexibility of the reverse amide, similar
complexes are possible by conformational changdirigato either theR) or (§-product
(Figure 4.13). The results f@17 also highlight the likely importance of solvationall these
catalytic processes.
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(S)-isomer - catalyst 217 (R)-isomer - catalyst 217

Figure 4.13: Proposed catalyst-substrate compléoeseverse amide’ catalysts showing extra flekipiand
ease of reaction at both faces, giving rise todmantioselectivities.

4.15.1 Mechanistic Addendum

Following discussions with the external examinethat viva-voce, a number of additional
potential mechanistic models based on the Houk+histlel were proposed to rationalise the
stereochemical results obtained. In the case ofithst successful cataly@23 the bulky
amide group may favour a conformation where itireaded away from the pyridyl ring,
resulting in preferentiaRe-attack of the enamine leading to an excess of(8wproduct
(Figure 4.14a). H-bonding could occur between #atim ketone group and the amide N-H,
activating the electrophile. In the case of theyBeyl prolinamide catalys221, H-bonding
between the amide N-H group of isatin and the pymdtrogen atom may have resulted in
preferentialS-attack leading to a slight excess of tRe-9roduct (Figure 4.14b (i)). However,
in this case, electrophile activation effects mayib competition with H-bonding effects
between the amide carbonyl group and the catalystiea N-H group, explaining the

significantly longer reaction time required usihgstcatalyst.

For theN-acyl sulfonamide cataly&37, favourable H-bonding interactions between thaérisa
amide N-H group and the sulfonyl group may havetmedS-attack giving the R)-product
while potential steric repulsion between the catakulfonyl group and the isatin aromatic
ring may have disfavouree-attack of the enamine (Figure 4.14c (ii)). Bothtluése factors

combined would be expected to favour tRegroduct.
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Figurg 4.14: Alternative mechanistic proposalsationalise the stereochemical results of the isatetone aldol
reaction.

In conclusion, a range of simple organocatalystsie synthetically useful reaction of isatin
with acetone were designed and tested. The ‘revamside’ N-pyridyl pyrrolidinylmethyl
amide catalysts produced disappointing enantioselges but were highly catalytically
active. More success was achieved with tReyridyl prolinamide andN-quinolinyl
prolinamide catalyst&21-230obtaining product up to 72% ee &-somer. Conditions were
optimised and in particular an additive screen stbw link between the pkof the acid
additive used and yield and enantioselectivity. rAa substrate screen was carried out.
Investigations into the mode of action of the mestcessful catalys223 also provided
interesting results and led to the discovery of ttlzer catalysts which may be applied to the
reaction; the acidic prolinamid&86 and 237. Thus one can choose the catalyst to use based
on the desired configuration of the product. Strcadt modifications were made to catalysts
and substrate to probe the catalytic action ancham@sms are proposed for catalytic action

based onrestacking and H-bonding of the substrate in thalgst cleft.
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5 Chapter 5

Conclusions & Future Work
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5.1 Conclusions from Chapters 1 & 2

The work described in this thesis is concerned with use of molecular recognition
phenomena in the of design successful organoctgal$bapters 1 & 2 considers the rational
design, synthesis and analysis of minimally preaniged, acylic amide based molecules
which can act as receptors for anionic speciesaésalorganocatalysts for the Morita-Baylis-
Hillman (MBH) reaction. More specifically, 6 relaély acidic amide based molecules were
designed for binding anions such as halides anbdogglates. The strength of binding
interactions were assessed through calculationssbcation constants based th NMR
titration data, monitoring the amide N-H signalgl am number of aromatic C-H signals in

close proximity to the receptor binding cleft.

Significantly enhanced #§svalues were observed for all receptors compareal ion-acidic
control molecule with up to a 70-fold enhancemenbinding strength achieved. JOB plot
analysis confirmed 1:1 binding stoichiometry in masses, however where some 2:1
receptor:anion interactions were also observedidieg the hybrid amidél-acyl sulfonamide
151, both 1:1 and 2:1 receptor:anionsKvalues were calculated. Strong binding combined
with proton transfer phenomena were observed fghlii acidic thioamide andN-acyl
sulfonamide derived receptors with basic carborytations which prevented the calculation
of Kassvalues, however the data pointed towards sigmfiessociation followed by proton

transfer and possibly accompanying conformatiohahges.

X-ray diffraction and NOESY NMR interactions werased to probe the conformational
properties of a number of receptors both in thesiatxs and presence of anion. X-ray crystal
structure of thioamid&49 showed an unexpected level of pre-organisatiohiwihe flexible
thioamide motif, which existed in thgn-syn conformation optimal for anion binding. In
solution, NOE interactions suggested that the aomftions of149 and a number of other
isophthalamide based receptors were in equilibriurm preferentially adopted thgn-syn

configuration upon addition of an anionic guest.

These successful anion receptors were subsequgniyd as organocatalysts in the DABCO

promoted MBH reaction of benzaldehyde with metlyylkate with catalytic activity assessed
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by product yield and kinetic measurements. Theselteeshowed considerable yield and rate
constant enhancement using the H-bond donatingpt@sel146-151 compared to the
uncatalysed reaction. In particular, the the hylarmdideN-acyl sulfonamide catalyst51
produced a 2.2-fold increase in product yield alanty a 3.9-fold increase in rate constant.
'H NMR spectroscopy catalyst-substrate and prodintithy studies were used in an attempt
to probe the catalytic mechanism and pointed tosvaubstrate binding and activation in the
case of a number of catalysts while the acidity®f was also suggested to aid in its catalytic
activity. This may have been achieved through pitionoof the proton transfer step, thus
reducing the energy barrier associated with tl@p.Sthis suggestion is supported by literature
mechanistic studies which state that the RDS ofutleatalysed reaction may be the proton
transfer step. A substrate scope study showedlthatproduced significant product yield
enhancement in all cases, in particular where dedetl aldehydes were employed, for

example a 9.2-fold increase in yield for the 4-sioed methoxybenzaldehyde.

Based on the success of the newly designed dianeickeptors/catalyst§46-151 and the
known proclivity of urea and thiourea groups inamrgcatalysis and anion recognition, these
groups were incorporated into the structure of rafional receptors producing hybrid
urea/amide and thiourea/amide recepfis® & 158 Extremely strong binding to halides and
carboxylates was observed with dominant bindinght® (thio)urea N-H protons with J&
values of the order of M observed in many cases. Proton transfer eventemted the
calculation of Kssvalues in the case of basic carboxylate anionsgkier strong binding was
also evidenced in these cases. Binding studieseai/amide hybrid57in DMSO-ds showed

a particular selectivity for AcOin this medium producing high J& values, only slightly
reduced compared to binding in less competitive;@ND Proton transfer events were also
evident in DMSOd; but may have been less significant than thoseDgQDl, possibly as a
result of solvent competition for the acidic reaegbinding site. X-ray crystallography of the
thiourea/amidel58 displayed intermolecular interactions between d@na@de carbonyl and
thiourea N-H groups while NMR NOESY interactionstlois receptor showed it existed with

the amide in theyn-conformation with respect to the thiourea groughie presence of anion.
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Hybrid moleculesl57 & 158 also proved successful organocatalysts in the M&akttion;
catalyst157 produced a 7.2 fold increase in rate constant kdisappointing yield of 63%,
ascribed to possible product inhibition. Cataly88 produced a 79% yield and a 5.5-fold
increase in reaction rate. Based on the known dmiiwaing proclivity of thiourea N-H groups
and its previously observed patrticipation in prot@msfer events, a catalytic mechanism was
proposed in an attempt to rationalise the sigmficatalytic ability where binding and proton

shuttling effects were proposed to result in tiymigicant catalytic activity.

Overall, this work showed that a cooperative viean de taken between the ability of a
receptor to bind anions and to act as an organgsatahile the anion binding properties of
the receptors with increasing hydrogen bond dogatiapability 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 diésdt in these Chapters would include the
substitution of amide or (thio)urea groups witreaiitive H-bonding motifs. Quite recently,
squaramide groups have emerged as molecules wloisbegs comparable halide binding
properties and increased acidities compared tovelnt ureag’ They can be easily
synthesised starting from commercially availabktluyl squarate. In addition, the synthesis of
bifunctional squaramide molecules can also be auewdly achieved through reaction of 1
equivalent amine with one ester group followed toytfer reaction with a different amine.
FsC o) o] CF, FC 0 o) CF, FiC o o CFs

ij:(NJZNQ QN&N\E;/(,NJZNQ QNﬁN?éQCFS

R CFy FsC heoHoH CF3  FiC HoH O

Figure 5.1: Structure of potentially successfulasqamide based anion receptors/organocatalysts

Some possibly successful bifunctional squaramidgedaatalysts could include those shown
in Figure 5.1 which include various combinationsreteptor motifs. Such molecules may
have the ability to cooperatively bind anions amdeptially bind multiple anionic reaction

transition states, therefore catalysing the MBHtiea.
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An additional future work section would be the depenent of chiral organocatalysts based
on the successful amide and amide/(thio)urea ddaffBigure 5.2). A chiraltrans-2-
aminocyclohexanecarboxylic acid could be used sighatitute for the aromatic ring in hybrid
(thio)urea/amide catalydt58to form a potentially useful chiral variant. Altettively, the aryl
side group of the (thio)urea could be replaced waittyclohexane ring bearing either a tertiary
amine or phosphine group. Chiral squaramide catalysorporating (thio)urea or N-acyl

sulfonamide groups could also be successful cdsalythe chiral MBH reaction.

FiC X FaC x>\_ , Q X
3 NH =0
. /—
P—NH *=0 NH  HN , NJ\N/©YO
NA- N -S7 N, TR HN CF
EC o~ AN 3
3
FyC CF, OCFa
X=0or$S FsC FyC CF,
X
X
Iy [ l M o
o) Y
NN A HN. 2
=N HN c AN ~d c
Ph”' “Ph g

o o
CFs CFs

Figure 5.2: Structure of potential chiral catalysisapplication in the intermolecular MBH reaction

5.3 Conclusions from Chapters 3 & 4

Similar to Chapters 1 & 2, the work described inaflers 3 & 4 also exploited molecular
recognition phenomena which are commonly observednatural processes such as
enzyme:substrate interactions to create a seriesi@fessful organocatalysts. A number of
proline-derived chiral amide catalysts incorporgthipyridyl andN-quinolinyl groups were
designed in the hope of cooperatively exploiting rbond donating and accepting properties
of such molecules. It was envisaged that the arNidé¢ group would bind to and activate
electrophilic species while concurrently the H-b@utepting pyridine moiety could form H-
bonds to a donor molecule on the substrate. A catipe effect of both was expected to

enhance binding interactions and improve reactd& and enantioselectivity.

Initially, a number of ‘reverse amideN-pyridyl pyrrolidinylmethyl amide catalysts were
synthesised in four steps and tested for theidytatactivity in the model aldol reaction of

acetone to isatin. Catalyst performance was as$dssésolated yield of product following
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chromatographic purification and enantioselectiwtgs measured by chiral HPLC. The
‘reverse amide’ catalysts proved highly catalyticahctive but produced disappointing
enantioselectivities. Attempts at optimisation bk tmost active ‘reverse amide’ catalyst
showed a significant effect of solvent on the oatecof the reaction. When the reaction was
conducted in non-polar toluene, tHg-product was obtained while th&)(enantiomer was

preferentially formed in polar aprotic DMF with losnantioselectivities in both cases.

The N-pyridyl prolinamide andN-quinolinyl prolinamide catalysts were synthesige@ steps
from N-Boc-proline. These catalysts proved more succkgshducting the $-isomer of
product in up to 72% ee under optimised conditiosisg catalys23 An additive screen
showed a relationship between the,ptf acid additive and yield and enantioselectivity
obtained while water was identified to be the opitim additive producing the highest
enantioselectivities. A small substrate screen e@slucted which led to good vyields and
moderate enantioselectivities in many cases. Isti@gy, the optimunmN-pyridyl prolinamide
was an effective catalyst for the reaction of isatith acetaldehyde, a reaction which was

previously unsuccessful using 4-hydroxydiarylprolias a catalyst?

Investigations into the mode of action of the nmstcessful catalys23 provided interesting
results and led to the discovery of two succesafidic prolinamide catalysts including the
proline derivedN-acyl-sulfonamide catalys37 which produced an excess of the)-(
enantiomer. Thus one can choose the catalyst tbassd on the desired configuration of the
product. Structural modifications were made to daalysts and substrates to study the
catalytic action and mechanisms are proposed ®cétalytic activity and enantioselectivity

based om-stacking and H-bonding of the substrate in thalgat cleft.

5.4  Future Work Arising from Chapters 3 & 4

Possible future work based on the results obtaimedhapters 3 & 4 include further
optimisation of the proline based-acyl sulfonamide catalys237, perhaps varying the
reaction solvent and additives for the reactiomsafin with acetone in an attempt to increase

the excess ofR)-product. Once optimum conditions for this catalyave been identified, a
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substrate scope study could be undertaken to iaclodtalysis of the reaction of
cyclohexanone with isatin, useful due to the aotivulsant properties of the aldol product
from this reactiof:’ In addition, catalyst 237 could be applied to #mantioselective
synthesis of Convolutamydine A, B and E through tbactions of 4,6-dibromoisatin with
acetone and also with acetaldehyde. It is reasertalduggest that catalyg23 & 237 could

produce good yields and enantioselectivites of sgp@nantiomers of Convolutamydines.

In addition, the successful cataly2®3 & 237 could be applied to alternative aldol reactions

such as 4-nitrobenzaldehyde with acetone and cgghoione with acetone.

o)
o O OH
H
+ S
4G . RS

O,N \ H

223 NO, NO,

OH © OH O
o) u ;
)k + HN- S (R) + 79
O,N H 237 O

CF3 ON O,N

Figure 5.3: Structure of potential chiral catalysisapplication in the intermolecular MBH reaction
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6 Chapter 6

Experimental
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6.1 General Experimental Conditions

All commercial chemicals were obtained from Signmal avere used as received unless
otherwise stated. Nuclear magnetic resonance ggeopy (NMR) spectra were recorded
on either a Joel ECX-400 spectrometer operatingl@Gd MHz, or a Varian NMR
spectrometer operating at 500 MHz, using deuteovofdrm as the solvent with
tetramethylsilane as an internal refereric@ IS = 0.0) unless otherwise stated. Coupling
constants quoted are considered accurate to +0.2Tkiz following abbreviations (and
combinations thereof) have been used to describesifnal multiplicity: b-broad, s-

singlet, d-doublet, t-triplet, g-quartet, and m-tipiét.

All Infra-red spectra were recorded on a ShimadZuRFB8400s, melting points were
determined using a Stuart Scientific melting po@paratus smp3, compounds were
weighed out on an Explorer OHAUS analytical balaf@€-MS analysis was carried out
on a Varian Saturn 2000 GC/MS/MS. Optical rotatiorese measured on an AA series
polar 20 automatic polarimeter. High resolution snggectrometry was conducted using a

Waters Qevo G2 Q-TOF with leucine enkephalin usedraaccurate mass reference.

Thin layer chromatography was performed using ailbmated plastic plates (6Gsk
supplied by Merck. They were visualised using wli@et radiation or developed in
potassium permanganate solution or iodine. Flatilmao chromatography was performed
using flash silica 60 (230-400 mesh) 9385 suppigderck.

Preparative TLC was carried out on glass platescpated with silica 60 R§,(1.07748)
supplied by Merck, activated by heating for sevemlrs at 50 °C and cooled prior to use.

The organic layers were routinely dried over anbydr magnesium sulphate and they
were concentrated by rotary evaporation. The lastes of solvent were removed on a
high vacuum pump. Solvents were purchased pre-dBedzaldehyde was distilled prior

to use; methyl acrylate was dried over 4-A siewssr o use.

Chiral HPLC was conducted on a HP 1050 HPLC usiobieal 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 (1455°*

3 4
O@YO

2
1 N‘H H/N
S
Dry DMF (30 mL) was added to-butylamine (0.72 g, 9.9 mmol) and the resulting
solution cooled to 0°C. To this, isophthaloyl darfide (1.0 g, 4.9 mmol) was added in
small portions over 4-5 minutes while ensuring teenperature did not increase
significantly. The mixture was allowed to stir fbihour at room temperature with reaction
monitoring by TLC, then poured into 300 mL of coldhater, causing the product to
precipitate out of solution as a white solid. Thrade product was recrystallised from
50:50 ethanol: water to give the title product ashite solid (1.11 g, 82%), m.p. = 126-
127 °C.

'H NMR (400 MHz, CDC}) 6 = 8.16 (s, 1H, H-2), 7.89 (dd,= 7.7 & 1.6 Hz, 2H,

H-4), 7.46-7.51 (tJ = 7.7 Hz, 1H, H-5), 6.35 (s, 2H, N-H), 3.46 (m, ,4H1"),

1.56-1.64 (m, 4H, H-2"), 1.36-1.46 (m, 4H, H-3')96 (t,J = 7.3 Hz, 6H, H-4").

13 NMR (100 MHz, CRCN) & = 166.2 (C=0), 135.1 (C-1), 130.7 (C-4), 128.5
(C-5), 125.5 (C-2), 39.5 (C-1"), 31.5 (C-2), 243-3"), 13.5 (C-4).

IR (KBr disc) 3286, 3075, 2957, 2930, 1633, 15489 7Land 714 cih

ESI-MS, low res, 277(M.H HRMS (ESI); MH, found 277.1909, gH2sN,O,
requires 277.1916.

N1,N3-bis(4-(trifluoromethyl)phenyl)isophthalamide (146)

5
4
o o
Ne DN
e
FsC™ z CF,

To a solution of 4-trifluoromethylaniline (1.60 .9 mmol) in DMF (30 mL) were added
triethylamine (1.52 g, 15 mmol) and DMAP (1.21 & tnmol). The reaction mixture was
cooled to 0 °C in an ice bath and isophthaloyl dhigte (1.00 g, 4.9 mmol) was added
slowly in small portions over 2-3 minutes with ctarg stirring. The solution was

subsequently stirred at 90 °C for 20 hours. Aftais ttime the dark brown coloured
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reaction mixture was added to water (300 mL) anwlaeied with ethyl acetate (3 x 50
mL). The combined organic layers were washed withlighium chloride solution (2 x 80
mL) and deionised water (2 x 100 mL) to remove DMIke product was dried with
MgSO, and solvent removedin vacuo. The crude was purified by column
chromatography, eluting with 80:20 hexane:ethyltateeto givethe title compounds a
white solid (1.20 g, 54%), m.p. = 256-258 °C.

'H NMR (400 MHz, CRCN) 8 = 9.17 (s, 2H, N-H), 8.53 (§,= 1.5 Hz, 1H, H-2),
8.15 (dd,J = 8.4 & 1.5 Hz, 2H, H-2"), 7.97 (dl = 8.4 Hz, 2H, H-3), 7.76 (d] =
7.6 Hz, 2H, H-4), 7.69 (] = 7.6 Hz, 1H, H-5).

13 NMR (100 MHz, CRCN) & = 166.1 (C=0), 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(C-2), 124.2 (C§ Jo.r =
31.63 Hz, 121.8 (C-2).

IR (KBr disc) 3296, 3144, 1651, 1605, 1537, 13258, 837 and 715 cf

ESI-MS, low res, 453 (M.H) HRMS (ESI); MH, found 453.1026, £H1sN-0F¢
requires 453.1038.

N1,N3-bis(3,5-his(trifluoromethyl)phenyl)benzene-1,3-dicarboxamide {47)

CF, CF,

To a solution of 3,Bis(trifluoromethyl)aniline (2.27 g, 9.9 mmol) in DMEB0 mL) was
added triethylamine (1.52 g, 15 mmol) and 4-dingetiminopyridine (DMAP) (1.21g, 9.9
mmol). The reaction mixture cooled to 0 °C in ar lwath and isophthaloyl dichloride
(2.00 g, 4.9 mmol) was added slowly in small porsimver 2-3 minutes with constant
stirring. The yellow solution was stirred at 75 f&@ 20 hours. After this time the dark
brown coloured reaction mixture was added to wé@60 mL) and back extracted with
ethyl acetate (3 x 50 mL). The combined organietaywere washed with 5% lithium
chloride solution (2 x 80 mL) and deionised wat2rx(100 mL) to remove DMF. The
product was dried with MgSCand solvent removeith vacuo. The crude was purified by
column chromatography, eluting with 80/20 hexargleacetate to give the title product
as a white solid (1.502 g, 52%), m.p. = 251-253 °C.
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'H NMR (400 MHz, CRCN) 5 = 9.33 (s, 2H, N-H), 8.58 (8, = 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 (CDsCN, 125 MHz):5 = 165.2 (C=0), 141.3 (C-1’), 134.5 (C-1), 132.7
(C-3"), 131.7 (C-4), 131.3 (C-5), 129.5 (C-2), 18{C-2), 125.3 (CH Jc.r= 35.5
Hz, 120.1 (C-4)).

IR (KBr disc) 3250, 3120, 1659, 1568, 1383, 127 7and 1186 cih

ESI-MS, low res, 589 (M.H. HRMS (ESI); MH, found 589.0791, £H13N»05F1»
requires 589.0785.

N1,N3-bis(3,5-his(trifluoromethylphenyl)benzene-1,3-dicarboxamide (48)

F3C\©/N\H yN CFs

’ CF3 CFs

To a solution of 3,Bis(trifluoromethyl)aniline (2.27 g, 9.9 mmol) in DMEB0 mL) was
added triethylamine (1.52 g, 15 mmol) and DMAR21Y, 9.9 mmol). The mixture was
cooled to 0 °C and pyridine-2,6-dicarboxyl chlori@99 g, 1 mmol) was added slowly in
small portions with constant stirring over 4-5 niggiensuring that the temperature in the
flask did not increase. The reaction was held a803C for 18 hours and subsequently
poured into water (300 mL). The resulting whiteiggbroduct was isolated from the
solvent by filtration. The crude was purified bituration using ethyl acetate to give the
title product as a white solid (0.96 g, 34%), n=841-342 °C.

'H NMR (400 MHz, CRCN) & = 10.51 (s, 2H, N-H), 8.60 (s, 4H, H-2), 8.50 {d,
= 8.2 Hz, 2H, H-4), 8.29 (] = 8.2 Hz, 1H, H-5), 7.82 (s, 2H, H-4").

3C NMR (100 MHz, CRCN): & = 164.4 (C=0), 149.6 (C-2), 141.1 (C-5), 137.2
(C-1'), 133.8 (C-3'), 132.6 (C-4’), 125.7 (C-2")23.0 (CR) Jc.r= 35.7 Hz, 121.4
(C-4).

IR (KBr disc) 3284, 3101, 1686, 1550, 1572, 14737, 1383, 1279, 1175, 1146,
1068, 1001, 936, 889, 840 and 683'tm

ESI-MS, low res, 590 (MB. HRMS (ESI); MH, found 590.0716, SH1:N30,F15
requires 590.0738.
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N1,N3-bis(3,5-his(trifluoromethylphenyl)benzene-1,3-dicarbothioamide(149)

5
4
s A s

FsC N., ’ yN CFs
o

CFs CFs
Amide 147 (0.456 g, 0.775 mmol), Lawessons reagent (0.846092 mmol) and 30 mL
dry toluene were heated to reflux under nitrogen 6 hours. The yellow coloured
reaction mixture was allowed to cool and loade@dadly onto a column of silica gel pre-
packed with 50:50 dichloromethane: hexane solvgstem. The column was eluted using
gradient elution (100% dichloromethane followed3%y methanol: 95% dichloromethane.
Solvent was removeith vacuo to give the yellow solid title compound (0.46 $98), m.p.
=78.5-79.4 °C, lit m.p. = 79-81 °€?

