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ABSTRACT

The aldol reaction is regarded as one of the most prominent carbon-carbon bond forming
organic reactions. For many decades enzymes have gained considerable attention as useful
catalysts for this reaction, due to their fascinating properties such as their high selectivity and
mild reactions conditions. Although enzymes are efficient catalysts, they still suffer from
limitations such as narrow substrate tolerance, pH specificity and high cost; there is therefore
a need for catalysts that mimic enzyme activity but have fewer drawbacks. Synthetic peptides,
because of their structural similarity to enzymes, synthetic accessibility and diverse molecular
structures; have emerged as the ideal candidate to realize an enzyme-like catalyst. The design
of a peptide catalyst possessing secondary structural units (such as the alpha-helix and beta
turn) can produce a novel, enzyme-like organocatalyst. The structural units of the peptides in
this study incorporates the beta turn and catalytic amino acids taken from the active site of the
fructose-1,6-bisphosphate aldolase (FBPA) enzyme. The peptide sequence also consists of
cysteine residues that can form strong interactions with the gold surface via the thiol groups.
The immobilization of catalyst onto gold nanoparticle (AuNPs) has been proven to restrict
conformational flexibility of catalysts thereby improving their catalytic activity and reusability.
The overall aim of this study is to design and synthesize peptides catalysts based on the

structure and activity of the FBPA enzyme.

Twelve mimetic peptides based on the catalytic active site of the FBPA enzyme [TP_Asp (1),
TP_ADLys (2), TP_ADA (3), TP_AspC (4), TP_ADLysC (5), TP_ADAC (6), TP_Glu (7),
TP_GDLys (8), TP_GDA (9), TP_GIuC (10), TP_GDLysC (11) and TP_GDAC (12)] were
designed and synthesized using the solid phase peptide synthesis strategy.

NMR (nuclear magnetic resonance spectroscopy) and CD (circular dichroism) were used to
determine possible folding patterns and secondary structural features. Both experiments
provided confirmation that the peptides are not linear but possesses secondary structural

elements.

The screened selected peptides showed catalytic activity and the aldol products were obtained
in low yields (up to 44%), excellent enantioselectivity (up to 94%) and moderate
diastereoselectivity (65:35). The influence of water, substrate scope, catalyst loading and effect
of solvents on the reactions were investigated. An increase in catalyst loading did not

significantly improve the yields. The addition of water to the reaction medium to enhanced
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both the yields and selectivities. Substituting the organic solvent with a 100 mM phosphate
(pH=8.0) buffer afforded improved catalytic activity (38 % yield) and enantioselectivity (up to
80% ee) because of the structural conformation that the peptide adopts in the solution. Aromatic
aldehydes bearing a halogen group were shown to be inappropriate substrates for the peptide
aldol catalyzed reaction while nitro substituted aromatic aldehydes are acceptable substrates

for the peptide-promoted aldol reaction

Different AUNPs particle sizes (16, 15 and 12 nm) were successfully conjugated to the peptide
and characterized using surface plasmon resonance (SPR) and transmission electron
microscopy (TEM). The AuNPs did not significantly improve the catalytic activity of the
peptide. However, the use of peptide-capped AuNPs lead to a significant improvement of the
enantioselectivity (up to 94%) and a moderate improvement of the diastereoselectivity of
(62/48 anti/syn) for the reaction between p-nitrobenzaldehyde and cyclohexanone. This was
attributed to the change in the peptide conformation caused by its interactions with the gold

metal surface

In conclusion, the buffer solution and the conjugation of the peptide onto AuNPs induced

peptide structural conformations with improved selectivity.
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OUTLINE

Herein, the study is presented in four parts. The first part of this thesis provides a formal
description of the design and synthesis of novel peptide catalysts for the asymmetric aldol
reaction. Twelve mimetic peptides based on the catalytic active site of the FBPA enzyme
[TP_Asp (1), TP_ADLys (2), TP_ADA (3), TP_AspC (4), TP_ADLysC (5), TP_ADAC (6),
TP_Glu (7), TP_GDLys (8), TP_GDA (9), TP_GIuC (10), TP_GDLysC (11) and TP_GDAC
(12)] were designed and synthesized using the solid phase peptide synthesis strategy.

The second part involves the structural elucidation and characterization of the designed peptide
analogues 1 and 2 using NMR (nuclear magnetic resonance) and CD (circular dichroism) to
determine possible folding patterns and secondary structural features. The CD experiments
indicated that the peptides exist as random coil structures that move towards the beta-sheet and
alpha-helix conformations. The long/medium range NOEs (nuclear Overhauser effect)
correlations in the NMR experiments revealed the existence of a bent conformation. Both the
CD and NMR experiments provided a complementary confirmation that the peptides are not

linear but possesses secondary structural elements.

The third part of this dissertation describes the preliminary test and application of the peptide
catalysts for asymmetric aldol reactions. The selected peptides 1, 2, 3, 4, 7, 8, 9 and 11 screened
showed catalytic activity towards the aldol reaction between cyclic, linear aldehydes and
ketones. The influence of water, substrate scope, catalyst loading and effect of solvents on the
reactions were investigated. The addition of water to the reaction medium enhanced both the
yields and selectivities. The corresponding aldol products between acetone and aromatic
aldehydes were obtained in low yields (up to 16%), excellent enantioselectivity (up to 93%)
and an increase in catalyst loading did not significantly improve the yield. Aldol reactions
between cyclohexanone and aromatic aldehydes in organic solvents exhibited poor catalytic
activity (25% vyield), enantioselectivity (up to 31% ee) and diastereoselectivity (64/36).
Substituting the organic solvent with 100 mM phosphate (pH=8.0) afforded improved catalytic
activity (38% vyield), enantioselectivity (80% ee) because of the structural conformation that
the peptide adopts in the solution. The aldol reaction between aromatic aldehydes bearing
electron-withdrawing groups in ketone as a solvent afforded moderate yields (up to 42%), poor
enantioselectivity (up to 20%) and moderate diastereoselectivity (up to 59/41; anti/syn).
Hence, it can be concluded that the aromatic aldehydes bearing a halogen group are
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inappropriate substrates for the peptide aldol catalyzed reaction while nitro substituted aromatic

aldehydes are acceptable substrates for the peptide-promoted aldol reaction.

The fourth section involves the immobilization of peptide 2 onto gold nanoparticles (AuNPS)
in order to improve the catalytic activity, stability and its reusability of peptide catalyst. AUNPs
were successfully synthesized using the Turkevich method. Different particle sizes (16, 15 and
12 nm) in diameter were successfully conjugated to the peptide. The peptide conjugation to
AUNPs was characterized using surface plasmon resonance (SPR) and transmission electron
microscopy (TEM). The aldol reaction between p-nitrobenzaldehyde and cyclohexanone
catalyzed by peptide-capped AuNPs indicated that AuNPs did not have much influence on the
catalytic activity of the peptide. However, the use of peptide-capped AuNPs lead to a
significant improvement on the enantioselectivity (up to 94%) and moderate
diastereoselectivity of 62:38 (anti/syn) for the reaction between p-nitrobenzaldehyde and
cyclohexanone. This was attributed to the change in conformation caused by the peptide

interaction with the gold metal surface.

In conclusion novel aldol addition reaction peptides and AuNPs-peptide catalysts were
successfully designed, synthesized and characterized. All the screened peptide exhibited
moderate aldol reaction between p-nitrobenzaldehyde and cyclohexanone (Table 4-5), peptide-
capped AuNPs afforded aldol products with improved enantioselectivity (up to 94%) and
moderate diastereoselectivity (62:38). The use of a buffered solution proved to enhance the
catalytic activity and selectivity of the peptide and that of the peptide-AuNPs catalyzed aldol
reaction. The use of buffered solution induced the structural conformation of peptides and also
improved the selectivity of peptide capped-AuNPs.