'H NMR (600 MHz, CRCN) 8 = 10.77 (s, 2H, N-H), 8.53 (s, 4H, H-2"), 8.36 (s,
1H, H-2), 8.04 (d)) = 7.6 Hz, 2H, H-4), 7.91 (s, 2H, H-4"), 7.57 Jt= 7.6 Hz, 1H,
H-5).

13C NMR (125 MHz, CRCN): & = 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), 18%C-5), 124.1 (CP Jc.r= 36.7
Hz, 121.2 (C-4)

IR (KBr disc) 3208, 3058, 1601, 1549, 1466, 137&8, 1189, 1138 and 895 ¢m

ESI-MS, low res, 621 (MH HRMS (ES|), MH, found 621.033@24H13N282F12
requires 621.0329.
N1,N3-bis(3,5-his(trifluormethylphenyl)-5-nitrobenzene-1,3-dicarboxamide (150)

NO,

4
(0] (0]
2
F3C\©/N\H H,N\©/CF3
4 z
CF3

CFs
To dry dichloromethane (30 mL) was added 5-nitrpigbalic acid (1g, 4.74 mmol) and
the solution was maintained under a nitrogen atim&sp To this solution was added
DMAP (1.16 g, 9.47 mmol), EDCI (1.82 g, 9.47 mmoland 3,5bis
(trifluoromethyl)aniline (2.17 g, 9.47 mmol) andetloff-white coloured suspension was
stirred at room temperature for 16 hours. The yelleaction mixture was washed with 1
M HCI, 10% aqueous sodium bicarbonate, saturate@l,Nend the product dried with
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MgSQO,. The solvent was removeth vacuo and the crude was purified by flash
chromatography (85% hexane: 15% ethyl acetateju® tpe title compound as a white
solid (1.523 g, 51%), m.p. = 310-312 °C.

'H NMR (400 MHz, CRCN) & = 9.53 (s, 2H, N-H), 8.99 (d,= 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, 2i4").

13C NMR (125 MHz, CBCN): & = 163.8 (C=0), 148.5 (C-5), 140.7 (C-1), 136.3
(C-1), 132.5 (C-3'), 131.5 (C-2), 125.5 (C-2), 184CF) Je.r = 35.5 Hz, 122.8
(C-4), 120.6 (C-4").

IR (KBr disc) 3245, 3084, 1659, 1549, 1381, 12819, 1136 and 893 ¢

ESI-MS, low res, 634 (MH. HRMS (ESI) M-H, found 632.0497, £H1oNsO4F ;>
requires 632.0480.

Methyl-N3-(3,5-his(trifluoromethyl)phenylcarbamoyl)-1-benzoate (152)

CFs
To a solution of mono-methyl isophthalate (1.0 .$55mmol) in dichloromethane (30 mL)
was added DMAP (0.68 g, 5.55 mmol), EDCI (1.06 @555 mmol) and 3,5-
bis(trifluoromethyl)aniline (1.27 g, 5.55 mmol) andethvhite suspension was stirred at
room temperature for 16 hours. The reaction mixwae then washed with water and 1 M
HCIl. The white solid precipitate was collected hitrdtion and purified by flash
chromatography (80% Hexane: 20% ethyl acetateivi te title product as a white solid
(2.0 g, 92%), m.p. = 293-295 °C.

'H NMR (400 MHz, CDCJ) § = 8.51 (s, 1H, H-2), 8.32 (s, 1H, N-H), 8.26 Jc
7.6 Hz, 1 H, H-6), 8.23 (s, 2 H, H-2), 8.17 (= 7.6 Hz, 1H, H-4), 7.68 (s, 1H,
H-4'), 7.64 (app t, 1H, H-5), 3.98 (s, 3H, OgH

13C NMR (100 MHz, DMSOdg): 8 = 166.1 COOCH;), 165.6 (H-NC=0), 141.4
(C-19, 134.8 (C-3), 133.1 (C-4), 133.0 (C-6), 1BQC-3), 129.7 (C-5), 128.8 (C-
2), 125.1 (CE) Jo.r = 35.8 Hz, 122.4 (C-1), 120.5 (C-2Y), 117.0 (C-BR.9 (O-
CHa).
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IR (KBr disc) 3416, 3271, 3104, 3003, 2958, 1716611, 1569, 1471, 1443, 1382,
1278, 1258, 1172, 1123, 943, 891, 720 and 686.cm

ESI-MS, low res, 392 (MH. GC-MS; m/z 392, 372, 360, 163, 135, 103, 76.
HRMS (ESI) M-H, found 390.0562, GH1oNOsFs requires 390.0565.

N3-(3,5his(trifluoromethyl)phenylcarbamoyl)-1-benzoic acid (153)

CF,
The estedl52(1.67g, 4.26 mmol) was dissolved in hot methad6lrL). To this solution
was added 1 M NaOH, (20 ml, 20 mmol) and the metueated to reflux for one hour.
Distilled water (100 mL) was subsequently added #wedmixture was acidified to pH 3
using concentrated HCI. The mixture was cooled fdteded to give the title product as a
white solid of sufficient purity for further syntbis (1.24 g, 77%), m.p. = 194-196 °C.

'H NMR (400 MHz, DMSOdg) 8 = 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 (@= 7.6 Hz, 1H, H-6), 8.15, (d,= 7.6 Hz,
1H, H-4), 7.80 (s, 1H, H-4"), 7.67 (app t, 1H, H-5)

3C NMR (100 MHz, DMSOdg) & = 166.7 COOH), 165.4 CONH), 141.5 (C-19),
134.7 (C-3), 133.3 (C-4), 132.7 (C-6), 131.7 (CID9.5 (C-5), 129.0 (C-2), 125.1
(CRs) Jo.p = 31.6 Hz, 122.5 (C-1), 120.5 (C-2Y), 116.8 (C-4°)

IR (KBr disc) 3292, 3092, 2662, 2551, 1690, 16562, 1470, 1441, 1381, 1305,
1279, 1175, 1146, 943, 893, 728 and 683 cm

ESI-MS, low res, 378 (MB. HRMS (ESI); MH, found 376.0423, gHsNOsFs
(M) requires 376.0484.

3,5-bis(trifluoromethylaniline)-benzene-1-sulfonamide (154
2 O\\S/NHZ

F3 C S
o
4

CF5
Aqueous ammonia (2 mL) and triethylamine (3.64 mmMd mL) were added to DMF (20
mL), the reaction mixture cooled to O °C. To thisixture was added 3,5-

bis(trifluoromethyl)benzene sulfonyl chloride (0.536 mmol) in small portions over 5-
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10 minutes and the reaction mixture was stirredaitn temperature for 16 hours followed
by addition of distilled water (300 mL). The basgaction mixture was acidified to pH 2
by addition of concentrated HCI causing the prodogirecipitate out of solution. The off-
white precipitate was collected by filtration (0.4¢698%), m.p. = 145.9-146.7 °C, lit m.p.
= 146-147 °C>®

'H NMR (400 MHz, DMSOde) & = 8.46 (s, 1H, H-4), 8.40 (s, 2H, H-2), 7.79 (s,
1H, NH,)

13C NMR (100 MHz, DMSOdg) & = 147.1 (C-1), 131.1 (C-3), 127.6 (C-4), 124.6
(CFs) Jo.r= 35.5 Hz, 121.9 (C-2).

IR (KBr disc) 3356, 3262, 3097, 3067, 1862, 18326, 1531, 1197 and 907 ¢m

ESI-MS, low res, 294 (MB. GC-MS; m/z 294, 277, 261, 229, 213, 163, 131, 9
69. HRMS (ESI); M-H, found 291.9864, &H,NO.F¢S, requires 291.9867.

N1-(3,5his(trifluoromethyl)phenyl)- N3-(3,5bis(trifluoromethyl)phenylsulfonyl)-

benzene 1,3-dicarboxamide (151)

Acid 153 (0.371g, 0.983 mmol) was dissolved in a 50:50 womixtof dichloroethane:
butanol (20 mL) and to this stirred suspension adged DMAP (0.360 g, 2.949 mmol),
EDCI (0.472 g, 2.457 mmol) and sulfonamiti®4 (0.200 g, 0.683 mmol). The reaction
mixture was stirred for 72 hours at room tempemtamd after this time Amberlyst 15
anion exchange resin (2 g) was added and the mixtas diluted with ethyl acetate (10
mL). This mixture was stirred for a further 2 hoarsd subsequently passed through a plug
of silica gel and washed with ethyl acetate. Theate was collected and solvent removed
in vacuo. The mixture was purified by flash chromatograg88% dichloromethane: 2%

methanol) to give the title product as an off wisitdid (0.187 g, 43%), m.p. = 241.5-242.3
°C.

'H NMR (400 MHz, DMSO€g) 5 = 10.92 (s, 1H, Amide N-H), 8.50 (s, 1H, H-2),
8.49 (s, 2H, H-2"), 8.39 (s, 2H, H-27), 8.21 (H1H-4"), 8.11 (d,J = 7.6 Hz, 1H,
H-4), 7.97 (dJ = 7.6 Hz, 1H, H-6), 7.77 (s, 1H, H-4’), 7.49 (apAH, H-5).
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3C NMR (100 MHz, DMSOds) & = 169.1 CONH-SQy), 166.3 CONH), 148.2
(C-1%), 141.1 (C-1%, 138.5 (C-3“), 133.6 (C-3132.7 (C-1), 130.1 (C-3), 128.6
(C-6), 127.9 (C-4), 127.6 (C-2°), 124.7 (C-5), 4C-2"), 123.9 (C-2), 122.7
(CRs"), 121.7 (CR') Je.r= 35.5 Hz, 116.6 (C-4Y).

IR (KBr disc) 3450, 3318, 3093, 2927, 1667, 1653, 1380, 1179 and 888 ¢m

ESI-MS, low res, 651 (M. HRMS (ESI); M-H, found 651.0242, £H;1,N,O4F1,S
requires 651.0248.

N1,N3-bis(3,5his(trifluoromethyl)phenylsulfonyl)isophthalamide (156)
WO
O\\S\(N\H H’N)/S/'O
Fgc\Q'O o Dca

‘ CF, FsC
Isophthalic acid (0.113 g, 0.683 mmol) was dissblvien a 50:50 mixture of
dichloroethané:butanol (20 mL) and to this stirred suspension a@dded DMAP (0.292
g, 2.389 mmol), EDCI (0.529 g, 3.412 mmol) and @odimidel54 (0.500 g, 1.706 mmol).
The reaction mixture was stirred for 16 hours amotemperature and after this time
Amberlyst 15 anion exchange resin (2 g) was addeddfze mixture was diluted with ethyl
acetate (10 mL). This mixture was stirred for atar 2 hours and subsequently passed
through a plug of silica gel and washed with 95i%/keacetate:methanol. The filtrate was
collected and solvent removed vacuo. The crude product was purified by flash

chromatography (85:15 ethyl acetate: petroleumrgtiegive the title product as a white
solid (0.300 g, 61%), m.p. >350 °C

'H NMR (400 MHz, DMSO¢) & = 8.49 (s, 1H, H-2), 8.38 (s, 4H, H-2"), 8.19 (s,
2H, H-4"), 7.86 (dd,) = 7.8 & 1.8 Hz, 2H, H-4), 7.24 (3,= 7.8 Hz, 1H, H-5).

13C NMR (DMSO4ds, 100 MHz)3 = 170.7 (C=0), 149.4 (C-1), 138.3 (C-2), 130.8
(C-3Y), 130.1 (C-4), 129.6 (C-4°), 128.3 (C-2°), 1.2 (C-5), 124.2 (C Jcr= 38.3
Hz, 122.3 (C-2).

IR (KBr disc) 3543, 3093, 1603, 1555, 1362, 128B9.and 897 cih

ESI-MS, low res, 715 (M-H); HRMS (ESI); M-H found 714.9871,
C24H11N205F1282,requires 714.9867.
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N1-(3,5his(trifluoromethyl)phenyl)-3-nitrobenzamide (159)

CF3

To a solution of 3-nitrobenzoic acid (1.00 g, 5r@6hol) dissolved in dichloromethane (30
mL) was added DMAP (0.73 g, 5.98 mmol), EDCI (1.455.98 mmol) and 3,5-

bis(trifluoromethyl) aniline (1.37 g, 5.98 mmol). Theaction mixture was stirred for 16
hours at room temperature before being washed %@timL 1 M HCI causing the white

solid product to crash out of solution. This solxhs collected by filtration and

recrystallised from dichloromethane to give thetetsiolid title compound (1.92 g, 85%),
m.p. = 233.6-234.2 °C.

'H NMR (400 MHz, CRCN) § = 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, (tM, H-6), 7.75 (s, 1H, H-4),
7.74 (m, 1H, H-5)

13C NMR (100 MHz, CRCN) & = 164.2 (C=0), 148.4 (C-3), 140.3 (C-1'), 135.6
(C-1), 133.9 (C-6), 131.5 (C-3'), 130.3 (C-2’), 12§C-5), 124.8 (CP Jc.r= 32.6
Hz, 122.5 (C-4), 122.3 (C-2), 120.3 (C-4).

IR (KBr disc) 3265, 1660, 1524, 1472, 1382, 1280V 71and 895 cih

ESI-MS, low res, 379 (M. GC-MS; m/z 378, 359, 329, 263, 228, 188, 15@,13
120, 104, 76. HRMS (ESI); M-H found 377.0376, {sH/N.OsFs requires
377.0361.

3-amino-N-(3,5-hbis(trifluoromethyl)phenyl)benzamide (160)

CF;

To a stirred suspension @69 (1.0 g, 2.65 mmol) in ethanol (200 mL) was addéébol
Pd/C (0.03 g, 0.03 mmol). Hydrazine monohydraté& (hL) was subsequently added
dropwise. The reaction mixture was heated to refhith stirring for 16 hours. Upon
completion (reaction monitored by TLC), the mixtwes filtered through a silica plug
and solvent removeith vacuo. The crude solid was dissolved in ethyl acetate hedsvith

water (30 mL x 2) and saturated NaCl (20 mL x 2gadlwith MgSQ, filtered and solvent
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removedin vacuo. The product was purified by flash chromatograpising a gradient
starting with 100% dichloromethane followed by prod elution with 95%
dichloromethane: 5% methanol to give the title coomm as a white solid, (0.63 g, 69%),
m.p. = 169.5-170.8 °C.

'H NMR (400 MHz, CRCN) & = 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), 7.1918i, H-2), 7.16-7.20 (m, 1H, H-6),
6.84-6.89 (M, 1H, H-4), 4.40 (s, br, 2H, NH

13C NMR (100 MHz, DMSOdg) 8 = 167.3 (C=0), 149.8 (C-3), 141.3 (C-1°), 134.8
(C-1), 129 (C-3Y), 124.7 (G Jc.r= 33.6 Hz, 122.8 (C-2Y), 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, 13840,21181, 1115 and 888 &m

ESI-MS, low res, 349 (MB. GC-MS; m/z 348, 329, 309, 279, 236, 163, 120, 92
65. HRMS (ESI); M-H, found 347.0628, gHoN,OFs requires 347.0619.

N-(3,5-bis(trifluoromethyl)phenyl)-3-(3,5- bis(trifluoromethyl)phenyl)ureido-1-
benzamide (157)

NN
H H N CF,
a b

N
R

CFs
To a solution 0f160 (0.40 g, 1.15 mmol) in dichloromethane (30 mL) veakled 3,5-
bis(trifluoromethyl) phenyl isocyanate (0.29 g, 1.15noi). The reaction mixture was
stirred at room temperature for 24 hours and mogitdoy TLC. After this time the
product was isolated by filtration to give a whgelid product (0.68 g, 98%), m.p. =
208.8-209.7 °C.

'H NMR (400 MHz, DMSO#) 5 = 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,,3t#2"), 8.09 (s, 1H, H-2), 7.78
(s, 1H, H-4"), 7.71 (d,) = 7.6 Hz, 1H, H-6), 7.65 (d,= 7.6 Hz, 1H, H-4), 7.62 (s,
1H, H-4'), 7.49 (app t, 1H, H-5).

13 NMR (100 MHz, CBCN) & = 166.2 (Amide C=0), 152.4 (urea C=0), 141.2
(C-1), 140.7 (C-1%), 139.3 (C-1°), 134.8 (C-3), 1B (C3' & C-3“), 129.2 (C-5),
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125.0 (CF), 123.0 (C-6), 122.2 (GF Jo.r = 35.5 Hz, 121.9 (C-4), 120.2 (C-2Y),
118.7 (C-2"), 117.4 (C-2 & C-4*) 115.5 (C-4°).

IR (KBr disc) 3483-3250, 1707, 1585, 1474, 1381779,21138 and 89 cin

ESI-MS, low res, 604 (MB, 621 (M.HO"), 626 (M.Nd). HRMS (ESI); M-H,
found 602.0734, GH1.N30.F1,> requires 602.0738

N-(3,5-his(trifluoromethyl)phenyl)-3-(3,5-bis(trifluoromethyl)phenyl)thioureido-1-
benzamide (158)

To a solution 0f160 (0.30 g, 0.86 mmol) in dichloromethane (30 mL) veakled 3,5-
bis(trifluoromethyl) phenyl isothiocyanate (0.23 g86.mmol). The reaction mixture was
stirred at room temperature for 72 hours and mositdy TLC. After this time the solvent
was removedn vacuo and the mixture was purified by flash chromatogsag80%
hexane: 20% ethyl acetate) to give the white stitid product (0.53 g, 96%), m.p. =
168.2-169 °C

'H NMR (400 MHz, CRCN) & = 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, 2#42”), 8.01 (s, 1H, H-2), 7.83
(d,J = 7.6 Hz, 1H, H-4), 7.79 (s, 1H, H-4"), 7.75 (&, H-4’), 7.68 (d,J = 7.6
Hz, 1H, H-6), 7.58 (app t, 1H, H-5).

13C NMR (100 MHz, DMSOds) & = 180.2 (C=S), 166.7 (C=0), 142.5 (C-1), 141.6
(C-1%), 139.2 (C-1), 131.1 (C-3), 130.8 (C-3)30.5 (C-3"), 130.0 (C-5), 129.5
(CFs), 128.7 (C-6), 125.8 (C-4), 124.2 (§Bc.r= 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, 13880, 1170 and 894 cih

ESI-MS, low res, 620 (MH. HRMS (ESI): M-H, found 618.0487,
Cz4H12N3OF123C8.|C 618.05009.
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6.3 'H NMR Binding Studies

6.3.1 'H-NMR Titration Experiments

A solution of the receptor at a concentration omld was prepared in an appropriate
deuterated solvent. A measured amount (500uL) of #Holution was immediately
transferred into an NMR tube. A solution of the gfugetrabutylammonium (TBA) anion)
at a concentration of 20 mM was prepared in theesaaivent. Aliquot amounts of the
guest solution were added to the NMR twbee an autopipette. The number of additions
varied between 25 and 30 with an increase in theuainof guest solution added until a
total of 10 equivalents of the guest was attaiedH NMR spectrum was recorded after
each addition following an equilibration and mixitigne of 2 minutes after each addition.
The chemical shift of the protons associated whih tecognition process was recorded
after each’H NMR spectrum was run. The collected data was yaedl using

WINEQNMR for calculation of association constafffs.

6.3.2 Binding Stoichiometry — JOB Plot 2%

Solutions of the receptor (5 mM) and of the ani&n niM) in acetonitrileds were

accurately prepared. Twelve NMR tubes were filleithvdifferent proportions of these
equimolar solutions present varying from 10:0 régepanion to 1:9 receptor:anion. The
'H-NMR spectrum of each solution was subsequentgraed monitoring the amide N-H
protons and also other C-H protons. A plot of mivkection of receptor multiplied by
change in chemical shift @) versus mole fraction receptor gXwas constructed in

order to determine the binding stoichiométts).

6.4 Conformational Studies & X-Ray Crystallography

In some cases, diffraction grade crystals of remsptwere grown through slow
evaporation. Instances where crystal growth wassnotessful and/or where compounds
were amorphous resulted in conformational analgsisag conducted using 2D NOESY
and also 1D NOESY spectroscopy.
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Crystal Data for Compound Receptor 149:

Crystal Data: GH1,F1:N»S,, M = 620.48, monoclinica = 21.592(4) Ab = 11.3048(19)
A, c=9.6396(16) Ap = 90.132(4Y, V = 2353.0(7) &, T = 100(2) K, space group2/c, Z
= 4, 20279 reflections measured, 2397 unigRg € 0.0443). The finaR; values were
0.0328 [ > 25(1)) and 0.0359 (all data). The finaR(F?) values were 0.0761 & 25(1))
and 0.0781 (all data).

Crystal Data for Compound Receptor 158:

Crystal Data: GsH13F1:Nz0S,M = 619.43, monoclinica = 18.444(3) Ap = 19.411(3) A,
c = 14.5722(18) Ap = 97.489(3), V = 5172.59(7) A T = 296(2) K, space group,/c, Z
= 8, 53520 reflections measured, 8972 unigRg € 0.1499). The finaR; values were
0.0862 [ > 25(1)) and 0.2020 (all data). The finaR(F?) values were 0.1603 & 2(1))
and 0.2183 (all data).

6.5 Morita-Baylis-Hillman Catalysis Reactions

6.5.1 General Method A for Baylis-Hillman Reaction =~ **°

To a clean dry 10 mL flask under a nitrogen atmesphvas added DABCO (112.2 mg, 1
mmol), aldehyde (1 mmol), methyl acrylatdyutyl acrylate or cyclohexenone (3 mmol)
and organocatalyst51 (20 mol%, 130.4 mg) and the reaction was alloveestit at room
temperature for the specified time. The solutiors watracted with ethyl acetate, washed
with brine and dried with MgSQ Purification was achieved by flash chromatography
using 80% hexane: 20% ethyl acetate to elute theyat.

Methyl 2-(hydroxy(phenyl)methyl)acrylate 155
OH O

©)3\’(U\0Me

This product was synthesised according to geneeghodA using benzaldehyde (106 mg,
1 mmol) and methyl acrylate (258.3 mg, 3 mmol) aras extracted and purified after 20
hours to give the title compound as a yellow o§Ing, 76%).
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'H NMR (500 MHz, CDCJ) § = 7.40-7.24 (m, 5H, Ar-H), 6.35 (s, 1H, CHg),
5.83 (M, 1H, C=E@l), 5.57 (d,J = 5.6 Hz, 1H, H-3), 3.72 (s, 3H, ®%), 3.01 (s,
1H, OH).

13C NMR (125 MHz; CDCJ) § = 166.3 (C=0), 141.5 (C-1), 140.CT£CH,), 127.2
(C-3), 126.8 (C-4), 125.2 (C-2), 125.4 (CH,), 72.6 C-OH), 51.8 (&CH5)

ESI-MS, low res, M 192, 191, 175, 160, 132, 105, 77.