LIST OF TABLES

Table 2- 1: The peptide sequences with amino acid derived from the catalytic active site of
the FBPA BNZYIME ... bbbttt bbbttt 44

Table 2- 2: Detailed summary of the cyclized peptide catalysts containing aspartic acid ...... 54
Table 2- 3: Detailed summary of the cyclized peptide catalysts containing glutamic acid.....61
Table 3- 1: NMR chemical shifts (ppm) of identified spin assignment for TP_Asp using

TOCSY SPECIIUM ...ttt ettt ettt s et e b b e e st e e e abb e e e sbb e e s bb e e asbeeeabeeeabeeeanseeeas 79

Table 3- 2: NMR chemical shifts (ppm) of identified spin systems used for the initial
] [0 1141 0 SO OTRUPOUPSRP 81

Table 3- 3: NMR chemical shifts (ppm) observed through NOEs intra-residue connectivity.82
Table 3- 4: NMR chemical shifts (ppm) of individual spin assignment for TP_Asp. ............. 83

Table 3- 5: NMR chemical shifts (ppm) of identified spin assignment for TP_ADLYys using
IO 1O ] o L=Tod 1 (U o PP PPTPRRPPRTPN 85

Table 3- 6: NMR chemical shifts (ppm) of individual spin assignment for TP_ADLYys......... 86

Table 4- 1: Peptide catalyzed aldol reactions between acetone and substituted aromatic

AIAENYARS? ... bbbttt e e 103
Table 4- 2: Aldol reaction between cyclohexanone and various aromatic aldehydes catalyzed
DY PEPLIES? ...t ettt eeae e e re e teaneenre s 105
Table 4- 3: Aldol reaction of cyclohexanone and p-nitrobenzaldehyde catalyzed by 4 mol%
peptide catalysts in different SOIVENTS 2..........ccooiiiiiiecc e 107
Table 4- 4: Aldol reaction between acetone and cyclohexanone using 8 mol% peptide
(021 1Y S PRSRSSPRSIN 110
Table 4- 5: Aldol reaction of cyclohexanone and p-nitrobenzaldehyde catalyzed by 8 mol%
peptide catalyst in different SOIVENTS? ...........ccoov i 111
Table 4- 6: Recovery and reuse of catalyst TP_ADLYys in aldol reaction®.............c..cccoenee. 113
Table 5- 1: The average size and standard deviation for produced nanoparticles................. 132
Table 5- 2: Aldol reactions screening of p-nitrobenzaldehyde and cyclohexanone catalyzed
by peptide-supported AUNPS?..........ciee e 134
Table 5- 3: Aldol reactions between p-nitrobenzaldehyde and cyclohexanone catalyzed by
PEPLIAe-SUPPOITEA AUNPS? ... ..ottt re e e e e ens 136
Table 5- 4: Recovery and reuse of peptide capped AUNPS? ..........cccooiiiieiinieneneeee e, 138



LIST OF SCHEMES

Scheme 1- 1: The direct catalytic asymmetric aldol reaction. ..........c.cccceevevevieve s, 2
Scheme 1- 2: Types of beta turn MOTITS. .......ccoiiiiiiii e 7

Scheme 1- 3: Mechanism of Type | Schiff base forming aldolase represented by the RAMA
(Rabbit muscle aldolase) and the Type Il zinc enolate mechanism represented by the

fuculose-1-phosphate enzyme aldolase, bottom. P =OPO3% ........ccccceeveveveeeeereeeeeee e, 11
Scheme 1- 4: Mechanism of Fructose-1, 6-bisphosphate aldolase based on the structure of the
DHAP Schiff-base intermediate. ..o 14
Scheme 1- 5: Asymmetric aldol reaction reported by List et al. ..........ccccoevviieiieviecccieenn, 16
Scheme 1- 6: The asymmetric cyanation of benzaldehyde to a cyanohydrine. ....................... 17
Scheme 1- 7: Peptide mediated kinetic resolution of functionalized racemic alcohols........... 18
Scheme 1- 8: Kofoed’s peptide catalyzed enantioselective aldol reaction of p-

nitrobenzaldehyde and aCELONE. ..........ooviiiiiii s 19
Scheme 1- 9: AuNPs-supported proline-catalyzed asymmetric aldol reactions....................... 23

Scheme 2- 1: Total synthesis of hydroxybrevicomins from aldol reaction catalyzed by an
L0101 0100 Y O OSSR 38

Scheme 2- 2: A) Peptide dendrimer catalyzed aldol reaction, B) L2D1 Peptide dendrimer
=T o PSPPSRSO 39

Scheme 2- 3: Bayat’s rational design of mimetic peptides based on the AKR active site. .....40

Scheme 2- 4: General procedure for the SPPS peptide synthesis; where a=20%
piperidine/DMF, b=DIPEA/HBTU/Fmoc-AA, and d=TFA/TIS/EDT/H20, X or Y=different
amino acid side chain, RZamMIN0 ACIUS. ........cocuviiiiiiiiie e aran e e 46

Scheme 4- 1: Aldol reaction between cyclic and linear aldehyde and DHAP using RAMA. .93

Scheme 4- 2: Aldol reactions catalyzed by RAMA using DHAP as a donor ketone: Reaction
1, 1 mg RAMA, 20 % DMSO/TEA buffer (pH 7.0); Reaction 3-6, 3 mg (9.5%10-5 mol)
RAMA, DHAP (0.05 mmol, 8.5 mg), TRIS-buffer pH 7.6, rt for 24-72 h. ......cccoovvvieenn. 95

Scheme 4- 3: Water as solvent in organocatalytic asymmetric aldol reactions, (A) Hayashi’s
proline catalyzed aldehyde—ketone aldol reaction in water, (B) Rahman’s small proline-based
dipeptide iN aQUEOUS MEUIUM. ......viiiiieiiiciie et re e eaaeesree s 97

Scheme 4- 4: Aldol test reactions for selected peptides, using (A) linear aldehydes and (B)
aromatic aldehydes With aCELONE. .........ccveiiiiii e 99

Scheme 4- 5: Aldol test reaction for selected peptides, using (A) linear aldehydes with
cyclopentanone and (B) aromatic aldehydes cyclopentanone, (C) linear aldehydes with
cyclohexanone, (D) aromatic aldehydes with cyclohexanone. ...........ccccooeviveveeieiieiveieennnn 101

Xl



LIST OF FIGURES

Figure 1- 1: A crystal structure depicting hydrophobic groups packed inside (red), and
hydrophilic hydroxyl groups outside the enzyme molecule. ............ccooveiiiiiniiie i, 4

Figure 1- 2: Ribbon diagram of the crystal structure of aldolase enzyme depicting the a-alpha
helices (cerulean), 3-sheets (purple), and active site residues bonded to the substrate (shown
as Spheres) [PDB COUE: 2ALD]........o ettt nne s 5

Figure 1- 3: An a-helix that is stabilized by internal hydrogen bonding. .........c.ccccoocveieiienee. 6

Figure 1- 4: Free energy profile diagram for both enzyme-catalyzed and uncatalyzed
reactions. The symbols; E represents the enzyme, S is the free substrate, S* the free transition
state, ES represents the enzyme-substrate complex, ES* is the enzyme-transition state, EP is
the enzyme-product complex and P the free product State ..........cccceveveeveeveniesieenesee e 9

Figure 1- 5: The active sites residues of FBPA shown as stick form (on the right) ................ 12

Figure 1- 6: 3D Structure depicting the FBPA active site residues interaction with the
substrate molecule (2FBP) [some residues chains (side or main) are omitted for picture

(o= V11 [ OSSR 13
Figure 1- 7: Modes of action of proline catalysis. .........c.cccocveiiiiiiie i 16
Figure 1- 8: Resin-supported peptide CatalysSt ..........cccoiiiiiiiniiieiiieee e 19

Figure 1- 9: An N-terminal hydrogen bond replace with C-C bond obtained from a ring
closing metathesis (RCM) FBACTION. ........ccueiiiiiriiiiieieie e 21

Figure 1- 10: B-hairpin with Asp-Gly B-turn promoter done by Ramirez-Alvarado et al. .....21