Methyl 2-(hydroxy(2-nitrophenyl)methyl)acrylate (155a)

NO, OH O

P

OMe
5 3
4

This product was synthesised according to geneedhod A using 2-nitrobenzaldehyde
(161 mg, 1 mmol) and methyl acrylate (258.3 mg,at) and was extracted and purified
after 1 hour to give the title compound as a yel@i(204 mg, 86%).
'H NMR (400 MHz, CDCY) 6 = 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 (1] = 6.4 Hz, 1H, H-5), 6.31 (s, 1H, C=GH
6.16 (s, 1H, CHOH), 5.68 (s, 1H, C=C}), 3.67 (s, 3H, OCH).
¥C NMR (100 MHz; CDCJ) § = 166.5 (C=0), 148.3 (C-1), 141.C£CH,), 136.3
(C-2), 133.5 (C-4), 129.0 (C-3), 128.7 (C-5), 12@>5CH,), 124.6 (C-6), 67.5C-
OH), 52.2 (QCHs3).

ESI-MS, low res, M 220, 206, 188, 160, 132, 117, 104, 89, 77, 65.

Methyl 2-(hydroxy(o-tolyl)methyl)acrylate (155b)
CH; OH O

1
2
OMe

5 3
4

This product was synthesised according to geneesthoal A using 2-methylbenzaldehyde
(2120 mg, 1 mmol) and methyl acrylate (258.3 mmrBol) and was extracted and purified
after 42 hours to give the title compound as aoyebil (45 mg, 22%).

'H NMR (400 MHz, CDCJ) § = 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, Q=4, 5.78 (s, 1H, €-OH), 5,59 (s,
1H, C=CHy), 3.74 (s, 3H, Ofl), 2.87 (s, 1H, OH), 2.30 (s, 3H, Ar-GH
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13C NMR (100 MHz; CDCJ) § = 167.1 (C=0), 141.74=CH,), 136.7 (C-2), 135.6
(C-1), 130.4 (C-6), 127.8 (C-5), 126.3 (C-3), 126C2CH,), 126.2 (C-4), 69.2G-
OH), 52.0 (@Hs), 19.1 CH3).

ESI-MS, low res, M 206, 189, 175, 159, 145, 129, 119, 91, 77.
Methyl 2-(hydroxy(2-methoxyphenyl)methyl)acrylate (L55c)

OMe OH O

1
6 2 OMe

5 3

4
This product was synthesised according to generatthod A using 2-
methoxybenzaldehyde (136 mg, 1 mmol) and methyllaier (258.3 mg, 3 mmol) and was

extracted and purified after 72 hours to give ttie tompound as clear oil (122 mg, 55%).

'H NMR (400 MHz, CDCJ) & = 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),%(8, 1H, C=El,), 5.87 (m, 1H,
CH-OH), 5.72 (m, 1H, C=8,), 3.80 (s, 3H, Ar-O€l), 3.72 (s, 3H, O85), 3.47
(m, 1H, OH).

13C NMR (100 MHz; CDCJ) § = 167.2 (C=0), 156.7 (C-1), 141.64CH,), 129.3
(C-2), 129.0 (C-5), 127.7 (C-3), 125.8 (CH,), 120.8 (C-4), 110.7 (C-6), 68.3
(CH-OH), 55.5(Ar-QCH3), 52.0 (GCH5).

ESI-MS, low res, M 222, 221, 205, 191, 161, 145, 135, 107, 91, 77.
Methyl 2-((4-fluorophenyl)(hydroxy)methyl)acrylate (155d)

OH O
2

3N OMe
4
F

This product was synthesised according to geneesthoad A using 4-fluorobenzaldehyde
(124 mg, 1 mmol) and methyl acrylate (258.3 mrBol) and was extracted and purified
after 42 hours to give the title compound as aradg172 mg, 82%).

'H NMR (400 MHz, CDCJ) § = 7.27-7.33 (m, 2H, H-2), 6.96-7.02 (m, 2H, H-3),
6.30 (s, 1H, C=@,), 5.82 (s, 1H, C=H.), 5.50 (m, 1H, &-OH), 3.70 (s, 3H,
OCHs3), 3.30 (s, 1H, OH).
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3C NMR (100 MHz; CDCJ) 6 = 166.7 (C=0), 163.6 (C-4.r= 246.3 Hz, 142.1

(C=CH,), 137.2 (C-1), 128.4 (C-2), 126.1 (CH,), 115.4 (C-3), 72.5GH-OH),

52.1 (QCHs).

ESI-MS, low res, M 210, 193, 177, 150, 133, 123, 97, 77.
Methyl 2-(hydroxy(p-tolyl)methyl)acrylate (155€)

OH O
3 { OMe
HaC

This product was synthesised according to geneesthoal A using 4-methylbenzaldehyde
(2120 mg, 1 mmol) and methyl acrylate (258.3 mmrBol) and was extracted and purified
after 36 hours to give the title compound as aradg78 mg, 38%).

'H NMR (400 MHz, CDCJ) & = 7.23-7.27 (m, 2H, H-2), 7.13-7.16 (m, 2H, H-3),
6.32 (s, 1H, C=€l,), 5.85 (s, 1H, C=M,), 5.51 (s, 1H, §-OH), 3.70 (s, 3H,
OCHs), 3.03 (s, br, 1H, OH), 2.33 (s, 3H, AHG).

13C NMR (100 MHz; CDCJ) § = 166.7 (C=0), 142.00=CH,), 138.3 (C-1), 137.5
(C-4), 129.1 (C-3), 126.5 (C-2), 125.8 (CH,), 73.0 CH-OH), 51.9 (@THs), 21.1
(Ar-CH).

ESI-MS, low res, M 206, 189, 174, 159, 146, 131, 119, 91, 77.

Methyl 2-(hydroxy(4-methoxyphenyl)methyl)acrylate (L55f)
OH O
3 { OMe
MeO
This product was synthesised according to generatthod A using 4-

methoxybenzaldehyde (136 mg, 1 mmol) and methglate (258.3 mg, 3 mmol) and
was extracted and purified after 96 hours to gneetttle compound as a clear oil (42 mg,
19%).
'H NMR (400 MHz, CDCJ) § = 7.25-7.30 (m, 2H, H-2), 6.84-6.89 (m, 2H, H-3),
6.31 (s, 1H, C=6), 5.84 (s, 1H, C=8,), 5.52 (s, 1H, €-OH), 3.78 (s, 3H, Ar-
OCHs3), 3.71 (s, 3H, O83), 2.92 (s, br, 1H, OH).

13C NMR (100 MHz; CDGJ) § = 166.9 (C=0), 159.3 (C-4), 142.8%CH,), 133.5
(C-1), 128.0 (C-2), 125.7 (@H,), 113.9 (C-3), 72.9GH-OH), 55.3 (Ar-QCHs),

52.0 (COGCHs).
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ESI-MS, low res, M 222, 205, 190, 162, 135, 108.

2-(hydroxy(4-methoxyphenyl)methyl)-4,4-dimethylpentl-en-3-one (1559)

OH O
3 2 1 OJ<
4
This product was synthesised according to genee#thoad A using benzaldehyde (106 mg,
1 mmol) andtert-butyl acrylate (384 mg, 3 mmol) and was extracted purified after 20

hours to give the title compound as an off-yellaoared oil (66 mg, 28%).

'H NMR (400 MHz, CDC)) & = 7.24-7.37 (m, 5H, Ar-H), 6.24 (s, 1H, CHg),
5.72 (s, 1H, C=6l,), 5.47-5.50 (m, 1H, B-OH), 3.15-3.19 (m, 1H, OH), 1.39 (s,
9H, O4Bu).

3C NMR (100 MHz; CDGCJ) & = 165.6 (C=0), 143.4 (C-1), 141.64CH,), 128.3
(C-3), 127.6 (C-4), 126.5 (C-2), 125.2 (CH.), 81.6 C-(CHs)s), 73.5 CH-OH),
27.9 (C-CHa)3).

ESI-MS, low res, M 217, 177, 161, 132, 105, 77, 51.
2-(hydroxy(4-methoxyphenyl)methyl)cyclohex-2-enonél55h)
OH O
2 1
3 1 2 &
45‘
.
This product was synthesised according to geneetthod A using benzaldehyde (106 mg,

1 mmol) and cyclohexenone (288 mg, 3 mmol) and edgracted and purified after 20

hours to give the title compound as an off-yellaoared oil (119 mg, 59%).

'H NMR (400 MHz, CDCY) & = 7.2-7.35 (m, 5H, Ar-H), 6.74 (8= 4.1 Hz, 1H,
H-3"), 5.53 (s, 1H, €-OH), 3.66 (s, 1H, OH), 2.3-2.41 (m, 4H, H-4’ & F)61.95
(m, 2H, H-5").

13C NMR (100 MHz, CDGJ) § = 200.4 (C=0), 147.5 (C-3), 141.9 (C-1), 141.2
(C-2"), 128.4 (C-3), 127.5 (C-4), 126.6 (C-2), 72CH-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 1%

Into a 10 mL round bottomed flask was placed a reaigrstirring bar, organocatalyst (20
mol%, 0.2 mmol), DABCO (113.7 mg, 1 mmolk){stilbene (22.8 mg, 0.126 mmol) and
benzaldehyde (106 mg, 1 mmol). The flask was titeadfwith a septum and flushed with
N.. Methyl acrylate (0.92 ml, 10.14 mmol) was subssqly added by syringe and the
reaction mixture was stirred at room temperatungoraddition of the methyl acrylate, a
sample (5QuL) was taken from the flask, diluted to 500 with CDCl; and analysed by
'H NMR as ¢. Further samples of 50L were taken every 2 hours for 8 hours, diluted to
500 pL total volume and the NMR spectrum obtained. Thange in integration ratio of
benzaldehyde:H)-stilbene peak in théH NMR spectrum of the reaction mixture was
monitored as a function of time. A rate plot ofstipiseudo-first order kinetics system was
constructed (plot of —Lofpenzaldehyde] versus time) and the rate consfahieaeaction

was assessed from the slope of this plot.

6.7 Synthesis of Chiral Catalysts for the Aldol Rea  ction

N-Boc-(S)-proIine341

4DZ—<O
5N OH
o)/\%

To (9-Proline (3.54 g, 30 mmol) in dichloromethane (80) was added a solution of di-
tert-butyl-dicarbonate (Bg©) (7.86 g, 36 mmol) in dichloromethane (30 mL).eTh
mixture was stirred for 72 hours at room tempegtaxtracted with dichloromethane (2 x
30 mL) and washed with brine. The crude reactiorxtumeé was purified by flash
chromatography (50:50 ethyl acetate: hexane) te ¢ie title product as a white solid
(3.20 g, 99%), m.p. = 134-136 °Qj]p** = -65.2 (c = 0.1, CHG). Lit m.p. = 132-134 °C,
Lit [ a]p**= +57.0 (c = 1.0, CHG).**

'H NMR (400 MHz, CDCY) & = 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), 1B%1 (m, 9H, Boc-H), OH

proton not visible.
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ESI-MS, low res, 238 (M.N3, 216 (MH), 160, 116. GC-MSm/z 215, 214, 160,
116, 114, 98, 83.

N-Boc-(S)-prolinamide (170)'"°

4 0
5EN>2—-«NH2
s

N-Boc-proline (2.15 g, 10 mmol) was dissolved in diffF (30 mL) and treated with

triethylamine (10 mmol, 1.01 g, 1.38 mL). The stifreaction mixture was cooled to 0 °C
and ethyl chloroformate (1.09 g, 10 mmol) was addiegwise over 15 minutes. After the
mixture had been stirred for a further 30 minutggemus ammonia (11 mL, 12.5 mmol)
was added slowly by syringe over 15 minutes. Té&tion mixture was stirred for 1 hour
at 0 °C, 16 hours at room temperature and heateefltoc for 3 hours. The reaction was
diluted with ethyl acetate and solvent removedvacuo. The resulting residue was
dissolved in ethyl acetate, washed with saturatepet@us ammonium chloride, dried with
MgSQ,, filtered and solvent removead vacuo. The crude product was purified by flash
chromatography (50:50 ethyl acetate: petroleumrgtbegive a white solid product (1.50
g, 70%), m.p. = 105-108 °Cp]p*®= - 34.2 (c = 0.1, EtOH). Lit m.p. = 104-106 °Ct Li

[a]p?®= - 43.4 (c = 1.0, EtOHY'®

'H NMR (400 MHz, CDCJ) & = 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 (@&, H-3), 2.04-2.42 (m, 2H,
H-4), 1.46 (s, 9H, Boc-H).

ESI-MS, low res, 237 (M.N@, 215 (MH), 195, 181, 159, 137, 115. GC-MS: m/z
214, 199, 159, 141, 115, 70.

N-Boc-(S)-prolinamine (219)**°
5N NH,
o)/\%
To a solution of prolinamid&70 (1 g, 4.67 mmol) in dry THF (30 mL) at O °C undar
inert atmosphere in oven dried glassware was aBdegne-THF 1 M solution (20 ml, 20
mmol) dropwise. The reaction mixture was held &Qfor 1 hour, warmed to room

temperature slowly and stirred for 16 hours andduteto reflux for 6 hours. The reaction
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mixture was then cooled to 0 °C and quenched by slddition of methanol (20 mL),
taking extreme care with the evolution of g§bs. This mixture was evaporated to remove
solvent and boric acid saft®*** The colourless oil was used without further poaifion
due to difficulty with retention of the amine praduwn a silica flash chromatography
column. Ratio of title product: unreacted amide.4:2 Approx 60% pure b{HNMR,
(0.81 g, 86% crude)a]p*°=-28.6 (c = 0.1, CHG). Lit [a]p*°=-56.2 (c = 1.1, CHG).>*®

IH NMR (400 MHz, CDCJ) & = 3.78-4.05 (m, br, 1H, H-2), 3.63-3.69 (m, 2H,
NHZ), 335'346 (m, 1H, QZ_NHZ diastereotop&; 303'333 (m, 2H, H'5), 263'274
(M, 1H, GHo-NH; giastereotopds 1.73-1.99 (M, 4H, H-3 & H-4), 1.46 (s, 9H, BBY-

IR (Thin Film) 3467, 2977, 2887, 2076, 1671, 147456, 1410, 1368, 1253, 1169,
1122, 1050 and 936 ¢

ESI-MS, low res, 201 (MB, 145, 101; GC-MS; m/z 201 (M} 200, 185, 170,
145, 127, 114, 101, 84, 70, 57.

Methyl-3-(6-methylpyridin-2-ylcarbamoyl)benzoate (20)

N_~5

To a stirred solution of mono-methyl isophthalaté5Q0 mg, 4.162 mmol) in
dichloromethane (30 mL) was added DMAP (509 mg62.tamol) and EDCI (800 mg,
4.162 mmol). To this was added 2-amino-6-picol#&0(mg, 4.162 mmol) slowly and the
reaction was stirred for 16 hours at room tempeeatifter this time solvent was removed
from the reactionn vacuo and the crude yellow oil was purified by flash aiatography
(90:10 hexane:ethyl acetate with polarity subsetiyencreased to 80:20 hexane:ethyl
acetate) to give the title product as a white s@i@9 g, 97%), m.p. = 100.1 — 102.5 °C.

'H NMR (400 MHz, CDC}) 5 = 8.63 (s, 1H, N-H), 8.56 (s, 1H, H-2), 8.22 Jd;
8.4 Hz, 1H, H-6), 8.18 (dJ] = 8.4 Hz, 1H, H-4), 8.16 (dl = 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 § = 7.6 Hz, 1H, H-
3", 3.95 (s, 3H, OCH), 2.47 (s, 3H, Ar-Ch).
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3C NMR (100 MHz, CDG)) 8 = 166.0 (CH-O-C=0), 164.7 (HXC=0) 157.2 (C-
2'), 150.5 (C-6"), 138.7 (C-4"), 134.7 (C-3), 133@-6) 130.7 (C-5), 129.4 (C-2),
127.9 (C-4), 119.7 (C-1), 111.2 (C-5'), 100.4 (G;:52.5 (CCHa), 24.2 (ArCHa).

IR (KBr disc) 3300-2900 (br), 1691, 1615, 1582, 845316, 1277, 1164, & 717

cmt,

ESI-MS, low res, 271 (M.B, 241, 209, 163, 135, 119, 103, HRMS (ESI); MH
found 271.1084, GH1sN>O3 requires 271.1083.

3-(6-methylpyridin-2-ylcarbamoyl)benzoic acid (220a

3
H” | X4
N _~'5

To a solution 0220 (1.09 g, 4 mmol) in hot methanol (40 mL) was added NaOH (8

I
O
P4

ml, 8 mmol) and the mixture was stirred at room gernature for 4 hours. After this time
deionised water (100 mL) was added and the reactidure was acidified to pH 3.0
using concentrated HCI. The precipitated producs wallected by filtration to give the
title product as a white solid (1.05 g, 96%), m=1290.5 — 292 °C.

'H NMR (400 MHz, DMSOsg) 6 = 11.2 (s, 1H, N-H), 8.53 (s, 1H, H-2), 8.26 {d,
= 7.6 Hz, 1H, H-6), 8.11 (dl = 7.6 Hz, 1H, H-4), 8.04 (dl = 8.4 Hz, 1H, H-3),
7.85 (app t, 1H, H-4"), 7.62 (8,= 7.6 Hz, 1H, H-5), 7.12 (d = 8.4 Hz, 1H, H-5"),
2.42 (s, 3H, Ar-CH).

3C NMR (100 MHz, DMSOde) 8 = 166.3 COOH), 165.5 CONH), 155.7 (C-29),
150.8 (C-6'), 140.6 (C-4°), 134.2 (C-3), 132.7 (§-632.2 (C-4), 131.0 (C-5),
129.1 (C-1), 128.8 (C-2), 119.7 (C-5*), 112.5 (G;23.8 (ArCHs).

IR (KBr disc) 2947, 1730, 1672, 1575, 1457, 131596, 1236, 1136, 788 & 726
cmt,
ESI-MS low res, 257 (M.H, 239, 221, 130, 110, 92 HRMS (ESI); MHound
257.0930, GH13N-05 requires 257.0926.
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6.8 General Method B for N-Boc deprotection

A solution of Boc-protected catalyst (5 mmol) icldioromethane (5 mL) was cooled to O
°C. To this chilled solution was added dropwiseludfoacetic acid (5 mL) and the
reaction mixture stirred at @ for 2 hours. After this time, the solvent and es TFA
were removed invacuo. The residue was redissolved in dichloromethar@ rfil),
neutralised with 5% NaOH and the aqueous layelaetdd with dichloromethane (5 x 15
mL). The combined extracts were washed with sadrlaCl, dried with MgSg) filtered
and solvent removed iwacuo to give the catalyst with sufficient purity in niosases.
Where necessary, the deprotected catalyst wasquuby preparative TLC.

(S)-tert-butyl-2-(picolinamidomethyl)pyrrollidine-1-carboxy late (Boc-215)
Q, 7\

o )LNG_S 4
To a suspension of pyridine-2-carboxylic acid (8.@¢1 5 mmol) in dichloromethane (30
mL) was added EDCI (0.959 g, 5 mmol) and DMAP (@g15 mmol) and this suspension
was stirred for 10 minutes. Boc-prolinami@é9 (1g, 5 mmol) was added slowly as a
solution in dichloromethane (20 mL) and the reactimixture was stirred at room
temperature for 16 hours. After this time, solverdas removed from the dark brown
reaction mixture invacuo and the product was purified by flash chromatolgya(®0:10
hexane: ethyl acetate with polarity subsequenttyeased to 70:30 hexane: ethyl acetate)

eluting the title product as a colourless oil (2MB, 45%), plp*® = -14.0 (c = 0.35,
CH,Cly).

'H NMR (400 MHz, CDCJ) & = 8.7, 8.25 (s, 1H N-H (rotation present)), 8.85](
= 4.6 Hz, 1H, H-6), 8.14-8.30 (m, 1H, H-3), 7.7&7(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 (br, 2H, H-5’), 3.31-3.41 (m, br,
2H, CONH-,), 1.75-2.05 (m, br, 4H, H-3' & H-4"), 1.45 (s, 9Bpc-H).

3C NMR (100 MHz, CDGJ,) & = 164.7 (Amide C=0), 155.3 (Boc C=0), 149.7
(C-2), 148.0 (C-6), 137.0 (C-4), 125.9 (C-5), 12p®3), 79.8 C-(CHs)3), 56.4
(C-2), 46.4 (C-5°), 42.8CH,-NH), 28.8 (C-3*), 28.2 (C&Hs)3), 23.8 (C-4)

IR (KBr disc) 3340, 3259, 2976, 1694, 1585, 15070, 1300, 1160 and 815¢m
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ESI-MS: LC-MS: (ESI) 328 (M.N3, 306 (MH+), 250, 206, 188, 124, 84. HRMS
(ESI); MH', found 306.1832, {gH24N30 requires 306.1818.

(S)-N-(pyrrolidin-2-yImethyl)picolinamide (215)
4 :
.
5

N HN ,
H
N Ve

6 5
Following general methoB for N-Boc-deprotection, the title compound was obtaiage
brown oil (258mg, 43%),d]p*'= +27.6 (c = 0.515, CiTl,).

'H NMR (400 MHz, CDCJ) § = 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¥ (m, 1H, H-
5), 3.59-3.66 (M, 1H, H-2"), 3.31-3.49 (m, br, CONHH,), 2.96-3.03 (m, 2H, H-
5, 2.66 (S, br, 1H N-H), 1.45-2.0 (m, br, 4H, H&H-4).

13C NMR (100 MHz, CDGJ) 3 = 166.3 (Amide C=0), 149.1 (C-2), 148.5 (C-6),
137.4 (C-4), 126.6 (C-5), 122.4 (C-3), 59.9 (C-25.2 (C-5'), 41.0 CHx-NH),
27.9 (C-3"), 24.3 (C-4').

IR (KBr disc) 3379, 2963, 1664, 1529, 1269, 997 @hd 694 ci

ESI-MS, low res, 205 (M. HRMS (ESI); MH, found 206.1298, GH:eN3sO
requires 206.1293

(S)-tert-butyl-2-((6-methylpicolinamido)methyl)pyrrolidine- 1-carboxylate (Boc-216)

To a suspension of 6-methylpicolinic acid (0.4418@2 mmol) in dichloromethane (20
mL) was added EDCI (0.767 g, 4 mmol) and DMAP (9.48 4 mmol) and this

suspension was stired for 10 minutes. Boc-prolim@@il9 (1.044 g, 5.19 mmol) was
added slowly as a solution in 20 mL dichloromethamel the dark brown coloured
reaction mixture was stirred at room temperaturel&hours. After this time, solvent was
removed from the dark brown reaction mixtumevacuo and the product was purified by
flash chromatography (80:20 petroleum ether: etipdtate with polarity subsequently
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increased to 70:30 petroleum ether: ethyl acetltd)ng the title product as a colourless
oil (0.367 g, 36%), #]o-°= -9.15 (c = 0.184, EtOAC),

'H NMR (400 MHz, CDCJ) 5 = 8.82, 8.18 (s, 1H, N-H rotation present), 7.8738
(m, 1H, H-3), 7.62-7.74 (m, 1H, H-4), 7.18-7.28 (M, H-5), 3.95-4.13 (m, br,
1H, H-2"), 3.28-3.71 (m, br, 4H, H-5" & CONH44), 2.56 (s, 3H, Ar-Ch), 1.74-
2.04 (m, br, 4H, H-3' & H-4’), 1.46 (s, 9H, Boc-H).