Figure 1- 11: Peptide sequence of E3H15 conjugated to Gold nanoparticles.!!! .................... 23
Figure 2- 1: Amino acids sequence of the Drosophila melanogaster FBPA enzyme obtained
from the UniProt protein database. ...........ccoiiiiiiiii e 41
Figure 2- 2: The amino acid residues of the FBPA aCtiVe SIte ..........cccoeveieniieneniniceeiee, 42
Figure 2- 3: Structural representation of TP_Asp peptide, showing a turn and catalytic motif
] (=PRSS 45
Figure 2- 4: lllustration of the difference between HATU and HBTU..........cccocoveviiievinenne, 47
Figure 2- 5: LC-MS spectrum for the fully synthesized crude TP_ASP ....cccccvvveviviieeiieinnnn, 48
Figure 2- 6: Folded structure of TP_Asp using de novo peptide structure prediction (RPBS
Web Portal), depicting L-lysine side chain (yellow) pointing out............ccccooeiiieiiiiiicinnenne, 49
Figure 2- 7: Common peptide secondary structure conformations.............cccceveerervinnieennennn. 50
Figure 2- 8 : LC-MS spectrum for 1% purification of peak 1 for TP_ADA peptide................. 51
Figure 2- 9: Different ways of peptide CyClization. ............ccocoviiiiriiiiiiciee e 52
Figure 2- 10: Amino acid sequence for peptide catalyst TP_GlU.........cccccoiiiiiiiiiiiiien, 55

Xl



Figure 2- 11: LC-MS spectrum for the 1% purification of TP_Glupeak 1 ...........ccccceevevvnnnee. 56

Figure 2- 12: LC-MS spectrum for TP_Glu peak 1 after 2" purification ............c.c.cccvevernne. 56
Figure 2- 13: Amino acid sequence for peptide catalyst TP_Glu, with D Lys highlighted in

=T PSR PS 57
Figure 2- 14: LC-MS spectrum for TP_GDLys peak 2 after 1% purification .......................... 58
Figure 2- 15: LC-MS spectrum for TP_GDLys peak 2 after 2" purification ....................... 59
Figure 2- 16: LC-MS spectrum for TP_GDA peak 3 after 2" purification...............c..cccc....... 60

Figure 3- 1: Circular dichroism studies for TP_ADLys and TP_Asp peptides in 200 mM
phosphate buffer solution (B) and percentage of peptide Structure ............cccoceveviriiiiiiennenn 73

Figure 3- 2: Circular dichroism spectra of TP_ADLys and TP_Asp peptides in water (W) and
their secondary StrUCTUIE @NAIYSIS ........cooiiiiiiiiiieee e 74

Figure 3- 3: 1D *H NMR spectra of TP_ADLYys peptide effect of temperature variations.....76
Figure 3- 4: Structural representation 0f TP_ASD. ....cccciveiiiie e 77

Figure 3- 5: The partial *HN-Ha fingerprint region of 2D the TOCSY spectrum TP_Asp of
the peptide, showing individual spin system patterns (full spectrum is provided in Appendix

[1, FIQUIE S.3-0). ettt bbbttt b bbbt 78
Figure 3- 6: TP_Asp peptide structure with arrows indicating long correlation using ROESY

.................................................................................................................................................. 84
Figure 4- 1: A series of selected peptides screened for aldol reaction catalytic activity. ........ 98

Figure 4- 2: LC-MS chromatograph depicting the formation of Al product in 3 hours. ........ 99
Figure 4- 3: LC-MS chromatograph depicting the formation of A2 product in 30 minutes. 102
Figure 5- 1: Proposed structure of TP_ADLYys peptide bounded to AuUNP with its two cysteine
=] 0 [U TSRS PRURPRPRRSIN 125

Figure 5- 2: An image of a reaction mixture changing colour, due to the addition of the citrate

solution, from (a) pale yellow to (b) PINK/TE. ........ccveiieiieicccee e 127
Figure 5- 3: UV-vis absorption spectra showing LSPR band for citrate-capped AuNP (black
line) and peptide-AUNPS (red TINe). ......coo i 129
Figure 5- 4: TEM images for citrate-AuNPs and peptide-capped AuNPs (a) AuNP-20, (b)
AUNP-20P, (c) AuNP-30, (d) AuNP-30P, () AuNP-50 and (f) AUNP-50P...........cc.ccceunnen. 130
Figure 5- 5: Particle size distribution of citrate capped AuNPs and peptide-functionalised
AUNPs obtained from TEM IMaQES. .......ccieiiiiiiiiie ettt 131