13C NMR (100 MHz, CDG)) 3 = 178.8 (Amide C=0), 165.6 (C-6), 157.2 (Boc
C=0), 149.0 (C-2), 137.4 (C-4), 126.0 (C-5), 116C33), 77.4 C-(CHs)s), 58.7
(C-2"), 45.4 (C-5'), 41.6CH,-NH), 28.6 (C-3' & C-CHa)s), 24.9 (C-4°), 24.3 (Ar-
CHy)

IR (KBr disc) 3325, 3250, 2968, 1690, 1670, 141850, 1160 and 815cMh
ESI-MS, low res, 320 (V), 246, HRMS (ESI); MA, found 320.1977, GH2eN303
requires 320.1974

(S)-6-methyl-N-(pyrrolidin-2-ylmethyl)picolinamide (216)

SN HN

Following general methoB for N-Boc-deprotection, the title compound was obtaiag@
thick yellow oil; (330mg, 32%),d]o*°= + 26.63 (c = 0.184, Ci&l,)

'H NMR (400 MHz, CDCY) & = 8.42 (s, br, 1H Amide N-H), 7.95 (d, 18i= 7.6
Hz, H-3), 7.67 (app t, 1H, H-4), 7.23 (d, 1K,= 7.6 Hz, H-5), 3.52-3.54(m, 1H,
H-2"), 3.25-3.42(m, 2H, CONH-B), 2.88-2.99 (m, 2H, H-5'), 2.53 (s, 3H, Ar-
CHa), 2.47 (s, 1H, N-H), 1.38-1.95 (m, 4H, H-3' & H)4’

13C NMR (100 MHz, CDGJ) & = 164.8 (Amide C=0), 157.2 (C-6), 149.3 (C-2),
137.4 (C-4), 125.8 (C-5), 119.2 (C-3), 58.1 (C-25.6 (C-5'), 44.2 CH,-NH),
29.4 (C-3"), 25.8 (C-4"), 24.3 (AGH3).

IR (KBr disc) 3379, 3290, 2959, 1662, 1593, 1408} and 761 cfm

ESI-MS, low res 220 (MH. HRMS (ESI); MH, found 220.1455, GH1gN30O
requires 220.1450
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(S)-tert-butyl-2-(nicotinamidomethyl)pyrrolidine-1-carboxyl ate (Boc-217)

5
4 >
0
Qo N\
0} 2 5

=N
To a suspension of pyridine-3-carboxylic acid (@.6f 5 mmol) in dichloromethane (20
mL) was added EDCI (0.958 g, 5 mmol) and DMAP (0.¢1 5 mmol) and this solution
was stired for 10 minutes. Boc-prolinamig&9 (0.647 g, 3.22 mmol) was added slowly
as a solution in 20 mL dichloromethane and the tr@aanixture was stirred at room
temperature for 16 hours. After this time, solvemais removedn vacuo and the product

was purified by flash chromatography (80:20 hexagtbyl acetate) to yield the title
compound as a thick colourless oil (0.9416 g, 6R&h)**= + 3 (c = 0.1, CHG);

'H NMR (400 MHz, CDC}) § = 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,= 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' 80BIH-CH,), 1.68-2.15 (m, br,
4H, H-3' & H-4"), 1.44 (s, 9H, Boc-H).

3C NMR (100 MHz, CDG)) & = 166.1 (Amide C=0), 152.3 (C-6), 149.0 (C-2),
136.4 (C-4), 130.2 (C-1), 125.3 (C-3), 80@-(CHs)3), 58.1 (C-2°), 44.0 (C-5Y),
42.1 CH2-NH), 28.4 (C-3Y), 27.5 (CQHa)3), 24.7 (C-4Y).

IR (KBr disc) 3352, 3260, 2870, 1680, 1610, 150%,d, 1300, 1160, and 815¢m
ESI-MS: 328 (MN&), 306 (MH+). HRMS (ESI); MHA, found 306.1835,
C16H24N30 requires 306.1818.

(S)-N-(pyrrolidin-2-yImethyl)nicotinamide (217)

N_G

Following general methoB for N-Boc-deprotection, the title compound was obtaiage
brown coloured oil (450mg, 53%)a]p*'= + 22.6 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) & = 8.99 (dJ = 1.5 Hz, 1H, H-2), 8.61 (dd,= 3.1 &
1.5 Hz, 1H, H-6), 8.05-8.09 (m, 1H, H-4), 7.89ls, 1H, Amide N-H), 7.27-7.30
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(m, 1H, H-5), 4.19 (s, br, 1H, Aliphatic N), 3.31-3.72 (m, 3H, H-2’&CONH-
CH>), 3.03-3.10 (m, 2H, H-5’), 1.50-2.05 (m, 4H, H&H-4’)

3C NMR (100 MHz, CDGJ) & = 166.1 (Amide C=0), 151.9 (C-6), 148.3 (C-2),
135.3 (C-4), 129.6 (C-1), 123.3 (C-3), 59.0 (C-2%.3 (C-5°), 42.1 CHx-NH),
28.4 (C-3Y), 24.7 (C-4Y)

IR (KBr disc) 3407, 3066, 2968, 1655, 1545, 142(83and 708 cih

ESI-MS, low res, 206 (MB, 136, 106, 70 HRMS (ESI); MH found 206.1299,
C11H1eN3O requires 206.1293

(S)-tert-butyl-2-((3-(6-methylpyridin-2-ylcarbamoyl)benzamido)methyl)pyrrolidine-
1-carboxylate (Boc-218)

5
6 4

o 0
NHBQ N N

A
To a suspension df20a (1.0 g, 3.9 mmol) in dichloromethane 50 mL waseatd&DCI
(958.5 mg, 5 mmol) and DMAP (611 mg, 5 mmol). Teispension was left to stir for 10
minutes. Boc-prolinamine (1g, 5 mmol) was addedwbloas a solution in 20 mL
dichloromethane and the reaction mixture was stigseroom temperature for 16 hours.
After this time, solvent was removed from the clgalution reaction mixturen vacuo and
the product was purified by flash chromatographyO¢ hexane with polarity
subsequently increased to 80:20 hexane: ethyl tageta give the title product as a
colourless oil (1.1 g, 64%)a]p'°= +5.0 (c = 0.1, CHG).

'H NMR (400 MHz, CDCY) & = 9.24 (s, 1H, Amide N-H), 8.57 (s, 1H, Amide N-
Ha), 8.37 (s, 1H, H-2), 8.05 (d,= 8.4 Hz, 1H, H-4), 7.99 (d, = 7.6 Hz, 1H, H-6),
7.95 (d,J = 7.6 Hz, 1H, H-3), 7.51 (app t, 1H, H-5), 7.4Dfet, 1H, H-4"), 6.79
(d,J=7.6 Hz, 1H, H-5’), 4.04-4.22 (m, 1H, H-2"), 343.57 (m, br, 4H, H-5” &
CONH-CHy), 2.30 (s, 3H, Ar-El3), 1.59-2.05 (m, br, 4H, H-3" and H-4"), 1.31
(s, 9H, Boc-H)

3C NMR (100 MHz, CDGJ) & = 166.3 (CONHCH), 165.6 (CONH-Py), 156.2
(Boc C=0), 150.7 (C-2* & C-6'), 138.6 (C-5), 134(@-3), 130.0 (C-3‘ & C-6),

128.7 (C-4"), 125.6 (C-2), 119.6 (C-5'), 111.5 (§;-80.9 C-(CHs)3), 60.5 (C-2%),
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47.9 (C-5"), 46.7 (CH), 29.9 (C-3%), 28.1 (C-CHa)s), 23.4 (C-4"), 20.5 (Ar-
CH).

IR (KBr disc) 3328, 3067, 2975, 1676, 1608, 153897, 1165 and 754 ¢

ESI-MS, low res, 439 (M.H, 461 (M.Nd), 339 HRMS (ESI); MH, found
439.2348, GH3:N4Oy4, requires 439.2345

(S)-N1-(6-methylpyridin-2-yl)- N3-(pyrrolidin-2-ylmethyl)isophthalamide (218)

5
6 4

o} o}
2 3
NH, ~ HN AN
2"¥ N ,
3" N’H Zs
4" 5"

Following general methoB for N-Boc-deprotection, the title compound was obtaiag@
colourless oil (500mg, 38%)a]p**= +19.0 (c = 0.1, EtOAC).

'H NMR (400 MHz, CDC}) 5 = 8.89 (s, 1H, N-k); 8.34 (s, 1H, H-2), 7.93-7.98
(m, 1H, H-4), 7.87-7.93 (m, 2H, H-6 & H-3'), 7.4854 (m, 1H, H-5), 7.29-7.34
(m, 1H, H-4’), 6.78-6.82 (m, 1H, H-5), 6.08 (s, dH, N-Ha), 3.67-3.76 (m, 1H,
H-2"), 3.37-3.68, (m, 2H, CONH-85), 3.03-3.23 (m, 2H, H-5"), 2.30 (s, 3H, Ar-
CHs), 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, CDGJ) 167.8 (CONHCH), 165.3 (CONH-PYy), 156.9 (C-2),
150.8 (C-6’), 138.8 (C-5), 134.3 (C-3), 133.8 (G-1B1.2 (C-3), 131.0 (C-6),
129.1 (C-4"), 126.0 (C-2), 119.7 (C-5’), 111.6 (§;-89.9 (C-2"), 45.2 (C-5), 41.5
(CH,), 28.1 (C-3"), 24.1 (C-4"), 23.9 (Ar-Ci

IR (KBr disc) 3400, 3332, 2932, 1675, 1603, 15388.and 1113 cth
ESI-MS, low res339 (MH"). HRMS (ESI): MH, found 339.1823, H23N40;
requires 339.1821.

(S)-tert-butyl 2-(pyridin-2-ylcarbamoyl)pyrrolidine-1-carbox ylate (Boc-221)

.
=0 Né
O A\

N-Boc-proline (2.153 g, 10 mmol) was dissolved iy dHF (30 mL) and treated with

triethylamine (10 mmol, 1.011 g, 1.377 mL). Therstl reaction mixture was cooled to 0
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°C and ethyl chloroformate (1.085 g, 10 mmol) wasleal dropwise over 15 minutes.
After the mixture had been stirred for a furtherrBhutes, 2-aminopyridine (0.941g, 10
mmol) was added slowly over 15 minutes. This reactnixture was stirred for 1 hour at 0
°C, 16 hours at room temperature and heated taxrdr 3 hours. The mixture was
subsequently diluted with ethyl acetate, filterend asolvent removedn vacuo. The
resulting crude product was dissolved in ethyl @egtwashed with saturated aqueous
ammonium chloride, dried with MgSQ filtered and evaporated. Purification was
conducted by flash chromatography using (50:50 |edbgtate: petroleum ether) to give
the title compound as a colourless solid (1.428§6% m.p. = 135.9-136.8 °Cp]p*%°= -
80.4 (c = 0.1, ChLCl,). Lit [a]p = -71.0 (c = 0.25, CKDH).>**

'H NMR (400 MHz, CDCJ) & = 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)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,, [#H, H-3’), 1.86-1.99 (m, 2H,
H-4"), 1.45 (s, 9H, Boc-H).

3C NMR (100 MHz, CDGJ) 5 = 171.7 (Amide C=0), 155.0 (Boc C=0), 151.8 (C-
2), 146.8 (C-6), 138.8 (C-4), 119.8 (C-5), 114.23)C80.8 C-(CHs)s), 61.5 (C-
2Y), 47.3 (C-4Y), 31.0 (C-2Y), 28.3 (QH3)3), 23.9 (C-3Y).

IR (KBr disc) 3220, 2980, 1708, 1688, 1582, 14391, 1154 and 800 ch

ESI-MS, low res, 292 (MB, 236, 192 HRMS (ESI); MH found 504.2824,
C15H2oN303 requires 504.2822.

(S)-N-(pyridin-2-yl)pyrrolidine-2-carboxamide (221)

4-6%0 24

5 Ni-| HN \N é5
Following general methoB for N-Boc-deprotection, the title compound was obtaiage
viscous brown oil (900 mg, 43%) m.p. = 48-51 °@}f*= -56.2 (c = 0.4, EtOAc). Lit
m.p. = 45-50 °C, Lit §]p°°= -62.5 (c = 0.44, EtOAS)’®

'H NMR (400 MHz, CDCY) § = 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;3)| 3.86-3.92 (m, 1H, H-2),
2.98-3.12 (M, 2H, H-5"), 2.39 (s, br, 1H, AliphatitH), 1.98-2.25 (m, 2H, H-3"),
1.71-1.81 (m, 2H, H-4).
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3C NMR (100 MHz, CDGCJ) & = 174.0 (Amide C=0), 151.2 (C-2), 148.0 (C-6),
138.3 (C-4), 119.7 (C-5), 113.7 (C-3), 61.0 (C-2Y.3 (C-5), 30.9 (C-39), 26.1
(C-4Y).

ESI-MS, low res, 191 (N).

(S)-tert-butyl-2-(6-methylpyridin-2-ylcarbamoyl)pyrrolidine -1-carboxylate (Boc-222)

3
y o)
4 >

3 4
SN HN \ /5
10 N
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ﬁ\
This compound was synthesised as per the procegier for Boc221 using 2-amino-6-
picoline (1.081g, 10 mmol) and purified by flash chromatpduna (50:50 ethyl acetate:
petroleum ether) to give the title compound aslbwesolid (2.23 g, 73%), m.p. = 145.8-
146.5 °C; p]p*°= -89.4 (c = 0.1, CbCl,).

'H NMR (400 MHz, CDCJ) & = 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),B&91 (m, 1H, H-5), 4.20-4.48
(m, 1H, H-2), 3.31-3.59 (m, br, 2H, H-5'), 2.41, (3H, Ar-CHs), 1.95-2.35 (m,
2H, H-3'), 1.83-1.96 (m, br, 2H, H-4"), 1.45 (s, 9Boc-H).

13C NMR (100 MHz, CDGJ) & = 171.0 (Amide C=0), 157.0 (Boc C=0), 154.6 (C-
6), 150.5 (C-2), 138.6 (C-4), 119.4 (C-5), 110.53)C81.0 C-(CHs)3), 62.2 (C-
2), 47.2 (C-5), 31.1 (C-3°), 28.4 (QaHs)3), 24.1 (C-4").

IR (KBr disc) 3228, 2971, 2876, 1714, 1657, 14801, 1154 and 799 c¢h

ESI-MS, low res, 306 (M, 250, 206, 188 HRMS (ESI); MHfound 306.1819,
C16H24N303 requires 306.1818.

(S)-N-(6-methylpyridin-2-yl)pyrrolidine-2-carboxamide (222)

Following general methoB for N-Boc-deprotection, the title compound was obtaiasd
an off-white coloured solid (1.50g, 66%), m.p. =@&® °C; [a]p** = -40.2 (c = 0.4,
EtOAC). Lit m.p. = 60-63°C, Litd]p*°=-39.2 (c = 0.45, EtOAC)"®
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'H NMR (400 MHz, CDCY) § = 10.1 (s, br, 1H, N-H), 8.04 (d,= 8.2 Hz, 1H, H-
3), 7.56 (tJ = 8.2 Hz, 1H, H-4), 6.86-6.89 (m , 1H, H-5), 3.388 (m, 1H, H-2)),
2.99-3.10 (m, 2H, H-5), 2.46 (s, 3H, Ar-GH 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, CDGJ) 3 = 174.4 (Amide C=0), 156.9 (C-6), 150.5 (C-2),
138.5 (C-4), 119.1 (C-5), 110.4 (C-3), 61.0 (C-2Y,3 (C-5'), 30.9 (C-3"), 26.2
(C-4Y), 24.2 (ArCHy).

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 proceilker for Boc221 using 2-amino-6-

picoline (0.941 g, 10 mmol) and purified by flash chromaggdry in 70:30 ethyl acetate:
petroleum ether to yield the title compound as Hrwaite solid (1.53 g, 46%), m.p. =
163.8-164.5 °C;d]p'°=-90.6 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) & = 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).&227 (m, 1H, H-5), 4.46-4.55
(m, 1H, H-2’), 3.33-3.51 (M, 2H, H-5), 2.47-2.58(1H, H-3"), 1.84-2.03 (m, 3H,

H-3' & H-4"), 1.50 (s, 9H, Boc-H).

13C NMR (100 MHz, CDG)) 8 = 170.5 (Amide C=0), 156.8 (Boc C=0), 144.9 (C-
4), 141.2 (C-6), 135.3 (C-2), 126.6 (C-5), 123.63)C81.3 C-(CHs)s), 60.4 (C-
2Y), 47.3 (C-5), 28.4 (CCHa3)3), 27.0 (C-3Y), 24.6 (C-4Y).

IR (KBr disc) 3267, 3186, 3123, 2877, 1703, 16604, 1547, 1159 and 808 ¢m

ESI-MS, low res, 292(MA HRMS (ESI); MH, found 292.1661, EH»N30;
requires 292.1661
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(S)-N-(pyridin-3-yl)pyrrolidine-2-carboxamide (223)
SN HN—( )6
Lo,
Following general methoB for N-Boc-deprotection, the title compound was obtaiage

colourless sticky oil (1.15g, 40%)a]p'®= -65.8 (c = 0.1, CHG). Lit [a]p*°>= -54.1 (c =
1.0, CHC}).>’

'H NMR (400 MHz, CDCJ) § = 9.87 (s, br, 1H, Amide N-H), 8.59 (@= 2.8 Hz,
1H, H-2), 8.28- 8.32 (m, 1H, H-4), 8.21-8.25 (m,, H46), 7.20-7.26 (m, 1H, H-5),
3.83-3.89 (m, 1H, H-2"), 2.92-3.12 (m, 2H, H-5').28 (s, br, 1H, aliphatic N-H),
1.97-2.25 (m, 2H, H-3’), 1.70-1.81 (m, 2H, H-4")

3C NMR (100 MHz, CDGJ) & = 174.3 (Amide C=0), 145.1 (C-4), 141.0 (C-6),
134.7 (C-2), 126.4 (C-5), 123.7 (C-3), 61.1 (C-2Y.5 (C-5), 30.8 (C-3), 26.4
(C-49).

ESI-MS, low res, 192 (MB

(S)-tert-butyl 2-(pyridin-4-ylcarbamoyl)pyrrolidine-1-carbo xylate (Boc-224)

This compound was synthesised as per the procegiwen for Boc221 using 4-
aminopyridine (0.941g, 10 mmol) and purified bysflachromatography in 80:20 hexane:
ethyl acetate to yield the title compound as dn white solid (0.751 g, 35%), m. p. =
204.5-205.4 °C;{]p"®=-93.4 (c = 0.1, CHG).

'H NMR (400 MHz, CDCY) & = 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, 1H2Hi- 3.30-3.51 (m, 2H, H-5),
2.50-2.59 (m, 1H, H-3), 1.85-2.03 (m, 3H, H-3’ &4#), 1.50 (s, 9H, Boc-H).

3C NMR (100 MHz, CDGJ) 5= 171.2 (Amide C=0), 156.6 (Boc C=0), 150.6 (C-
2), 145.4 (C-4), 113.7 (C-3), 81.8{(CHs)s), 60.7 (C-2Y), 47.4 (C-5*), 28.5 ((C-
(CHs)3), 27.7 (C-3), 24.7 (C-4°)

IR (KBr disc) 3246, 3162, 2972, 2878, 1713, 15935, 1391, 1183 and 835; ¢m
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ESI-MS, low res, 292 (M.B, 218, 190, 114, 70; HRMS (ESI); MHfound
292.1671, GH2oN303 requires 292.1661

(S)-N-(pyridin-4-yl)pyrrolidine-2-carboxamide (224)
4'62'—(0
¥™N HN o N
Following general methoB for N-Boc-deprotection, the title compound was obtaiage

white solid (500mg, 31%), m. p. = 171-173 °@]4*®= -84.2 (c = 0.2, CHG). Lit m.p. =
172-174 °C, Lit p]p*°>= -70.1 (c = 0.55, CEDH).>*’

'H NMR (400 MHz, CDCY) & = 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-2.92-3.13 (m, 2H, H-5),
1.98-2.28 (m, 2H, H-3'), 1.77 (s, br, 1H, AliphaleH), 1.68-1.88 (m, 2H, H-4").

13C NMR (100 MHz, CDGJ) & = 174.6 (Amide C=0), 150.8 (C-4), 144.6 (C-2),
113.4 (C-3), 61.2 (C-2'), 47.5 (C-5), 30.8 (C-326.4 (C-4").

ESI-MS, low res, 191(¥)

(S)-tert-butyl 2-(quinolin-2-ylcarbamoyl)pyrrolidine-1-carb oxylate (Boc-225)
4 5
5 N_o
>
This compound was synthesised as per the procegiwen for Boc221 using 2-
aminoquiniline (1.1015 g, 7.64 mmol) and purifieg flash chromatography in 80: 20

petroleum ether: ethyl acetate to yield the tittenpound as an off-white solid (1.9 g,
56%), m. p.=192.2-193.5 °Cyjp**=-81.8 (c = 0.1, CHG).

'H NMR (400 MHz, CDCY) & = 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),2#B86 (m, 1H, H-5), 7.73-7.83
(m, 1H, H-8), 7.62-7.68 (m, 1H, H-7), 7.40-7.48 (i, H-6), 4.25-4.55 (m, 1H,
H-2), 3.35-3.68 (m, 2H, H-5’), 1.88-2.48 (m, 4H;3 & H-4"), 1.47 (s, 9H, Boc-
H).

13C NMR (100 MHz, CDGJ) & = 171.9 (Amide C=0), 155.0 (Boc C=0), 150.6 (C-
2), 146.5 (C-b), 138.6 (C-4), 129.9 (C-7), 127.45|C127.3 (C-8), 126.3 (C-a),
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125.1 (C-6), 114.0 (C-3), 80.L{(CHa)s), 61.3 (C-27), 47.2 (C-5%, 31.0 (C-39,
28.3 (C-CHs)3), 24.0 (C-4°).

IR (KBr disc) 3220, 2976, 2876, 1716, 1657, 153125, 1318, 1178 and 838 ¢m
ESI-MS, low res, 342 (M.H HRMS (ESI); MH, found 342.1819, {gH24N303
requires 342.1818

(S)-N-(quinolin-2-yl)pyrrolidine-2-carboxamide (225)

0 3| X 6
3 .
H
N,
5 H

Following general methoB for N-Boc-deprotection, the title compound was obtaiasd
an off-white solid (1.4g, 49%,) m. p. = 108.3-1DeC; [a]p**= +7.4 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) & = 10.43 (s, br, 1H, Amide N-H), 8.48 (@= 8.7 Hz,
1H, H-3), 8.16 (dJ = 9.2 Hz, 1H, H-4), 7.86 (d, = 8.7 Hz, 1H, H-8), 7.76 (d, =
9.2 Hz, 1H, H-5), 7.61-7.68 (m, 1H, H-7), 7.40-7 @6, 1H, H-6), 3.88-3.95 (m,
1H, H-2)), 3.04-3.15 (m, 2H, H-5), 2.01-2.30 (mH2H-3), 2.15(s, br, 1H,
aliphativ N-H) 1.73-1.85 (m, 2H, H-4")

13C NMR (100 MHz, CDGJ) & = 174.9 (Amide C=0), 150.7 (C-2), 146.8 (C-h),
138.4 (C-4), 129.8 (C-7), 127.5 (C-5), 127.4 (C336.3 (C-a), 124.9 (C-6), 113.9
(C-3), 61.1 (C-2), 47.4 (C-5°), 30.9 (C-3"), 26(2-2).