X1



LIST OF ABBREVIATIONS

) chemical shift

AAs amino acids

Ala (A) alanine

Aib aminoisobutyric acid

Arg (R) arginine

Asp (D) aspartic acid

Au gold

AUNPs gold nanoparticles

Boc Tert-Butyl-Oxycarbonyl
cat catalyst

CD circular dichroism

COSsYy correlation spectroscopy
Cys (C) cysteine

d doublet

dd doublet of doublets

DCM dichloromethane

DHA dihydroxyacetone

DHAP dihydroxyacetone phosphate
DIPEA N,N-diisopropylethylamine
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide

dr diastereomeric ratio

EDT 1,2-Ethanedithiol

ee enantiomeric excess

ESI electrospray lonisation
EtOAcC ethyl acetate

Et.O diethyl ether

FBPA fructose-1,6-bisphosphate Aldolase
FBP fructose-1,6-bisphosphate
Fmoc 9-Fluorenylmethoxycarbonyl
Glu (E) glutamic acid

Gly (G) glycine
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide

HATU hexaflourophosphate

HBTU (2-(1H-benzotrial-1-yl-1,1,3,3-tetramethyluronium hexafluorophosphate
HMBC heteronuclear multiple quantum coherence

HPLC high performance liquid chromatography

HRMS high resolution mass spectrometry

h hour

HSQC heteronuclear single quantum coherence

XV



IPA isopropyl alcohol

FT-IR Fourier-transform infrared

LC-MS liquid chromatography-mass spectrometry
LSPR localised surface plasmon resonance
Lys (K) lysine

J coupling constant

m multiplet

MBHA rink Amide 4-methylbenzhydrylamine
MeCN acetonitrile

MeOH methanol

mg milligram

mL milliliter

min minute

mM millimolar

Mol molar

MS mass spectrometry

m/z mass charge

NMP N-methylpyrrolidone

NMR nuclear magnetic resonance

NOE nuclear Overhauser effect

NOESY nuclear Overhauser effect spectroscopy
nm nanometer

NPs nanoparticles

PDB Protein Data Bank

pep peptide

S singlet

SPPS Solid phase peptide synthesis

Ser (S) serine

t triplet

TEA triethylamine

TEM transmission electron microscopy
TFA trifluoroacetic acid

TLC thin layer chromatography

TIS Triisopropyl silane

TMS Tetramethylsilane

TOCSY total correlation spectroscopy
RAMA rabbit muscle aldolase

Ry retardation factor

r.t. room temperature

ROESY rotating frame Overhauser effect spectroscopy
TRIS tris(hydroxymethyl)aminomethane
Tyr (Y) tyrosine

q quartet

uL microliter

XV



Table of Contents

DT I o AN I ] OSSPSR I
D71 [0 ANy I [ N OSSPSR i
ACKNOWLEDGEMENTS ..ottt sttt eene e v
ABSTRACT ..ttt sttt b et s et e b st et et et et s te e e reebe st e e ne et e ne et VI
OUTLINE. ..ottt sttt et e se et et e e e benbe e eneanenean VI
LIST OF TABLES ...ttt sttt be bt ne b e X
LIST OF SCHEMES ..ottt ettt ene s X1
LIST OF FIGURES ... ..ottt e et e e tae e anee e Xl
LIST OF ABBREVIATIONS ...ttt X1V
(@4 0 F=1 o1 =] gt RSP PTRTP TSP P PRPPPROPPO 1
] 8 oo 11 od o] o 1RSSR 1
1.1 BACKGIOUNG ...ttt bbbttt et bbbt b e s s et e e 1
A N [ (o] I =T T [ ] o SRS 2
1.3 ENZYIME SIIUCTUIES ...ttt sttt b e ne e 4
G T R T USROS 5
1.3.2 B-Turn structures, B-Sheets and B-NAINPINS........ccooeiiiiiiiieiee e 6

1.4 ENZYME CALAIYSIS ...ttt bbbt bt 7
1.4.2 TranSition STAte TNEOTY .....coviiiiiee e 8

IR J N [ [0 - TS £ S SSPR 10
1.5.1 Fructose-1, 6-bisphosphate aldolase enzyme ...........cccocviiiiiiinen e, 12
1.5.2 Mechanism of the Fructose-1, 6-bisphosphate aldolase.............ccccccviiiniiiennen, 13