IR (KBr disc) 3347, 3213, 2967, 1678, 1499, 123®5.and 828 cih

ESI-MS, low res, 242(M.H HRMS (ESI); MH, found 242.1297, GH1eNsO
requires 242.1293

(S)-tert-butyl 2-(quinolin-3-ylcarbamoyl)pyrrolidine-1-carb oxylate (Boc-226)

6
7

4|a\b 8
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This compound was synthesised as per the procegiwen for Boc221 using 3-

aminoquiniline (1.102 g, 7.64 mmol) and purified Bgsh chromatography in 80:20
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petroleum ether: ethyl acetate to yield the tidenpound as a brown solid (0.725 g, 28%),
m. p. = 185-186.5 °Cid]p?°= -50 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) § = 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), 72755 (m, 1H, H-6), 7.37-7.45
(m, 1H, H-4), 4.51-4.62 (m, 1H, H-2"), 3.32-3.55,(&H, H-5), 2.22-2.57 (m, 1H,

H-3"), 1.87-2.09 (m, 3H, H-3’' & H-4"), 1.40-1.58 (18H, Boc-H).

13C NMR (100 MHz, CDG)) 8 = 170.7 (Amide C=0), 156.8 (Boc C=0), 144.9 (C-
b), 144.1 (C-2), 132.0 (C-3), 128.9 (C-4), 128.2a)C127.9 (C-6), 127.6 (C-7),
127.0 (C-8), 123.2 (C-5), 81.L{(CHs)3), 60.4 (C-2°), 47.3 (C-5Y), 28.4 ((C-
(CH3)3), 27.1 (C-3°), 24.6 (C-4°).

IR (KBr disc) 3298, 2976, 2873, 1702, 1666, 15587, 1160 and 756 ¢
ESI-MS, low res, 342 (M.H HRMS (ESI); MH, found 342.1823, gH24N303
requires 342.1818

(S)-N-(quinolin-3-yl)pyrrolidine-2-carboxamide (226)

Following general methoB for N-Boc-deprotection, the title compound was obtaiage
thick brown pasty solid (400mg, 22%3]p*" = -20 (c = 0.05, CHG).

'H NMR (400 MHz, CDCY) & = 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, W-3.77-7.81 (m, 1H, H-7),
7.57-7.62 (m, 1H, H-6), 7.49-7.53 (m, 1H, H-8), BR97 (m, 1H, H-2’), 3.0-3.20
(m, 2H, H-5"), 2.01-2.31 (m, 2H, H-3"), 2.09 (s, 1Aliphatic N-H), 1.75-1.85 (m,
2H, H-4).

3C NMR (100 MHz, CDGJ) & = 174.4 (Amide C=0), 145.2 (C-b), 144.0 (C-2),
131.4 (C-3), 128.8 (C-4), 128.2 (C-a), 128.1 (C1®7.7 (C-7), 127.1 (C-8), 123.0
(C-5), 61.1 (C-2Y), 47.5 (C-5), 30.9 (C-3"), 26(6-4").

IR (KBr disc) 3354, 2969, 1686, 1523, 1490, 136% and 751 cfm
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ESI-MS, low res, 242 (M.H HRMS (ESI); MH, found 242.1297, GH1eN3sO
requires 242.1293

(S)-tert-butyl 2-(quinolin-8-ylcarbamoyl)pyrrolidine-1-carb oxylate (Boc-227)
0 7 S 5
3 o b
5 \/40 5 °
RS

This compound was synthesised as per the procegwen for Boc221 using 8-
aminoquiniline (1.1015 g, 7.64 mmol) and purifieg tlash chromatography in 90:10
hexane: ethyl acetate to yield the title compoundraoff- white solid (2.43 g, 93%), m.p.
= 154.8-156.2 °C;4]p*®=-127.4 (c = 0.1, CHG). Lit [a]p*®= -304.6 (c = 1.0, CHG).**®

'H NMR (400 MHz, CDCY) § = 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, 2H3-& H-5), 7.39-7.47 (m, 1H,
H-6), 4.55 (m, 1H, H-2’), 3.60 (m, 2H, H-5), 2.3M, 2H, H-3"), 1.96 (M, 2H, H-
4", 1.45 (m, 9H, Boc-H).

13C NMR (CDCE, 100 MHz)3 = 171.0 (Amide C=0), 154.8 (Boc C=0), 148.3 (C-
2), 138.6 (C-a), 136.1 (C-4), 134.1(C-8), 127.90)C127.2 (C-6 & C-5), 121.6 (C-
3), 116.4 (C-7), 80.3Q-(CHs)3), 61.9 (C-2), 47.0 (C-5Y), 31.3 (C-3'), 28.4 ((C-
(CHg)s), 24.1 (C-4)

IR (KBr disc) 3288, 2974, 2869, 1696, 1675, 152485, 1365, 1124 and 829 ¢m
ESI-MS, low res, 342 (M.§ HRMS (ESI); MH', found 342.1819, GH»4N305
requires 342.1818.

(S)-N-(quinolin-8-yl)pyrrolidine-2-carboxamide (227)

6
o) 7 5
3 b
2 N 4
4 H a |
N, N s
5' H 5

Following general methoB for N-Boc-deprotection, the title compound was obtaiage
dark brown viscous oil (1.8g, 84%)]p>*= +18.6 (c = 0.1, CHG). Lit [a]lp= +19.1 (c =
1.0, CHC}) >*®
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'H NMR (400 MHz, CDCY) & = 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 (MH.2H-5 & H-6), 7.41-7.45 (m,
1H, H-3), 3.98-4.05 (m, 1H, H-2’), 3.11-3.21 (m, 2H5"), 2.08-2.33 (M, 2H, H-
3", 2.18 (s, br, 1H, aliphatic N-H), 1.71-1.90 (&H, H-4").

13C NMR (100 MHz, CDGJ)) & = 174.3 (Amide C=0), 148.6 (C-2), 139.2 (C-a),
136.1 (C-4), 134.5 (C-8), 128.1 (C-b), 127.2 (C¥)1.6 (C-5), 121.4 (C-3), 116.4
(C-7), 61.8 (C-2Y), 47.5 (C-5Y), 31.0 (C-3Y), 26(B-4").

IR (KBr disc) 3257, 2965, 1670, 1516, 1382, 112 8nd 791 ci

ESI-MS, low res, 242 (M.H HRMS (ESI); MH, found 242.1296, GH1eN3sO
requires 242.1293

(25,2'S)-tert-butyl-2,2'-(pyridine-2,6-diyl bis(azanediyl) bis(oxomethylene)
dipyrrolidine-1-carboxylate (Boc-228)

0 A o
| O)LNJ'\/Nl X,
) N__{ S N@
Thee o
O (0]
N ©

This compound was synthesised as per the procegiven for Boc221 using 2,6-

Iz

diaminopyridine (1.069 g, 9.805 mmol) and purified flash chromatography in 70:30
petroleum ether: ethyl acetate to yield the tittenpound as a white solid (1.29 g, 26%),
m. p. = 218.5-220 °Cid]p*°= -86.4 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) 6 = 9.20, 8.12 (s, br, 2H, N-H (rotation present)§0
(d,J=7.6 Hz, 2H, H-3), 7.87 (s, 1H, H-4), 4.1-4.52, 2H, H-2’), 3.15-3.65 (m,
4H, H-5'), 1.78-2.48 (m, 8H, H-3’ & H-4’), 1.45 (48H, Boc-H).

13C NMR (100 MHz, CDG)) 8 = 171.0 (Amide C=0), 155.2 (Boc C=0), 149.4 (C-
2), 140.7 (C-5), 109.9 (C-3), 81.C{CHs)s), 62.2 (C-2°), 47.3 (C-5°), 31.2 (C-3Y),
28.5 (C-CHs)3), 24.4 (C-4°).

IR (KBr disc) 3345, 3261, 2976, 1692, 1585, 15083, 1300, 1156, and 804¢m

ESI-MS, low res 526 (MN3, 504 (MH) HRMS (ESI); MH, found 504.2834,
CosH3sNsOgNa requires 504.2822.
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(2S,2'S)-N,N'-(pyridine-2,6-diyl)dipyrrolidine-2-carboxamide (2 28)

4
3, l,
N, N
5 H H

Following general methoB for N-Boc-deprotection, the title compound was obtaiasd
an off-white solid (800mg, 21%) m.p. = 177.5-119 fa]p?°= +10 (c = 0.1, CHG). Lit
[a]p= +12.0 (c = 0.1, CHG) >*°

'H NMR (400 MHz, CDCY) & = 9.97 (s, br, 2H, Amide N-H), 7.95 (@= 7.6 Hz,
2H, H-3), 7.70 (tJ = 7.6 Hz, 1H, H-4), 3.78-3.87 (m, 2H, H-2"), 2.%3 (m, 4H,
H-5'), 1.62-2.25 (m, 10H, H-3’, H-4’ & aliphatic M.

3C NMR (100 MHz, CDGJ) & = 174.2 (Amide C=0), 149.4 (C-2), 140.2 (C-4),
108.9 (C-3), 61.0 (C-2), 47.3 (C-5'), 30.8 (C-326.2 (C-4°).

ESI-MS, low res 326 (MN3, 304 (MH)

(2S,4R)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid

0

HO,A‘.‘@)\OH
s~ N0

r
To a solution of trans-4-hydroXy-Proline (1.967 g, 15 mmol) in 20 ml of 1:1
dioxane:HO saturated aqueous sodium bicarbonate was addetharreaction mixture
cooled to OC.A solution of (Boc)O (6.548 g, 30 mmol) in dioxane (10 mL) was added
slowly and this mixture was stirred at room tempeeafor 16 hours. After this time, the
mixture was concentrated to approximately 30 mtdmoval of solvenin vacuo, 50 mL
of ethyl acetate was added and the reaction mixcidtified to pH 3 with 1M HCI and the
organic and aqueous layers were separated. Thewas|lser was extracted with a further
2 x 40 mL ethyl acetate and the combined organjerlawere washed with saturated
NacCl, dried with MgS@Q filtered and solvent removead vacuo. Flash chromatography
using a gradient from 90:10 chloroform:methanob@50 chloroform:methanol gave the
title compound as a thick, colourless waxy solid (fj, 35%), flo*’ = -55.6 (c = 0.1,
CHCly).
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'H NMR (400 MHz, CDCJ) § = 5.50 (s, br, 1H, CHB), 4.33-4.49 (m, 2H, H-2 &
H-4), 3.43-3.63 (m, 2H, H-5), 2.05-2.38 (m, br, 2#3), 1.45-1.39 (m, 9H, Boc-
H).

3C NMR (100 MHz, CDGJ) & (cis & trans conformers) = 177.6 & 174.6 (Amide
C=0), 156.4 & 154.2 (Boc C=0), 81.8 & 810-(CHs)s), 69.6 & 69.3 (C-4), 57.8
(C-2), 54.6 & 54.5 (C-5), 38.9 & 37.4 (C-3), 28.328.2 ((C-CHs)3).

(2S,4R)-1-tert-butyl 2-methyl 4-(benzyloxy)pyrrolidine-1,2-dicarboxylate (231)

o
5 N%o

%/o
A solution of N-Boc-trans-4-hydroxy--proline methyl ester (0.8g, 3.262 mmol) in dry
DMF (12 mL) was chilled to @ while sodium hydride (60% dispersion in minerd) o
(0.130 g, 3.262 mmol) was carefully added. Aftepragimately 10 minutes, benzyl
bromide (0.58 g, 0.404 mL, 3.4 mmol) was added lamd the mixture was allowed to
gradually heat up to room temperature with stirovgr 4 hours. Water (15 mL) was then
added to the reaction mixture and was followed Hyapjustment to pH 2 using 6 M HCI.
This reaction mixture was then extracted with etggtate (3 x 30 mL), washed with 10%
LiCl solution (2 x 25 mL) and dried using MgeCFlash chromatography using 90:10
petroleum ether: ethyl acetate yielded the titlenpound as a colourless oil, (0.415g,
38%), [a]p°= -5 (c = 0.1, EtOAC).

'H NMR (400 MHz, CDCJ) & = 7.23-7.36 (m, 5H, aromatic protons), 4.27-4.52
(m, 3H, H-2" & O-CH»Ar), 4.05-4.20 (m, 1H, H-4"), 3.70 (s, 3H_®fg), 3.48-3.70
(m, 2H, H-5’), 2.0-2.42 (m, 2H, H-3"), 1.38-1.46 (8H, Boc-H).

13C NMR (100 MHz, CDG)) 6 = 171.2 (Amide C=0), 153.8 (Boc C=0), 137.8 (C-
1), 128.6 (C-3), 127.9 (C-4), 127.7 (C-2), 80.24§;-76.1 C-(CHs)s), 71.1 (O-
CH,-Ph), 60.4 (C-2'), 58.1 (C-5"), 51.4 (OHs), 36.2 (C-3"), 28.4 (CEH3)3).

ESI-MS, low res, 336 (MB, 358 (MN4d), HRMS (ESI): MN4, found 358.1632,
C18H25NOsNa requires 358.1630.
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(2S,4R)-4-(benzyloxy)-1-tert-butoxycarbonyl)pyrrolidine-2-carboxylic acid (232)

0

AQHO"‘M"“
N

-
The above este231 (0.4 g, 1.194 mmol) was dissolved in methanol (9 mand to the
reaction mixture was added 1M NaoH (10 ml) andréeetion mixture was stirred for 16
hours at room temperature. After addition of desedi water (10 mL), the pH of the
mixture was adjusted to 10 by careful addition dfieNaOH. The reaction mixture was
extracted with diethyl ether (2 x 10 mL). The aquetayer was then acidified further to
pH 4 and the solution was extracted with ethyl @ee{3 x 40 mL), the combined ethyl
acetate organics were washed with saturated sodnlionide, dried with MgSQ) filtered
and solvent removeth vacuo. This compound was obtained as a colourless wakg s
(0.315 g, 82%),d]p*'=-11.2 (c = 0.1, CHG);

'H NMR (400 MHz, CDCJ) & = 9.90 (s, br, 1H, COOH), 7.21-7.33 (m, 5H,
aromatic protons), 4.29-4.52 (m, 3H, H-2' & G4&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')3%-1.44 (m, 9H, Boc-H).

ESI-MS, low res, 344 (MNaadduct), HRMS (ESI): MNa found 344.1483,
C17H23NOsNa requires 344.1474.

(2S,4R)-tert-butyl-4-(benzyloxy)-2-(pyridin-3-ylcarbamoyl)pyrro lidine-1-carboxylate
(Boc-229)
5
O 47\ 6
4©1\\ 462)LN SN
Ly H 2
N
5 (0]
¥
Acid 232 (0.275g, 0.857 mmol) was dissolved in dry THF (29 mnder an inert
atmosphere and to this was added triethylamined (L, 0.087g). The stirred reaction
mixture was cooled to 0 °C and ethyl chloroform@&38 g, 0.100 mL, 0.857 mmol) was
added dropwise over 15 minutes. After the mixtuael lbeen stirred for a further 30
minutes, 3-aminopyridine (0.081 g, 0.857 mmol) \added slowly over 15 minutes. This
reaction mixture was stirred for 1 hour at 0 °C hbéirs at room temperature and heated to

reflux for 3 hours. The mixture was subsequentliptdd with ethyl acetate and the

TEA.HCI removed by filtration and solvent removaorh the filtratein vacuo. Flash
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chromatography in 80: 20 petroleum ether: ethytateeyielded the title compound as an
off-white waxy solid (0.153 g, 45%)a]p>*= -46.8 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) & = 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, ardimaenzyl protons), 7.06 (s, 1H,
H-5), 4.56-4.68 (m, 1H, H-2') 4.45-4.53 (m. 2H, (H€Ar) 4.23-4.30 (m, 1H,
4H"), 3.56 (s, 2H, H5"), 2.1-2.6 (m, 2H, H-3"),38-1.50 (m, 9H, Boc-H).

13C NMR (100 MHz, CDG)) § = 170.0 (Amide C=0), 157.0 (Boc C=0), 145.0 (C-
4), 141.3 (C-6), 137.8 (C-1"), 135.2 (C-3), 12§®-3"), 128.0 (C-4"), 127.8 (C-
2"), 126.9 (C-2), 123.7 (C-5), 81.7 (CHa)s), 77.0 (C-4), 71.6 (QGEH»-Ph), 59.3
(C-2'), 51.9 (C-5'), 32.8 (C-3'), 28.4 (Q=H3)3)

IR (KBr disc) 3421, 3197, 2967, 1682, 1655, 13686 and 742 cth
ESI-MS, low res, 398 (MH HRMS (ESI); MH, found 398.2082, £H2gN304
requires 398.2080

(2S5,4R)-4-(benzyloxy)N-(pyridin-3-yl)pyrrolidine-2-carboxamide (229)
3 2 5
Z N
5 ‘H

Following general methoB for N-Boc-deprotection, the title compound was obtaiage
brown oil (95mg, 29%),d]o™*= -22.5 (c = 0.05, CHG)

'H NMR (400 MHz, CDCJ) & = 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),0/4238 (m, 6H, H-5 & aromatic
benzyl protons), 4.41-4.52 (m, 2H, €¢Ph), 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, %}, 2.55 (s, br, 1H, N-H),
2.47-2.56 (m, 1H, H-3"), 1.93-2.0 (m, 1H, H-3").

3C NMR (100 MHz, CDGCJ) § = 173.7 (Amide C=0), 145.1 (C-4), 141.0 (C-6),
138.0 (C-1"), 134.6 (C-3), 128.6 (C-3"), 127.94€C), 127.7 (C-2"), 126.5 (C-6),
123.7 (C-5), 80.5 (C-4"), 70.8 (GH»-Ph), 60.4 (C-2), 52.8 (C-5'), 36.3 (C-3").

IR (KBr disc) 3377, 2921, 1670, 1583, 1425, 125% &nd 741 cfm

ESI-MS, low res, 298 (MH HRMS (ESI); MH, found 298.1559, GH2NsO,
requires 298.1556
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(2S,4R)-tert-butyl-4-hydroxy-2-(pyridin-3-ylcarbamoyl)pyrrolidi ne-1-carboxylate
(Boc-230)

s 9 S
Ho'vf"los)i,)ﬂ "
"%f
N-Boc-4-hydroxyk-proline (0.403 g, 1.745 mmol) was dissolved in @dHF (30 mL) and
treated with triethylamine (0.202 g, 0.280 mL, 2 elmThe stirred reaction mixture was
cooled to 0 °C and ethyl chloroformate ( 0.395 ¢,66 mL, 1.754 mmol) was added
dropwise over 15 minutes. After the mixture hadrbsirred for a further 30 minutes, 3-
aminopyridine (0.164 g, 1.745 mmol) was added sfosser 15 minutes. This reaction
mixture was stirred for 1 hour at 0 °C, 16 hourscaim temperature and heated to reflux
for 3 hours. The mixture was subsequently diluteth wthyl acetate and the TEA.HCI
removed by filtration and solvent removed from tlidirate in vacuo. Flash
chromatography in 80:20 ethyl acetate: petroleumereyielded the title compound as an
off-white solid (0.315 g, 59%), m.p. = 220 — 221G [a]p**= -92 (c = 0.05, CEDH);

'H NMR (400 MHz, CROD) 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),9+&52 (m, 2H, H-2' & H-4),
3.44-3.66 (M, 2H, H-5), 2.02-2.35 (m, 2H, H-3")30-1.49 (m, 9H, Boc-H);

3C NMR (100 MHz, CROD) § = 172.8 (Amide C=0), 155.2 (Boc C=0), 144.1
(C-6), 140.5 (C-4), 136.0 (C-2), 127.9 (C-5), 124®1), 80.4 C-(CHs)3), 68.9
(C-4), 59.9 (C-2Y), 55.1 (C-5°), 39.3 (C-3"), 27(&C-(CHa3)3).

IR (KBr disc) 3421, 3197, 2976, 1682, 1655, 1531116, 1368, 1128 and 742 gm
ESI-MS, low res, 308 (MHB, 251.9, 207.9, 94.9. HRMS (ESI); MHfound
308.1612, GH2N30O, requires 308.1610

(2S,4R)-4-hydroxy-N-(pyridin-3-yl)pyrrolidine-2-carboxamide (230)

0 4| X6
3 .
HOnf'C/Z)\” 2/N
N
5 'H
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Following general methoB for N-Boc-deprotection, the title compound was obtaiasd
an orange coloured solid (200 mg, 42%), m.p. =842143.2 °C; f]p*®= -1.0 (c = 0.1,
CHCl).

'H NMR (400 MHz, CROD) § = 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),%(8, 1H, Amide N-H), 4.51 (s,
1H, H-4'), 4.31-4.37 (m, 1H, H-2"), 3.11-3.28 (MH2H-5), 2.36-2.43 (m, 1H, H-
3)), 2.01-2.10 (m, 1H, H-3"),

3C NMR (100 MHz, CROD) § = 161.8 (Amide C=0), 144.3 (C-4), 140.8 (C-2),
127.8 (C-6), 124.0 (C-5), 118.2 (C-3), 71.1 (C-#9.8 (C-2), 54.2 (C-5°), 39.0
(C-39).

IR (KBr disc) 3406, 1682, 1501, 1206, 1139 and 82;

ESI-MS, low res, 208 (M.B, HRMS (ESI): MH, found 208.1089, H14N30,
requires 208.1086.

(S)-tert-butyl 2-(phenylcarbamoyl)pyrrolidine-1-carboxylate (Boc 233)

3
L
(¢}
(@) )T

N-Boc-proline (1.075 g, 5 mmol) was dissolved in digF (25 mL) and treated with
triethylamine (0.506 g, 0.69 mL, 5 mmol). The sttfireaction mixture was cooled to 0 °C
and ethyl chloroformate (0.54 g, 5 mmol) was addexpwise over 15 minutes. After the
mixture had been stirred for a further 30 minute® &, aniline (0.465 g, 5 mmol) was
added slowly over 15 minutes. This reaction mixtwees stirred for 1 hour at 0 °C and 16
hours at room temperature. The mixture was workedinuthe standard manner and
subsequently dissolved in approx 40 ml dichlororae#) washed with 0.001 M HCI, dried
with saturated NaCl and MgQQOfiltered and solvent removedn vacuo. Flash
chromatography in 90:10 petroleum ether: ethyl a&eeyielded the title compound as a
colourless solid (0.471 g, 33%), m. p. = 189.8-89C; [a]p** = -127.8 (c = 0.1, CHG).

Lit m.p. = 185-188 °C, Litf]p=-138.3 (c = 0.24, CHE).>*°

'H NMR (400 MHz, CDCJ) & = 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, BB), 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)75-2.60 (m, br, 4H, H-3' & H-
4", 1.47 (s, 9H, Boc-H).

13C NMR (100 MHz, CDG)) 8 = 170.0 (Amide C=0), 156.7 (Boc C=0), 138.5 (C-
1), 129.0 (C-3) 123.9 (C-4), 119.7 (C-2), 81®(CHs)3), 60.6 (C-2°), 47.3 (C-5),
28.5 (C-CHa3)3), 27.3 (C-3Y), 24.7 (C-4Y).

ESI-MS, low res, 313 (M.Na

(S)-N-phenylpyrrolidine-2-carboxamide (233)

H
Following general methoB for N-Boc-deprotection, the title compound was obtaiasd
an off-white solid (250 mg, 29%), m. p. = 167.8@156°C; [a]p'°= -62 (c = 0.1, CHG).
Lit m.p. = 170-172 °C, Litdp = -44.2 (c = 0.5, EtOH)*>®

'H NMR (400 MHz, CDCJ) & = 9.72 (s, br, 1H, N-H), 7.59 (d,= 7.8 Hz, 2H, H-
2), 7.30 (tJ = 7.8 Hz, 2H, H-3), 7.04-7.10 (m, 1H, H-4), 3.88% (m, 1H, H-2),
2.92-3.10 (M, 2H, H-5'), 1.97-2.23 (m, 3H, H-3 &iphatic N-H), 1.69-1.80 (m,
2H, H-4).

13C NMR (100 MHz, CDGJ) & = 173.6 (Amide C=0), 138.0 (C-1), 129.0 (C-3),
124.0 (C-4), 119.3 (C-2), 61.1 (C-2"), 47.4 (C-3).8 (C-3"), 26.4 (C-4).
ESI-MS, low res, 191 (MB

(S)-tert-butyl-2-(methyl(pyridin-4-yl)carbamoyl)pyrrolidine -1-carboxylate (Boc-234)

N
><o
N-Boc-proline (0.425 g, 1.98 mmol) was dissolveddig THF (25 mL) and treated with
triethylamine (0.202 g, 0.275 mL, 2 mmol). Thersiit reaction mixture was cooled to 0
°C and ethyl chloroformate (0.217 g, 2 mmol) wadeatidropwise over 15 minutes. After
the mixture had been stirred for a further 30 mesuat 0°C, 4-methylaminopyridine
(0.214 g, 1.98 mmol) was added slowly over 15 n@sut his reaction mixture was stirred
for 1 hour at 0 °C and 16 hours at room temperafline mixture was worked up in the
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standard manner and purified by flash chromatograpsing a gradient from 50:50
petroleum ether: ethyl acetate changing to 80:B9l eicetate: petroleum ether to yield the
title compound as a colourless oil (0.202 g, 33%)y'°= +101.8 (c = 0.1, CHG)

'H NMR (400 MHz, CDCJ) § = 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))23-3.57 (m, 2H, H-5"), 3.22-
3.27 (M, 3H, N-Chj), 1.63-1.99 (m, 4H, H-3' & H-4’), 1.37 (s, 9H, Bot).

13C NMR (100 MHz, CDG)) (Rotation presen®) = 172.5 & 172.3 (Amide C=0),
154.4 & 153.6 (Boc C=0), 151.4 (C-3), 150.9 & 15(Ct1), 121.9 & 121.5 (C-2),
79.9 & 79.5 C-(CHs)s), 57.1 & 56.9 (C-2"), 47.1 & 47.0 (C-5°), 37.2 &3 (N-
CHs), 30.3 (C-3Y), 28.5 (C&Hs)3), 24.3 & 23.5 (C-4°)

ESI-MS, low res, 306 (MH)

(S)-N-methyl-N-(pyridin-4-yl)pyrrolidine-2-carboxamide (234)
SN N@N
H / \ /)
Following general methoB for N-Boc-deprotection, the title compound was obtaiage

colourless oil (120mg, 29%)alo™* = -90 (c = 0.05, CHG). Lit [a]p*°= -81.6 (c = 0.5,
CHCly). %%

'H NMR (400 MHz, CDCY) & = 8.07-8.10 (m, 2H, H-3), 6.75 (s, br, 1H, alipbat
N-H) 6.31-6.34 (m, 2H, H-2), 3.99-4.02 (m, 1H, H;23.50-3.56 (m, 1H, H-5),
3.16-3.23 (M, 1H, H-5), 2.68-2.71 (m, 3H, N-@H2.14-2.21 (m, 2H, H-3"), 1.87-
2.03 (M, 2H, H-4).

13C NMR (100 MHz, CDGJ) & = 172.9 (C=0), 152.0 (C-1), 149.8 (C-3), 108.1 (C-
2), 63.1 (C-2'), 48.6 (C-5), 31.3 (C-3'), 26.8B{CH3), 23.8 (C-4")

ESI-MS, low res, 206 (MH)

(S)-tert-butyl-2-(methyl(phenyl)carbamoyl)pyrrolidine-1-carb oxylate (Boc-235)
s, P
2 2 3
LHe
/
><o
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This compound was synthesised as per the procegiven for Boc221 using N-
methylaniline (1.072 g, 10 mmol), the crude mixtwas washed with with 0.5 M NaOH,
dried with saturated NaCl and MgjCiltered and solvent removeh vacuo. Flash
chromatography in 90:10 petroleum ether: ethyl a&eeyielded the title compound as a
colourless oil (0.887 g, 29%)a]o'' = +66.8 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) & = 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), 3:36G9 (m, 2H, H-5), 3.24-3.27
(m, 3H, N-QHs), 1.60-2.01 (m, 4H, H-3' & H-4"), 1.42-1.48 (m, 9Boc-H).

13C NMR (100 MHz, CDGJ) (rotation present)d = 172.7 & 172.6 (Amide C=0),
154.4 & 153.9 (Boc C=0), 143.6 & 143.4 (C-1), 126093), 128.1 & 128.0 (C-3),
127.9 & 127.8 (C-4), 79.7 & 79.T((CHa)s), 57.2 & 56.9 (C-2"), 47.3 & 47.1 (C-
5, 37.9 & 37.8 (NCHs), 31.7 & 30.4 (C-3"), 28.7 & 28.6 (Q3H3)s), 24.3 & 23.6
(C-4).

IR (KBr disc) 2971, 2359, 1689, 1661, 1493, 14864, 1162 and 770 ch

ESI-MS, low res, 304 (M)HRMS (ESI); MN4, found 327.1695, GH,4N,Os Na
requires 327.1685

(S)-N-methyl-N-phenylpyrrolidine-2-carboxamide (235)

Following general methoB for N-Boc-deprotection, the title compound was obtaiage
colourless oil (500mg, 22%)a]p**= +18.2 (c = 0.1, CHG).

'H NMR (400 MHz, CDCJ) § = 7.62 (s, br, 1H, aliphatic N-H), 7.28-7.34 (rii,2
H-3), 7.21-7.27 (m, 1H, H-4), 7.13-7.18 (m, 2H, H-3.86-3.93 (m, 1H, H-2)),
2.90-3.29 (M, 2H, H-5), 3.15 (s, 3H, NH3), 1.50-1.78 (m, 4H, H-3' & H-4").

3C NMR (100 MHz, CDGJ) & = 170.8 (C=0), 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 (BH3), 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)

2.0 CFs

5-%“] / 4

S (0]
)V CF,

N-Boc-proline (1.254 g, 5.83 mmol) was dissolveddig THF (25 mL) and treated with
triethylamine (0.590 g, 0.813 mL, 5.83 mmol). Thiered reaction mixture was cooled to
0 °C and ethyl chloroformate (0.630 g, 0.555 mB5i&8mol) was added dropwise over 15
minutes. After the mixture had been stirred for uatifer 30 minutes at°G, 3,5-
bis(trifluoromethyl)aniline (1.336 g, 5.83 mmol) wadded slowly as a solution in 2 ml
dry THF over 15 minutes. This reaction mixture waged for 1 hour at 0 °C, 16 hours at
room temperature and heated to reflux for 4 hodise mixture was subsequently
dissolved in ethyl acetate (40 mL), washed with RLZHCI, (30 ml) saturated aqueous
sodium bicarbonate (30 ml), dried with saturateeCNand MgS@Q filtered and solvent
removedn vacuo. Flash chromatography in 95:5 petroleum etheyletbetate yielded the
title compound as a colourless solid (0.489 g, 20%6)p. = 193.5-119.4 °Cp|p'®= -89.8
(c=0.1, CHG)

'H NMR (400 MHz, CDCJ) & = 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), 3.3B3(m, 2H, H-5), 1.87-2.31 (m,
4H, H-3' & H-4"), 1.51 (s, 9H, Boc-H).

3C NMR (100 MHz, CDGJ) 5 = 171.2 (Amide C=0), 156.2 (Boc C=0), 140.1 (C-
1), 131.8 (C-3), 124.5 (GF Jc.r = 34.5 Hz, 118.8 (C-2), 116.7 (C-4), 81G-(
(CHs)3), 60.7 (C-2°), 47.4 (C-5°), 29.0 (C-3°) 28.8 (Cls)s), 24.6 (C-4")

IR (KBr disc) 3304, 3269, 3120, 1714, 1661, 157481, 1384, 1169 and 881 ¢m
ESI-MS, low res, 327 (MH Boc group) HRMS (ESI); M found 425.1341,
C1gH19FsN2O3 requires 425.1300

(S)-N-(3,5his(trifluoromethyl)phenyl)pyrrolidine-2-carboxamide ( 236)

.
. OL(O , fFa
>N HN 4

H
CF3
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Following general methoB for N-Boc-deprotection, the title compound was obtaiage
pale yellow oil (230 mg, 17%)0]o*8= -37 (c = 0.05, CHG). Lit [a]p>>= -37.5 (c = 1.33,
CHCly) 3%

'H NMR (400 MHz, CDCJ) & = 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(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, CDGJ) & = 174.3 (Amide C=0), 139.3 (C-1), 132.4 (C-3),
124.6 (CR) Jor= 32.6 Hz, 119.2 (C-2), 117.1 (C-4), 61.0 (C-27,4}(C-5'), 30.8
(C-3"), 26.4 (C-4°).

ESI-MS, low res, 327 (MB

(S)-tert-butyl-2-(3,5-bis(trifluoromethyl)phenylsulfonylcarbamoyl)pyrrolidin e-1-
carboxylate (Boc-237)

0 )V CF3
N-Boc-proline (824 mg, 3.83 mmol) was dissolved 50650 mixture of dichloroetharte:
butanol (20 mL) and to this stirred suspension adged DMAP (1.404 g, 11.49 mmol),
EDCI (1.839 g, 9.576 mmol) and 3pbs(trifluoromethyl)-benzene sulphonamide (2.66
mmol, 780 mg). The reaction mixture was stirred X6rhours at room temperature and
after this time Amberlyst 15 anion exchange re&img) was added and the mixture was
diluted with ethyl acetate (10 mL). This mixture svatirred for a further 2 hours and
subsequently passed through a plug of silica geiveashed with ethyl acetate. The filtrate
was collected and solvent removad vacuo. The mixture was redissolved in
dichloromethane (20 mL), washed with distilled waf20 ml), the agueous layer was
extracted with a further 2 x 10 ml portions of daromethane, the combined organics
were washed with 0.2 M HCI, saturated NacCl, driethviMgSQ,, filtered and solvent
removedn vacuo. The mixture was purified by flash chromatografpy.50 ethyl acetate:
petroleum ether) to give the title product as atevkplid (496 mg, 38%), m. p. = 122.8-
124.2 °C; p]p**= -81.2 (c = 0.05, CHG).
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'H NMR (400 MHz, CDCY) & = 8.34 (s, 2H, H-2), 7.73 (s, 1H, H-4). 4.1-4.2% (
1H, H-2), 3.25-3.46 (m, 2H, H-5"), 1.68-2.18 (nH4H-3’ & H-4’), 1.29-1.40 (m,
9H, Boc-H).

13C NMR (100 MHz, CDGJ) & = 181.4 (Amide C=0), 155.9 (Boc C=0), 145.5 (C-
1), 132.2 (C-3), 126.9 (C-2), 125.0 (C-4), 124.F{Clc.r = 37.4 Hz, 81.5C-
(CHs)s), 63.5 (C-2"), 47.3 (C-5'), 28.2 (G=H3)s), 29.9 (C-3), 24.4 (C-4").

IR (KBr disc) 3472, 3089, 2982, 1670, 1582, 142%2, 1138 and 904 ¢h
ESI-MS, low res, 489 (M — H)HRMS (ESI); MN4, found 513.0899,
C1gH20FsN2OsSNa requires 513.0895

(S)-N-(3,5-hbis(trifluoromethyl)phenylsulfonyl)pyrrolidine-2-carbo xamide (237)

g 0] CF
o 4

s
”
N HN-
H

O=n=0

CF,
Following general methoB for N-Boc-deprotection, the title compound was obtaiage
White solid (200mg, 27%), m.p. = 222.3-223.1 °C;

'H NMR (400 MHz, DMSO#dg) & = 8.30 (s, 2H, H-2), 8.24 (s, 1H, H-4), 3.86J(t,
= 6.9 Hz, 1H, H-2"), 2.94-3.14 (m, 2H, H-5'), 2.8612 (m, 1H, H-3"), 1.62-1.83
(m, 2H, H-4"), 1.62-1.83 (m, 1H, H-3).

13C NMR (100 MHz, DMSOdg) & = 173.0 (Amide C=0), 148.3 (C-1), 130.7 (C-
3), 128.2 (C-2), 124.9 (C-4), 122.1 (§Bc.r= 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, 12728 and 852 cih

ESI-MS, low res, 389 (M — H)HRMS (ESI); MH, found 391.0551,
C13H13N2OsF6S requires 391.0551

1-benzylindoline-2,3-dione N-benzyl isatin)

o
O

A solution of isatin (5.0 g, 34 mmol) in dry DMFZ6nL) was cooled to°C. NaH (60%

dispersion in mineral oil, 1.4 g, 36 mmol) was ¢allg added in small portions. The
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colour of the solution was observed to change fooamge to a strong purple colour. When
the H, evolution had stopped, benzyl bromide (6.7 g, 38ath was slowly added and the

mixture was observed to change to a brown colofterahe mixture had been stirred for a
further 15 minutes at room temperature;OH(300 mL) was added, the resulting

suspension was filtered by Buchner filtration ahd product collected. The residue was
washed with hexane and dried under vacuum to @ditle compound as orange needles
(7.0 g, 92%).

'H NMR (400 MHz, CDCJ) = 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)74:6.77 (m, 1H, H-7), 4.94 (s,
2H, Ph-0‘|2);

3C NMR (100 MHz; CDGCJ) & = 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.5, 259.9 (M.N4&), 275.9 (M.K)

6.9 General Method of Reaction of Isatin with Aceto  ne

The catalyst (0.03 mmol, 10 mol%) was stirred imi&ture of anhydrous acetone (2 mL)
and additive (if applicable) at the temperaturéestdor 10 minutes. After this time, solid

isatin (0.3 mmol, 44 mg) was added and the reaatixiure was stirred for the stated
time. After this time, acetone was removadiacuo and the mixture was purified by flash
chromatography using a gradient initially elutingha80:20 petroleum ether: ethyl acetate,
gradually increasing polarity to 50:50 petroleurheet ethyl acetate. The enantiomeric
excess was determined by chiral stationary phadeCHPaicel-Chiralpak ASH) with the

318
S

absolute configuration assigned based on literatahges: ™ For the solvent screen, 2 mL

of solvent and 1 mL of acetone was used for theréestions.

(S)-3-hydroxy-3-(2-oxopropyl)indolin-2-one (208)

The title compound was obtained using the genecalguiure to give the title compound as

a white solid, yield: see tables in Chapterdlpf®=-20.0 (c = 0.03, CEDH). The ee was

determined on the crude reaction mixture by chaLC (Chiralpak ADH column, 70:30
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hexanei-PrOH, flow rate 1.0 mL/mingt= 7.1 min §isomer); k = 9.3 min R isomer),A
=254 nm).

'H NMR (400 MHz, CROD) & = 7.29 (dJ = 7.3 Hz, 1H, Ar-H), 7.21 (dt, J = 7.6
and 1.5 Hz, 1H, Ar-H), 6.98 (8,= 7.6 Hz, 1H, Ar-H), 6.86 (m, 1H, Ar-H), 3.36 (d,
J=16.8 Hz, 1H, CH) 3.15 (d,J = 16.8 Hz, 1H, Ch), 2.04 (s, 3H, Ch)

3C NMR (100 MHz; CROD) & = 206.1 (CH-CO-CH,), 179.8 (amide C=0),
142.3 (C-7a), 130.9 (C-3a), 129.4 (C-6), 123.5 JC@2.1 (C-5), 109.9 (C-7),
73.4 (C-3), 49.8 (Cb), 29.3 (CH);

IR (KBr disc) 3359, 3258, 2359, 1718, 1620, 147K2land 1057 cth

ESI-MS, low res, 228 (MNa HRMS (ESI); MN4, found 228.0637, GH1:NOsNa
requires 228.0637.

(S)-1-benzyl-3-hydroxy-3-(2-oxopropyl)indolin-2-one 238)

o
HO,

o}
N

O

The title compound was obtained using the genecalguiure to give the title compound as
a white solid, yield: see tables in Chapterdpf’ = -4.0 (c = 0.05, CEDH). The ee was
determined on the crude reaction mixture by ciHaLC (Chiralpak ADH column, 90:10
hexanei-PrOH, flow rate 0.7 mL/min;gt= 39.5 min (minor enantiomer); £ 42.3 min

(major enantiomer), = 254 nm).

'H NMR (400 MHz, CRCN) & = 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 (K, 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-G}4.25 (s, br, 1H,
OH), 3.40 (d,J =17.0 Hz, 1H, CH), 3.20 (d,J = 17.0 Hz, 1H, CH), 2.0 (s, 3H,
CHy)

13c NMR (100 MHz, CBCN) & = 206.9 (CH-CO-CH), 177.4 (amide C=0),
144.3 (C-7a), 137.4 (C-1), 130.4 (C-3'), 129.6 3&), 128.4 (C-6), 128.2 (C-2),
124.4 (C-4), 123.4 (C-5 and C-6), 110.1 (C-7),074C-3), 50.5 (N-CHPh), 44.1

(CH,C=0), 30.9 (CH)

IR (KBr disc) 3315, 3060, 2359, 1698, 1616, 14@60and 1079 cth
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ESI-MS, low res, 296 (MB, 318 (MN&). HRMS (ESI); MH, found 296.1294,
C1gH1sNO3 requires 296.1287

(S)-3-hydroxy-3-(2-oxobutyl)indolin-2-one (239)

o)
HO,

O

N
H

The title compound was obtained using the geneoagulure to give the title compound as
a white solid, yield: see tables in Chapterdlpt*=-40.0 (c = 0.01, CEOH). The ee was
determined on the crude and also purified reagnotures using chiral HPLC (Chiralpak
ADH column, 70/30 hexanePrOH, flow rate 0.7 mL/min;gt= 9.9 min §isomer); k =
11.0 min Risomer)A = 254 nm) 91% regioselectivity of reaction, C-Chtddormation at
the less substituted methyl group of the ketoneefdened by'H NMR).

'H NMR (400 MHz, DMSO¢) 5 = 10.20 (s, br, 1H, N-H), 7.22 (d= 7.2 Hz, 1H,
H-3), 7.15 (t,J = 8.0 Hz, 1H, H-4), 6.88 (i = 7.6 Hz, 1H, H-5), 6.76 (d = 7.6
Hz, 1H, H-6), 5.96 (s, 1H, OH), 3.25 @@= 16.4 Hz, 1H, Chta), 2.97 (dJ = 16.4
Hz, 1H, CH-a), 2.24-2.42 (m, 2H, Ci#b), 0.74 (tJ = 7.2 Hz, 3H, Ch).

3C NMR (100 MHz; DMSOds) & = 207.4 (CH-CO-CH), 178.2 (amide C=0),
142.5 (C-7a), 131.5 (C-3a), 128.9 (C-6), 123.7 JCX1.2 (C-5), 109.4 (C-7),
72.7 (C-3), 49.1 (C-CHCO), 35.6 (CH-CH,-CO), 7.3 (G5).

IR (KBr disc) 3356, 2972, 2360, 1723, 1621, 147B0and 777 cih

ESI-MS, low res, 228 (MNa HRMS (ESI); MN4, found 242.0797, GH1sNOsNa
requires 242.0793

6.10 General Method for Reaction of Isatins with Ac  etaldehyde

These reactions were conducted using condition€hwhiere almost identical to those
previously used in the 4-hydroxydiarylprolinol dgtged reaction of benzyl Isatin with
acetaldehydé®® To a solution of optimum cataly&23 (30 mol%, 0.09 mmol, 17.2 mg),
chloroacetic acid (60 mol%, 17 mg, 0.06 mmol) asatin (0.3 mmol) in DMF (0.3 mL)
was added acetaldehyde (g4, 1.50 mmol). This reaction mixture was stirredram
temperature under Nor 48 hours, subsequently, methanol (0.5 mL) aa@8M, (56 mg,
1.5 mmol) were added and the mixture was stirredlfdnour at -20°C. The resulting
288



mixture was quenched with pH 7.0 phosphate buffdut®n and this mixture was
extracted with ethyl acetate (3 x 25 mL) and thenlomed extracts were dried over
anhydrous Ngz5Q,, filtered and solvent removed wacuo. The product was isolated by
flash chromatography (80:20 ethyl acetate: petrol@ther for the Isatin derivativ&40
and 50:50 ethyl acetate: petroleum ether for tlizyldsatin producf41).

(R)-3-hydroxy-3-(2-hydroxyethyl)indolin-2-one (240)

HO,
Lo
N

H

OH

The title compound was obtained using the geneoagulure to give the title compound as
a white solid (85%). The ee was determined on thefipd reaction mixture (flash
chromatography) using chiral HPLC (Chiralpak IA waoin, 10:1 hexanda:-PrOH, flow
rate 0.7 mL/min;g = 30.9 min (minor enantiomer) £ 44.1 min (major enantiomer),=
254 nm); White solid; Yield: See Tables in Chaptefa]p™*= +19.1 (c = 0.01, CHG);

'H NMR (400 MHz, CDCY) 5 = .35 (s, br, 1H, N-H), 7.30 (d,= 6.9 Hz, 1H, Ar-
H), 7.22 (t,J = 6.9 Hz, 1H, Ar-H), 7.0 (tJ = 7.6 Hz, 1H, Ar-H), 6.85 (d] = 7.6
Hz, 1H, Ar-H), 4.30 (s, br, 1H, OH), 3.53-3.59 (&H, CH,OH), 2.98 (s, br, 1H,
OH), 1.95-2.09 (m, 2H, B,CH,OH)

13C NMR (100 MHz, CRCN) & = 180.0 (amide C=0), 142.0 (C-7a), 132.4 (C-3a),
130.3 (C-6), 125.1 (C-4), 123.2 (C-5), 110.8 (C7H.2 (C-3), 58.3 (CKDH), 40.5
(C-CH)

IR (KBr disc) 3379, 2963, 1664, 1529, 1269, 997) @hd 694 cr

ESI-MS, low res, 216 (MNa HRMS (ESI); MN4, found 216.0638, H11NOsNa
requires 216.0637

(R)-1-benzyl-3-hydroxy-3-(2-hydroxyethyl)indolin-2-ore (241)

s HO OH

The title compound was obtained using the geneoaguure to give the title compound as
a white solid, (28%). The ee was determined onptivéfied reaction mixture (after flash
289



chromatography) using chiral HPLC (Chirek 1A column, 10:1 hexanei-PrOH, flow

rate 0.7 mL/min;g = 36.2 min minor enantiomer);gt= 40.2 min (hajor enantiomg), A =

254 nm). Colourless ¢ yield: see relevant table in Chapter 4]*= +14.0 (c = 0.01,
CHCly)

'H NMR (400 MHz, CDC3) & = 7.38-7.42 (m, 1H, H), 7.2+7.33 (m, 5H, Bz
protons), 7.177£.22 (m, 1H, +-4), 7.03-7.09 (m, 1H, B), 6.6&6.72 (m, 1H, H-6),
4.96 (d,J = 16.0 Hz, 1H, H.-Ph), 4.77 (dJ = 16.0 Hz, 1H, H,-Ph), 4.43 (s, br,
1H, OH), 3.924.04 (m, 2H, H,-OH), 2.99 (s,br, 1H, OH), 2.2-2.34 (m, 1H,
CH,-C(OH)), 2.0:-2.12 (m, 1H, E&,-C(OH)).

13C NMR (100 MHz; CDGCs) & = 178.4 (C=0), 141.9 (@), 135.3 (-1), 130.6
(C-2), 129.6 (C4), 128.8 ((-3"), 127.7 (C-4"), 127.2 (&), 123.9 (¢-5), 123.3 (C-
3), 109.6 (C8), 58.6 CH»-OH), 43.8 CH»-Ph), 39.3 CH,-C(OH)).

IR (KBr disc) 3395, 2924, 1705, 1613, 1269, 1468/4.and 753 c™*

ESIMS, low res, 306 (MNY) HRMS (ESI); MN4, found 306.1107, 17H1/NOsNa
requires 306.11(

WD A, W avelangth=254 nm (G ADATA MIKE KINSELLAMIKE HP1D50 HPLEVIDOS10MIAB4FG1 100.0)

Figure 6.1: Produ@23catalysed reaction of isatin with acetone to gi2& e of (S-product208

VWD A, Wavelengih=264 nm (GADATA MIKE KINSELLAMIKE HP 1080 HPLEWIZ1D10MIBEF G571.0)

Figure 6.2: Product &37 catalysecreaction of isatin with acetone to give 68% eeR)-product208
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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-

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.

Introduction

The recognition of anions is an ever-expanding field.[!)
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.”! Often, these receptor mole-
cules are designed with some degree of pre-organisation in
mind, for example creating a cleft-like structure.>* The use
of metal-free organic molecules to catalyse reactions has
also received intense interest.’] 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.[®! 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.”]

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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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.®] The well known receptor building blocks of iso-

| X
G X/ G

R"NH HN‘R
1:.X=CH;G=0;Y=H;, R=nBu
2.X=CH;G=0;Y=H; R=4-(CF3)CgHy4
3:X=CH;G=0;Y=H; R=35«(CF3),CgH;
4:X=N;G=0;Y=H; R = 3,5-(CF3),CgH3
5:X=CH;G=S;Y=H; R=35-(CF;3),CgH3
6: X=CH; G=0;Y =NOjy; R = 3,5-(CF3),CgH3
7: X=CH; G=0;Y =H; R = 3,5-(CF3),CgHs; R' = SO,3,5-(CF3),CgH3

Y
H H H
G G _N G
R R’N N R
R,NH HN‘R G HN‘R G G
syn-syn syn-anti anti-anti

Figure 1. Structure of receptors 1-7 and their possible conforma-
tions.[11]
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phthalic acid and 2,6-pyridinedicarboxylic acid!® were used
to generate a series of open-cleft bisamides 2-7 while 1 was
used as a reference starting point.l°-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,['>!3] the
highly electron-withdrawing 4-trifluoromethylphenyl group
(see 2), 3,5-bis(trifluoromethyl)phenyl group (see 3-7)!'%
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.['!:!¥Y To circumvent the
H-bond accepting properties of amides,'” thioamide 5,
which is less likely to self associate!!®! 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.'3! 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.l'”-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.l!]

Receptor 1 was prepared according to literature pro-
cedures?”! 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 CDCIl; indicated
strong association but were hindered by low solubility in
some cases; therefore CD;CN 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

(spherical vs. coplanar) and sizes and were chosen to give
good indications of receptor selectivity and catalytic poten-
tial.

Standard '"H NMR titration in CD;CN 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!?!l
(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 K, (M ') for receptors 1-7 with bromide,
chloride, acetate and benzoate as tetrabutylammonium salts at
298 K in CD3;CN. K, 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 —fa.b] —fa.b]

6 6,100 11,100 16,600 21,000

7 KaH 900 Kal:l 47000 _[a,b] _[a,b]

K> 6,100 K> 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~!. 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 K,

o) 0

0 O 2 , RO HN CF,
CH;0 OH

b I: 8 R=CHj3
9R=H CF, o o
d Osg NH HN CF,4
FaC, FaC > o \©/
c F3C
S0O,CI g SO,NH, CF;
CFg
FsC FsC 10 7

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) NHs, Et;N, DMF, room temp., 16 h, 98% (d) EDCI, DMAP, 50:50 dichloroethane:zert-

butyl alcohol, room temp., 16 h, 43%.
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was achieved; 17,500 m! for 5 compared to 260 m~! for 1.
Receptor 6 gave the best 1:1 binding characteristics with
strong binding to all anions studied.[*?]

In all cases, the receptors were more efficient for chloride
than bromide and this was ascribed to differing hydrogen
bond capabilities?*! and also the size constraint of bromide
as previously observed by Crabtree et al.l®l 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 K, values, possibly due to electrostatic re-
pulsion.[®]

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 K, values were
due to the formation of a stable complex in which one
anion is complexed between two receptors, with the higher
2:1 K, 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.[>]

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

European Journal
of Organic Chemistry

of 1equiv. acetate followed by significant downfield mi-
gration once again. We suggest this is due to initial desol-
vation of the receptor,?® 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 pK, to carboxylic acids.'”l 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

n
+Rec5 + Acetate (H-2) ]
[ ]
ARec?7 +Acetate (N-H) L]
10.3 [ ]
B Rec7 + Benzoate (N-H) -
- x A
g . A
2938 | L] A
e ] A
< ]
_g llA - ] , A A
g 1 m A A
£, ot
£ 93
o
* . . . .
o *
8.8 - .
0”‘
o 00
.’0 *
0“’
83 T T T )
0 2 4 6 8 10

Ratio anion:receptor

Figure 2. Binding curves of 5 with acetate and 7 with acetate and benzoate.
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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®” with evidence of conformational
change allowing further binding events reported by
Crabtree et al.[®! and Kilburn et al.?®

In a number of cases, K, values in excess of 10 M ! were
obtained for the most efficient receptors 2, 3, 5 and 6 with
several anions. These titrations were repeated in the more
competitive [Dg]DMSO and K, values calculated
(Table 2).l211

Table 2. Binding constants K, (M ') for strong binding systems in
[Dg]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 2,70011 2,540(1
6 100 5,200 800

[a] Calculated based on isophthaloyl H2 signal.

For titrations conducted in [Dg]DMSO, the receptors ap-
peared to possess a degree of selectivity for acetate, in par-
ticular receptor 6. We suggest the increase in K, 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 CF; group and the Lewis basic
sulfur atom.['3] Further evidence supporting this conforma-
tion came from '"H NMR spectroscopy. The chemical shift
of this proton (H-7) lay further downfield in the case of
thioamide 5 (6 = 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.! 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.['*]
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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).[') 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.

OH O

oz Y

Scheme 2. Baylis-Hillman reaction of methyl acrylate and benzal-
dehyde.

catalyst 1-7
DABCO, r.t., neat

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 '"H NMR spectroscopy using (£)-stilbene
as an internal standard was undertaken in order to calculate
the rate constant (k,ps) 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 [%)®  kgpeq X 1072 [h1]®] Krel
Uncatalysed 34 0.82 1

1lel 44 0.77 0.94
20l 50 0.55 0.67
3 68 2.38 2.9
4 _d] _Id] _[d]
5 71 2.5 3.1
6 51 2.68 33
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 "TH NMR.P [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 K, 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.[>”!

Receptor 6 produced a disappointing yield of 51 %. How-
ever, it produced an initial rate constant of 2.68 h™!, 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.
Ar)\[(u\e

Catalyst 7 (20 mol-%)

Base, r.t., neat

Ar G Base mol-% 7 Time (h) Yield %
CeHs OMe DABCO - 20 34
CeHs OMe DABCO 20 20 76
CeHs OMe DMAP = 20 8
CeHs OMe DMAP 20 20 41
CsHs OMe DBU - 20 33
CHs OMe DBU 20 20 34
C¢Hs OMe PPh; — 20 trace
C¢Hs OMe PPh; 20 20 trace
0-O,NCeH,  OMe DABCO = 1 79
0-O,NC¢H;  OMe DABCO 20 1 86
0-MeC¢H, OMe DABCO - 42 6
0-MeCgHy OMe DABCO 20 42 22
0-MeOC¢H,  OMe DABCO = 72 6
0-MeOC¢H,  OMe DABCO 20 72 55
p-FCeH, OMe DABCO - 42 69
p-FCeH, OMe DABCO 20 42 82
p-MeCeH, OMe DABCO - 36 19
p-MeCeHy OMe DABCO 20 36 38
p-MeOCeH;  OMe DABCO = 96 4
p-MeOCeH,  OMe DABCO 20 96 19
CeHs 0-Bu DABCO — 20 4
CHs 0-Bu DABCO 20 20 28
CoHs C>: o DABCO = 38 4
CeHs DABCO 20 38 59

[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 X 50 mL).
The combined organic layers were washed with 5% lithium chlo-
ride solution (2 X 80 mL) and deionised water (2 X 100 mL) to re-
move DMF. The product was dried with MgSO, 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): V. = 3296, 3144, 1651, 1605, 1537, 1321, 1258,
837 and 715. 'H NMR (400 MHz, CDsCN, 22 °C): 6 = 9.17 (s, 2
H, N-H), 8.53 (t, Juu = 1.53 Hz, 1 H, 2-H), 8.15 (dd, Jyu = 8.4
and 1.53 Hz, 2 H, 2'-H), 7.97 (d, Jun = 8.4 Hz, 2 H, 3’-H), 7.76
(d, Jun = 7.6 Hz, 2 H, 4-H), 7.69 (t, Jun = 7.6 Hz, 1 H, 5-H)
ppm. 3C NMR (100 MHz, CDsCN, 22 °C): 6 = 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 C,,H5sN->O,F¢ (M™) caled. 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, I 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): V., = 3284, 3101, 1686, 1550,
1572, 1472, 1437, 1383, 1279, 1175, 1146, 1068, 1001, 936, 889, 840
and 683. 'TH NMR (400 MHz, CDsCN, 22 °C): 6 = 10.51 (s, 2 H,
N-H), 8.60 (s, 4 H, 2'-H), 8.50 (d, Juu = 8.2 Hz, 2 H, 4-H), 8.29
(t, Juu = 8.2Hz, 1 H, 5-H), 7.82 (s, 2 H, 4’-H) ppm. LRMS (ES*):
m/z = 590 [M + H]". HRMS: m/z for C53H,N30,F, (M™") calcd.
590.0738; found 590.0716.

Receptor 6: To S-nitroisophthalic acid (1 g, 4.74 mmol) was added
dry dichloromethane (30 mL) under N, 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 HCI,
10% aqueous sodium hydrogen carbonate, saturated NaCl, and the
product dried with MgSO,. 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): Viax = 3245, 3084, 1659, 1549, 1381, 1280, 1179, 1136 and
893. 'H NMR (400 MHz, CD;CN, 22 °C): 6 = 9.53 (s, 2 H, N-H),
899 (d, Jun = 1.5Hz, 2 H, 4-H), 8.94 (t, Jum = 1.5Hz, | H, 2-
H), 8.38 (s, 4 H, 2'-H), 7.81 (s, 2 H, 4'-H) ppm. '*C NMR
(125 MHz, CD;CN, 22 °C): § = 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 CyyH(N3O4F;, (M) caled. 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 (1.06g, 5.55mmol) 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 HCI. 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): Viax = 3416, 3271, 3104, 3003, 2958, 1717, 1661, 1569, 1471,
1443, 1382, 1278, 1258, 1172, 1123, 943, 891, 720 and 686. 'H
NMR (400 MHz, CDCl;, 22 °C): § = 8.51 (s, 1 H, 2-H), 8.32 (s, 1
H, N-H), 8.26 (d, Juu = 7.6 Hz, 1 H, 6-H), 8.23 (s, 2 H, 2'-H),
8.17[d, Jyu =7.6 Hz, 1 H,4-H], 7.68 (s, | H, 4'-H), 7.64 (t, Jy u =
7.6 Hz, 1 H, 5-H), 3.98 (s, 3 H, OCH3) ppm. '*C NMR (100 MHz,
CD;CN, 22 °C): 6 = 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 + HJ*. HRMS: m/z for C;,H,oNO5F (M) caled. 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 HCI. The mixture was cooled and filtered to give 9
(1.24 g, 77%) as a white solid; m.p. 194-196 °C. IR (KBr): V0 =
3292, 3092, 2662, 2551, 1690, 1651, 1562, 1470, 1441, 1381, 1305,
1279, 1175, 1146, 943, 893, 728 and 683. 'H NMR (400 MHz; [Dg]-
DMSO, 22 °C): 6 = 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, Juu = 7.6 Hz, | H, 6-
H), 8.15, (d, Jun = 7.6 Hz, 1 H, 4-H), 7.80 (s, 1 H, 4'-H), 7.67 (t,
Jin = 7.6 Hz, 1 H, 5-H) ppm. 13C NMR (100 MHz; [Dg]DMSO,
22°C): 0 = 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 CgHgNO3Fs (M) caled. 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 HCI 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): V.., = 3356, 3262, 3097,
3067, 1862, 1833, 1626, 1531, 1457, 1324, 1197 and 907. 'H NMR
(400 MHz; [Dg]DMSO_ 22 °C): § = 8.46 (s, | H, 4-H), 8.40 (s, 2 H,
2-H), 7.79 (s, 1 H, NH,) ppm. '3C NMR (100 MHz; [D¢]DMSO.
22°C): 0 = 147, 131, 127, 124.6, 121.9 ppm. LRMS (ES*): m/z =
294 [M + H]*. HRMS: m/z for CgH,;NO,FS (M) caled. 291.9867;
found 291.9864.

Acid 9 (370.5 mg, 0.98 mmol) was dissolved in a 50:50 mixture of
dichloroethane:zert-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 2h 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): V. = 3450,
3318, 3093, 2927, 1667, 1608, 1553, 1471, 1380, 1353, 1179, 888,
844 and 682. 'H NMR (400 MHz, CD;CN, 22 °C): 6 = 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, Jun = 7.6 Hz, 1 H, 6-H), 8.09 (s, 1 H, 4’'-H),
7.96 (d, Jun =7.6 Hz, 1 H, 4-H), 7.69 (s, | H,4'-H), 7.39 (t, Juu =
7.6 Hz, 1 H, 5-H) ppm. '*C NMR (100 MHz; [D¢]DMSO, 22 °C): 6
=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 Co4H ;N,O4F,S (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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cle): Full experimental procedures, characterisation data, NMR
stack plots and rate plots.
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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 pK, 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."”!" 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.!?~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).'8-2! 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.!®

(0] catalyst
Ny O + additive
N -20°C

Scheme 1. Aldol reaction of acetone with isatin.

* Corresponding author. Tel.: +353 51 304048; fax: +353 51 302679.
E-mail address: clennon@wit.ie (C.M. Lennon).

0957-4166/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2011.07.016

There has been renewed interest in the organocatalyst pro-
moted aldol reaction,???7 in particular due to the discovery that
proline is a successful catalyst for this reaction.28-3° This discovery
has pushed the resurgence of organocatalysis and has allowed pre-
viously difficult reactions to be successfully accomplished in a ster-
eoselective manner.3'—3°

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-oxindoles®®—® (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>8

R
B Ho HO o
SR R HO
0 O N
N o)
Br N
H H N
H

convolutamydines A-E  3-hydroxyindoline-2-ones 3-cycloalkanone-3-hydroxy-
A: R =CH,COCH, 2-oxindoles

B: R = CH,CH,CI

C:R=CH,

D: R = CH=CH,

E: R = CH,CH,OH

Figure 1. Examples of biologically active 3-hydroxy-indolin-2-ones.

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.!620-213940 Qyerall, this work has produced varied
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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.! In 2006,
Gong and co-workers studied an organocatalytic system based on
an artificial molecular recognition system.*? They applied the dis-
covery by Hamilton and co-workers that an N-pyridyl amide was
a suitable group to bind a carboxyl molecule** 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

e
(N X
H

N

1 — 5
L s
N HN
Y

JNE”}

— 6
2
Loy

HN N HN
H H

7 N\

N=

\

3

@

C(

(6]
0
9 N—7
o
N HN \

’ Q

0~ -

/)
N

M. Kinsella et al./Tetrahedron: Asymmetry 22 (2011) 1423-1433

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.** 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 Heim* and recently used by Wang et al. in the case of the Cbz
protected analogue, to convert the Boc-amide to the Boc-amine.*®
A modified work-up procedure, which included the azeodistillation
of the borane salts was employed for the acid-sensitive Boc-amine
product.*’ 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-
lue'® and of our HPLC chromatograms, based on triplicate analysis,
with those in the literature.’®~21-3° [n general, these catalysts were
highly catalytically active at the expense of enantioselectivity; a

0 | X
H
N\H
10
o 3
N
OA )
N\H Ny
11
O)LQ),,,,
OII:,C’)\/O

Figure 2. Catalysts examined herein; ‘reverse amide’; N-pyridyl pyrrolidine amide catalysts 1-4, N-pyridyl prolinamide catalysts 5-8 and 12, N-quinolinyl prolinamide

catalysts 9-11, N-pyridyl hydroxy and benzyloxy prolinamide catalysts (13 and 14).
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Table 1
Aldol reaction of isatin with acetone catalysed by pyrrolidine catalysts 1-4*

0
o 10 mol% 1-4
o )J\ 20 mol% AcOH or
N 40 equiv H20,
H temp
Entry Catalyst Additive Temp (°C) Time (h) Yield® (%) ee (%) Config
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 2¢ AcOH -20 11 97 31 (R)
7 2 TFA It 120 52 10 (R)
8 2 p-TSA It 120 <10 8 (R)
9 3(20) AcOH -20 14 Quant 7 )
10 3(30) H,0 -20 6 92 8 (R)
11 3¢ (20) AcOH -20 18 85 18 (S)
12 3f(20) AcOH -20 16 87 21 (R)
14 32 (20) AcOH -20 135 31 24 (R)
15 4 - rt 44 84 6 (S)

2 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 H,O were used. TLC and HPLC were used to monitor the progression of the

reaction.
b Isolated yield.
¢ Determined by chiral HPLC.
40.3 mL Acetone used.
¢ Toluene solvent (2 mL) used with 1 mL acetone.
f DMF solvent (2 mL) used with 1 mL acetone.
& Two equivalents (0.044 mL) acetone used.

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.?”#24348 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.*®

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 C,-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.??>° In general, the inclusion of 20 mol % AcOH
and a reduction in temperature to —20 °C resulted in improved
yield and ee values.?'! The addition of an appropriate quantity
of H,O 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.'®4%%? The 4-aminopyridine
derivative 8 proved slightly inferior to 7 in terms of both yield
and ee, in particular when H,0 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 H,0
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.>?

2.3. Hydroxyprolinamide based catalysts

Previous success with hydroxyproline catalysts in aldol reac-
tions motivated us to investigate this functionality.>® 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-iL-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
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Table 2

Aldol reaction of isatin with acetone catalysed by prolinamide catalysts 5-14?

M. Kinsella et al./Tetrahedron: Asymmetry 22 (2011) 1423-1433

O

0}
- L

20 mol% additive or

20 mol% 5-14

40 equiv H20
temp
Entry Catalyst Additive Temp (°C) Time (h) ee (%) Config
1 5 - It 168 11 (R)
2 6 - It 168 74 15 (R)
3 7 - It 17 98 55 (S)
4 7 - -20 32 96 57 (S)
5 7 AcOH It 15 92 60 (S)
6 7 AcOH -20 30 95 66 (S)
7 7 AcOH¢ -20 37 84 66 ()
8 7 H,0¢ -20 37 76 58 (S)
9 7 H,0 -20 37 72 69 (S)
10 8 AcOH -20 22 89 65 (S)
11 8 H,0 -20 24 87 54 (S)
12 9 AcOH -20 504 <20 17 (R)
13 9 H,0 -20 312 <20 7 (S)
14 10 AcOH -20 50 71 64 (S)
15 10 H,0 -20 44 89 66 (S)
16 11 AcOH -20 44 76 13 (R)
17 11 H,0 -20 60 75 5 (R)
18 12(10) AcOH -20 88 81 47 (S)
19 12 AcOH -20 88 99 39 (S)
20 12 H,0 -20 88 99 43 S)
21 13 AcOH -20 90 77 50 (S)
22 13 H,0 -20 90 79 54 (S)
23 14 AcOH -20 15 85 44 (S)
24 14 H,0 -20 17 87 58 (S)

2 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 H,0 was used unless otherwise specified. TLC and HPLC were

used to monitor the progression of the reaction.
b Isolated yield.
¢ Determined by chiral HPLC.
940 mol % AcOH used.
€ 6.6 equiv H,0 used.

20 mol % catalyst loading and 40 equiv H,O0 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 pK, range of —2 to 16 (literature values)
and found a correlation between the pK, of the acid additive and
the enantioselectivity (Table 3 and Fig. 3).>*° Interestingly, a plot
of pK, versus enantioselectivity gave a curve resembling a pH titra-
tion curve. The ee appeared to rise sharply and linearly between
additive pK, 2-6. A plateau was reached at pK, 7 after which an
essentially constant ee value was obtained regardless of the pK,
of the additive; (Fig. 3). A correlation between the pK, of the addi-

Table 3
Variation of the acid additive and relationship between pK, of additive and ee of (S)-
product for 7 catalysed reaction®

0
o 20 mol% 7

N O + )j\ 20 mol% additive,

N -20°C
Entry Additive Additive pK, Time (h) Yield (%) ee (%)
1 p-TSA -1.34 88 52 13
2 TFA 0.26 12 97 12
3 CICH,COOH 2.85 6 98 37
4 HCOOH 3.75 14 94 58
5 PhCOOH 421 14 90 63
6 AcOH 4.76 65 95 66
7 4-NO,-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

2 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 pK, data, as
measured in water.”®
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Figure 3. Relationship between the pK, 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 7¢

(0] 20 mol% 7
o 1 mL acetone
O 4 )J\ 20 mol% AcOH or
H 40 equiv H,0 N
2mL solvent, -20°C H

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 CH,Cl, AcOH 46 82 68.5
8 CHCl5 AcOH 40 80 69
9 Acetone H,0 37 72 69
10 Toluene H,0 108 72 63
11 DMF H,0 108 85 61
12 Dioxane H,0 13.5 97 50
13 THF H,0 41 92 63
14 Hexane H,0 88 98 68
15 CH,Cl, H,0 108 68 66
16 CHCl3 H,0 90 85 68

@ 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 H,0 additive to give excess of the (S)-product. TLC and HPLC were used to
monitor the progress of the reaction.

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 pK, 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 pK, 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 pK, 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.>? A quantity of 40 equiv (4000 mol %) has been
found to be optimum by us and also reported in the literature.>?
Additionally, above the optimum level, water was shown to have
a negative effect on the enantioselectivity of the reaction.>?

Table 5
Variation of the conditions and additives in the reaction of isatin and acetone
catalysed by 7°

O 0,
o x mol% 7
O + )J\ 20 mol% AcOH or

N 40 equiv H,0,

H temp
Entry Loading Additive Temp (°C) Time (h) Yield (%) ee (%)
1 30 AcOH It 15 95 60
2 30 AcOH -20 37 95 63
3 30 AcOHP -20 37 84 69
4 20 H,0°¢ -20 37 76 58
5 30 H,0 -20 37 88 72
6 30 H,0¢ -20 37 87 72
7 40 H,0 -20 33 68 69

2 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 H,0 additive to yield an excess of (S)-product. TLC and HPLC were used to
monitor the progress of the reaction.

5 40 mol % AcOH used.

¢ 6.6 equiv H,0 used.

4 One millilitre acetone used.

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 H,0 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 CHCI; or CH,Cl; (Table 4,
entries 7 and 8) but this came at the expense of the reaction yield.
However, using H,O 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 CHCl;, 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 H,0O at —20 °C for 37 h, producing the (S)-product in
a yield of 88% and 72% ee (Table 5, entry 5).>2 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 catalyst>® and up to 86% ee in the presence of H,0.52 Xiao
et al. obtained up to 88% ee at —50 °C,2! 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.'® In general,
organocatalysts have been found to give better enantioselectivities
with 4,6-dibromoisatin compared to isatin itself.'®194% 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.’® Chen et al. obtained a product in up to 67% ee
using a carbohydrate derived alcohol catalyst.>’ It is worth noting
that the work reported herein represents an extension of the scope
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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 pK, 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 pK,
lower than 4 is employed. Using an acid with a lower pK, 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.

Table 6
Aldol reaction of isatin with acetone catalysed by catalysts 15-19*

(o]
Crpo-
0. I
N
H

x mol% 15-19

B —

20 mol% AcOH or
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Figure 4. Catalysts synthesised and tested for mechanistic investigations.

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.>-8-6°
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.®!
The results for these acidic catalysts, in particular 19, (the acidity
of such a compound would be expected to be similar to carboxylic
acids)®%%3 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

40 equiv H,0,

-20°C
Entry Catalyst Cat loading (mol %) Additive Time (h) Yield® (%) ee (%)
1 15 20 - 91 90 58
2 15 20 AcOH 91 92 61
3 15 30 H,0 91 89 65
4 16 20 AcOH 336 Trace -
5¢ 17 20 AcOH 12 99 46°
6° 17 30 H,0 12 96 37¢
7 18 20 AcOH 39 85 69
8 18 30 H,0 39 71 71
9¢ 19 20 AcOH 37 92 68¢
10%e 19 20 AcOH 37 87 68¢
11¢ 19 20 H,0 37 32 3¢

¢ 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 H,O; TLC and HPLC were used to monitor the progress of the reaction.

b Isolated yield.

¢ Determined by chiral HPLC.

4 40 mol % AcOH used.

€ The (R)-product was obtained as the major enantiomer.
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Table 7
Substrate scope of catalyst 7 varying each component of the reaction®
Entry Isatin Ketone Time (h) Yield®(%) ee(%)
1 N-benzyl Acetone 44 62 61
2 Isatin 2-Butanone 23 72 52
3 Isatin Cyclohexanone  >100 —d —d
4 Isatin Acetaldehyde® 48 85 39
5 N-benzyl Acetaldehyde® 48 28 32

2 Unless otherwise noted, all reactions for the substrate scope study were con-
ducted using 30 mol % catalyst loading of 7 with 40 equiv H,0 additive at —20 °C to
give excess of the (S)-product.

b Isolated yield.

¢ Determined by chiral HPLC.

4 Multiple products formed with product separation impossible.

¢ Reaction conducted using 30 mol % 7, 0.3 mmol isatin/N-benzylisatin, 5 equiv
CH3CHO, 17 mg chloroacetic acid at rt and reduced (NaBH, 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.

(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).5* 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.®® 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.®> 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.®> 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 n-n
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 m-stacking of isatin in
the enamine modified catalyst cleft. The hydrogen bonding of isat-
in C=0 with the catalyst N-H could facilitate enamine attack on
the Re face of the isatin (=0 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, m-stacking of isatin in
the catalyst cleft could allow the formation of two hydrogen bonds,
one between the C=0 on isatin and the sulfonamide N-H and the
other binding between the N-H on isatin and the S=O0 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
n-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 pK, 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 m-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.
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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 '"H NMR and at 100 MHz
for 13C NMR. Chemical shift values (6) 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 (1g,
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 MgSQ,, 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 x 15 mL). The
combined extracts were washed with saturated NaCl, dried
over MgSQy,, 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%; [¢]3' = +27.6 (c 0.5, CH,Cl,);
vmax (KBr disc) 3379, 2963, 1664, 1529, 1269, 997, 750,
694 cm™'; dy (400 MHz, CDCls) 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-2'), 3.31-
3.49 (m, br, 2H, CONH-CH,), 2.96-3.03 (m, 2H, H-5'), 2.66 (s, br,
1H N-H), 1.45-2.0 (m, br, 4H, H-3’ and H-4'); éc (100 MHz, CDCl3)
166.3 (amide C=0), 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 (CH,NH), 27.9 (C-3'),
24.3 (C-4). mjz 205 (M*); HRMS (ESI): MH*, found 206.1298,
C11H16N30 requires 206.1293.

4.5.2. (S)-6-Methyl-N-(pyrrolidin-2-ylmethyl)picolinamide 2

Viscous yellow oil; yield: 330 mg, 32%; [«]y = +26.6 (c 0.2,
CH,Cl3); vmax (KBr disc) 3379, 3290, 2959, 1662, 1593, 1406, 994,
761 cm™'; 8y (400 MHz, CDCl5) 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=7.63Hz, H-5), 3.52-3.54 (m, 1H, H-2’), 3.25-3.42 (m, 2H,
CONH-CH,), 2.88-2.99 (m, 2H, H-5'), 2.53 (s, 3H, Ar-CHs), 2.47 (s,
1H, N-H), 1.38-1.95 (m, 4H, H-3' and H-4'); ¢ (100 MHz, CDCl3)
164.8 (amide C=0), 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 (CH,NH), 29.4 (C-
3'), 25.8 (C-4'), 24.3 (Ar-CHs); m/z 220 (M*); HRMS (ESI): MH",
found 220.1455, C;,H;gNs0 requires 220.1450.

4.5.3. (S)-N-(Pyrrolidin-2-ylmethyl)nicotinamide 3

Brown oil; yield: 450 mg, 53%; [0)2' = +22.6 (c 0.1, CHCl3); Vinax
(KBr disc) 3407, 3066, 2968, 1655, 1545, 1420, 1133, 708 cm™!; oy
(400 MHz, CDCl5); 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-2" and CONH-CH,), 3.03-3.10 (m, 2H, H-5'), 1.50-
2.05 (m, 4H, H-3' and H-4'). §c (100 MHz, CDCl3) 166.1 (amide
C=0), 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 (CH,NH), 28.4 (C-3'), 24.7 (C-4');
mjz 206 (MH"), 136, 106, 70; HRMS (ESI): MH", found 206.1299,
Cy1H16N30 requires 206.1293.

4.5.4. (R)-N'-(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%; [«]}' = +19.0
(c 0.1, EtOAc); vmax (KBr disc) 3400, 3332, 2932, 1675, 1603,
1538, 1398, 1113 cm™!; 6y (400 MHz, CDCls) 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-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-CH,), 3.03-3.23 (m, 2H, H-5"), 2.30
(s, 3H, Ar-CH;), 1.85-2.12 (m, 1H, H-3"), 1.35-1.70 (m, 1H, H-3"),
1.70-2.02 (m, 2H, H-4"); ¢ (100 MHz, CDCl3) 167.8 (CONHCH,),
165.3 (CONH-Py), 156.9 (C-2’), 150.8 (C-6'), 138.8 (C-4'), 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-5'), 111.6 (C-3'), 59.9 (C-1"), 45.2 (CH,), 41.5 (C-5"), 28.1
(C-3"), 24.1 (C-4"), 23.9 (Ar-CHs). m/z 339 (MH"). HRMS (ESI):
MH", found 339.1823, C;9H,3N40, requires 339.1821.

4.5.5. (S)-N-(Pyridin-2-yl)pyrrolidine-2-carboxamide 5466
Viscous brown oil; yield: 900mg, 43%; mp=48-51°C;
[#)2 = —56.2 (c 0.4, EtOAc); oy (400 MHz, CDCl5) 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-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"). §c (100 MHz, CDCl3) 174.0 (amide
C=0), 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'); 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; [o]2* = —40.2
(c 0.4, EtOAc); dy (400 MHz, CDCl3) 10.1 (s, br, 1H, N-H), 8.04 (d,
J=8.2Hz, 1H, H-3), 7.56 (t, ] = 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'); ¢ (100 MHz, CDCl;) 174.4 (amide
C=0), 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);
m/z 205 (M").

4.5.7. (S)-N-(Pyridin-3-yl)pyrrolidine-2-carboxamide 74*66
Colourless oil; yield: 1.15 g, 40%; [oc]g)8 = —65.8 (c=0.1, CHCl3);
oy (400 MHz, CDCl;) 9.87 (s, br, 1H, amide N-H), 8.59 (d,
J=2.75Hz, 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'); 5c (100 MHz, CDCl3) 174.3 (amide
C=0), 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'); m[z 192 (MH™).

4.5.8. (S)-N-(Pyridin-4-yl)pyrrolidine-2-carboxamide 8¢

White solid; yield: 500mg, 31%; mp=171-173°C;
[#]if = —84.2 (c 0.2, CHCls); 6y (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-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');
¢ (100 MHz, CDCls) 174.6 (amide C=0), 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'); m/z
191 (M").

4.5.9. (S)-N-(Quinolin-2-yl)pyrrolidine-2-carboxamide 9

Off-white solid; yield: 1.4g, 49%; mp=108.3-109.1 °C;
(bt = +7.4 (c 0.1, CHCl3); vmax (KBr disc) 3347, 3213, 2967,
1678, 1499, 1233, 1105, 828 cm™'; § (400 MHz, CDCl3) 10.43 (s,
br, 1H, amide N-H), 8.48 (d, J=8.70Hz, 1H, H-3), 8.16 (d,
J=9.16Hz, 1H, H-4), 7.86 (d, J=8.70Hz, 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-2’), 3.04-3.15 (m, 2H, H-5'), 2.01-2.30
(m, 2H, H-3'), 2.15 (s, br, 1H, aliphatic N-H), 1.73-1.85 (m, 2H,
H-4'); 8¢ (100 MHz, CDCl3) 174.9 (amide C=0), 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); mjz 242 (MH"). HRMS (ESI): MH", found 242.1297,
C14H16N30 requires 242.1293.

4.5.10. (S)-N-(Quinolin-3-yl)pyrrolidine-2-carboxamide 10
Brown paste; yield: 400 mg, 22%; [o]} = —20.0- (c 0.05, CHCls);

Vmax (KBr disc) 3354, 2969, 1686, 1523, 1490, 1369, 902, 751 cm™';

dy (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-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'); dc
(100 MHz, CDCl3) 174.4 (amide C=0), 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'); mjz 242 (MH"); HRMS (ESI): MH', found 242.1297,
C14H]6N3O requires 242.1293.

4.5.11. (S)-N-(Quinolin-8-yl)pyrrolidine-2-carboxamide 11

Brown viscous oil; yield: 1.8 g, 84%; [oc]ZD4 = +18.6 (c 0.1, CHCl3);
Vimax (KBr disc) 3257, 2965, 1670, 1516, 1382, 1102, 824, 791 cm™;
oy (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-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'); 6c (100 MHz, CDCl;) 174.3 (amide
C=0), 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'); m/z 242 (MH"); HRMS (ESI):
MH?*, found 242.1296, C,4H;gN30 requires 242.1293.

4.5.12. (25,2'S)-N,N -(Pyridine-2,6-diyl)dipyrrolidine-2-
carboxamide 12’

Off-white solid; yield: 800 mg, 21%; mp=177.5-177.9 °C;
[#)2° = +10.0 (¢ 0.1, CHCl3); 64 (400 MHz, CDCl5) 9.97 (s, br, 2H,
amide N-H), 7.95 (d, = 7.63 Hz, 2H, H-3), 7.70 (t, J = 7.63 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' and aliphatic N-H); éc (100 MHz, CDCls)
174.2 (amide C=0), 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'); m/z 326 (MNa*), 304 (MH").

4.5.13. (25,4R)-4-(Benzyloxy)-N-(pyridin-3-yl)pyrrolidine-2-
carboxamide 13

Brown oil; yield: 95 mg, 29%; [oc]}f = —22.5(c 0.05, CHCl3); Viax
(KBr disc) 3377, 2921, 1670, 1583, 1425, 1259, 806, 741 cm™'; oy
(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, OCH,Ph),
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"); ¢ (100 MHz, CDCl3) 173.7 (amide C=0),
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-2), 123.7 (C-5), 80.5 (C-4),
70.8 (O-CH,-Ph), 60.4 (C-2’), 52.8 (C-5'), 36.3 (C-3'); m/z 298
(MH"); HRMS (ESI): MH", found 298.1559, C;7H,oN30, requires
298.1556.

4.5.14. (25,4R)-4-Hydroxy-N-(pyridin-3-yl)pyrrolidine-2-
carboxamide 14

Orange solid; yield: 200mg, 42%; mp=142.5-143.2°C,
[#]i¥ = —1.0 (c 0.1, CHCl5); &y (400 MHz, CDs0D) 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’); ¢ (100 MHz, CD30D) 161.8
(amide C=0), 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'); HRMS
(ESI): MH", found 208.1089, C;0H;4N30, requires 208.1086.

4.5.15. (S)-N-Phenylpyrrolidine-2-carboxamide 15°°

Off-white solid; yield: 250mg, 29%; mp=115.5-116.2 °C;
[#] = —62.0 (c 0.1, CHCls); 6y (400 MHz, CDCl5) 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-2'), 2.92-3.10 (m,
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2H, H-5'), 1.97-2.23 (m, 3H, H-3 and aliphatic N-H), 1.69-1.80 (m,
2H, H-4'); dc (100 MHz, CDCls) 173.6 (amide C=0), 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'); m/z 191 (MH").

4.5.16. (S)-N-Methyl-N-(pyridin-4-yl)pyrrolidine-2-carboxamide
1666

Colourless oil; yield: 120 mg, 29%; [«]}} = —90.0 (c 0.05, CHCls);
d (400 MHz, CDCls) 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-2'),
3.50-3.56 (m, 1H, H-5), 3.16-3.23 (m, 1H, H-5'), 2.68-2.71 (m,
3H, N-CHs), 2.14-2.21 (m, 2H, H-3"), 1.87-2.03 (m, 2H, H-4); 6¢
(100 MHz, CDCl5) 172.9 (C=0), 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-CHs), 23.8 (C-4');
m(z 206 (MH").

4.5.17. (S)-N-methyl-N-phenylpyrrolidine-2-carboxamide 173
Colourless oil; yield: 500 mg, 22%; [«]y} = +18.2 (c 0.1, CHCly);
511 (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-2'), 2.90-3.29 (m, 2H, H-5'), 3.15 (s, 3H, N-CHs),
1.50-1.78 (m, 4H, H-3' and H-4'); ¢ (100 MHz, CDCl3) 170.8
(C=0), 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=CHs), 30.4 (C-3), 25.4 (C-4'); m/z 204 (M*).

4.5.18. (S)-N-(3,5-Bis(trifluoromethyl)phenyl)pyrrolidine-2-
carboxamide 18°°

Pale yellow oil; yield: 230 mg, 17%; [oc],l)S:fSTO (c 0.05,
CHCl5); 6y (400 MHz, CDCl;) 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’ and aliphatic N-H), 1.71-
1.79 (m, 2H, H-4'); 5c (100 MHz, CDCl3) 174.3 (amide C=0),
139.3 (C-1), 1324 (C-3), 127.3, 124.6 (CFs), 121.9, 119.2 (C-2),
117.1 (C-4), 61.0 (C-2'), 47.4 (C-5'), 30.8 (C-3"), 26.4 (C-4'); 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-1-proline with the previously synthesized 3,5-bis(trifluoro-
methyl)benzylsulfonamide®' to give Boc-19; subsequent Boc-
deprotection produced 19; white solid; yield: 200 mg, 27%;
mp =222.3-223.1°C; vmax (KBr disc) 3447, 3187, 1622, 1361,
1310, 1279, 1128, 852 cm™'; 4y (400 MHz, DMSO-ds) 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'); dc (100 MHz, DMSO-dg) '*C NMR (100 MHz,
DMSO-dg) 6 =173.0 (amide C=0), 148.3 (C-1), 130.7 (C-3), 128.2
(C-2), 124.9 (C-4), 122.1 (CF;3), 62.4 (C-2'), 45.8 (C-5"), 29.4 (C-3'),
23.7 (C-4'); mz 389 (M—H); HRMS (ESI): MH", found 391.0551,
Cy13H13N,05FgS requifes 391.0551.

4.5.20. General procedure for the aldol reaction of isatin with
acetone?!

The organocatalyst 20 mol % (0.06 mmol) and additive (either
40 equiv H,0 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 20*!

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; tg=7.0min [(S)-isomer]; tg=9.0min [(R)-isomer],
2=254nm. Off-white solid; yield: see Tables; [o]f = —20.0 (c
0.03, CH50H); vmax (KBr disc) 3359, 3258, 2359, 1718, 1620,
1470, 1362, 1057 cm™'; 6y (400 MHz, CD50D) 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=7.63Hz, 1H, Ar-H), 6.86 (m, 1H, Ar-H), 3.36 (d, J=16.78 Hz,
1H, CH,), 3.15 (d, J=16.78 Hz, 1H, CH,), 2.04 (s, 3H, CHs); Jc
(100 MHz, CDs0D) 206.1 (CH3-CO-CH,), 179.8 (amide C=0),
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 (CH;), 29.3 (CH3); m/z 228 (MNa*);
HRMS (ESI): MNa", found 228.0637, C{;H;;NOs;Na 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; tg = 39.5 min (minor isomer); tg = 42.3 min (major iso-
mer), A = 254 nm; Off-white solid; yield: see Tables; [oc],ljg =-40(c
0.05, CH30H); vmax (KBr disc) 3315, 3060, 2359, 1698, 1616, 1467,
1360, 1079 cm™'; &y (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-CH,), 4.25 (s, br, 1H,
OH), 3.40 (d, J=17.0 Hz, 1H, CH,), 3.20 (d, J= 17.0 Hz, 1H, CH>),
2.0 (s, 3H, CH3); 6¢c (100 MHz, CD3CN) 206.9 (CH3-CO-CH,), 177.4
(amide C=0), 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-CH,-Ph), 44.1 (CH,C=0), 30.9
(CH3); mfz 296 (MH'); HRMS (ESI): MH', found 296.1294,
Cy8H1sNO;3 requires 296.1287.

4.5.23. (S)-3-Hydroxy-3-(2-oxobutyl)indolin-2-one 22!

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; tg = 10.0 min (major isomer); tg = 11.0 min (minor iso-
mer), A = 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;
[#]5} = —40.0 (c 0.01, CH30H); viax (KBr disc) 3356, 2972, 2360,
1723, 1621, 1473, 1180, 777 cm™!; &y (400 MHz, DMSO-dg) 10.20
(s, br, TH, 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),
596 (s, 1H, OH), 3.25 (d, J=16.4Hz, 1H, CH,-a), 2.97 (d,
J=16.4Hz, 1H, CHj-a), 2.24-2.42 (m, 2H, CH,-b), 0.74 (t,
J=7.2Hz, 3H, CH3); dc (100 MHz, DMSO-dg) 207.4 (CH,-CO-
CH,), 178.2 (amide C=0), 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-CH,-CO),
35.6 (CH3CH,-CO), 7.3 (CHs); mjz 242 (MNa'); HRMS (ESI):
MNa®, found 242.0797, C;,H;3NOsNa requires 242.0793.

4.6. General procedure for aldol reaction of isatins with
acetaldehyde followed by reduction®

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 pL,
1.50 mmol). This reaction mixture was stirred at room temperature
under N, for 48 h, followed by the addition of methanol (0.5 mL)
and NaBH,4 (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 x 25 mL),
dried over anhydrous Na,SOy,, 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; tg =30.9 min (minor enan-
tiomer); tg = 44.1 min (major enantiomer), / = 254 nm). White so-
lid; yield: see Tables; [¢])' = +19.1 (c 0.01, CHCl3); Viax (KBr
disc) 3379, 2963, 1664, 1529, 1269, 997, 750, 694cm™'; oy
(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,
CH,0H), 2.98 (s, br, 1H, OH), 1.95-2.09 (m, 2H, CH,CH,0H); dc
(100 MHz, CD3CN) 180.0 (amide C=0), 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
(CH,0H), 40.5 (C-CH;); m/z 216 (MNa*); HRMS (ESI): MNa*, found
216.0638, C;oH;;NOsNa 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; tg =36.2 min (minor
enantiomer); tg =40.2 min (major enantiomer), 1= 254 nm). Col-
ourless oil; yield: see Tables; [«]}} = +14.0 (¢ 0.01, CHCls); Vmax
(KBr disc) 3395, 2924, 1705, 1613, 1269, 1468, 1174, 753 cm™
Sy (400 MHz, CDCls) 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, CH,-Ph), 4.77 (d,
J=16.0 Hz, 1H, CH,-Ph), 4.43 (s, br, 1H, OH), 3.92-4.04 (m, 2H,
CH,-OH), 2.99 (s, br, 1H, OH), 2.26-2.34 (m, 1H, CH,-C(OH)),
2.03-2.12 (m, 1H, CH,-C(OH)); éc (100 MHz, CDCl3) 178.4 (amide
C=0), 141.9 (C-7a), 135.3(C-1"), 130.6 (C-3a), 129.6 (C-3), 128.8
(C-27), 127.7 (C-4), 127.2 (C-6), 123.9 (C-4), 123.3 (C-3), 109.6
(C-7), 58.6 (CH,OH), 43.8 (N-CH,-Ph), 39.3 (C-CH,); m/z 306
(MNa*); HRMS (ESI): MNa*, found 306.1107, C;7H;7NOsNa requires
306.1106.
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