1.6 L-Proline as Type I micro AldOIase’.........cccoveiuiiiiiiiiiiieieee s 15
1.7 Peptides as 0rgan0oCatalyStS .........ccoiiiiiiiiiiiee s 17
1.7.1 Peptides as catalyst for asymmetric aldol reactions ............c.cccevevieieeie e e 18

1.8 Design considerations and previous WOEK............c.civeeiieiecie e 20
1.8.1 Stabilisation of Peptides using gold nanoparticles (AUNPS) ........ccccccovevviiiiciineenne. 22
1.8.2 Design of cyclic and AuNPs supported catalytic peptides..........ccccevvveviiviciiiineenne. 24

1.9 Aims and ODbjectives of the ProjJect ... 24
1,10 RETEIBNCES ...ttt sttt sttt e e bt et e et sne e be e e nnes 25
(O T T 0] (=] PP TRPR 36
Design and synthesis of novel peptide-based catalysts ..........cccccoviiiieiiiiiic i, 36

XVI



2.1 INETOAUCTION ..ottt e e et e e e ettt e e e e e e et e e e e e e e e a e e eeeeeeaans 36

2.2 Previous research on different enzyme mimic approaches.........c.cccvvvvveiieevvcieseennnn, 37
2.3 Enzyme mimics based on peptides with secondary Structure ...........ccccoccevvevveiieseenenn, 40
2.4 Peptide CatalySt AESION ...ocviiieiiree ettt re e 41
2.4.1 General CONSIAEIATIONS ........couiiiiiiiiiieieie et 41
2.4.2.1 Helical motif proposed structures (Helix design).......ccccceevevieieiieiieve e, 42
2.4.2.2 Turn motif PropoSed STIUCLUIES..........cueiiiiieiirierierie e 43
2.4.2.3 D-AMINO ACIUS .....viiiieitieiieie sttt sttt st ae et e be st e sreebeeneesreenee e 43
2.5 RESUILS AN AISCUSSION.....uviitieitieiiesiie sttt sttt aseesreentesseesreenee e 45
2.5.1 SYNENESIS OF TP_ASP «.ueeiiieite sttt 45
2.5.1.1 PUrfiCation OF TP_ASD .cuiiiiiiiiiiiiiei ettt 48
2.5.2 SYNENESIS OF TP_ADLYS ...c.oiiiiitiiieieeiee et 49
2.5.2.1 PUrification OF TP_ADLYS......ccciiiiiiiieieiesie et 50
2.5.3 SYNthesis OF TP_ADA ... .ot 50
2.5.3.1 PUrification OF TP_ADA ...ttt 51
2.5.4 Importance of peptides CYCHZAtION .........ccoiiiiiiiiiiee e, 52
2.5.5 Cyclization of Aspartic containing PepPtides.........cccveveviereiieeiiese e 53
2.5.5.1 Purification of cyclized Aspartic containing peptide catalyst .............ccccceevennen. 53
2.5.6 SYNLNESIS OF TP_GlU....civiiiiciiciecce et 54
2.5.6.1 Purification Of TP_GlU ......c.coveiiiiie e 55
2.5.7 SYNLNESIS OF TP_GDLYS ..ottt 57
2.5.7.1 Purification Of TP_GDLYS.......cccciiiiiiece e 57
2.5.8 Synthesis and purification of TP_GDA .........cccooi e 59
2.5.9 Cyclization and purification of Glutamic containing peptides...........cccccvevveireene.n. 60
2.6 PEPLIARS SCAIE UP ...veiieeieciie ettt et be et e e te e ae e ae e 61
2.7 CONCIUAING FEMAIKS .....c.viiiieiiiciie et e e ste e re e sre e reenae e 62
2. B RETEIBINCES ...ttt bttt e b et e e sre e ne e 63
(@4 0 F=1 o 1] G TSP PR PRSPPI 70
Structural Elucidation of PEPLIAES .......ccoviiiiiiie e 70
X 20 A [ 11 oo 1 Tod o] IR PRR 70
B LLNMR SEUIES ..ot sttt ne b nr e ne e 70
3.1.2 Circular DIChroiSM STUdIES .........coveieiiiiie et e 71
3.2. RESUILS AN QISCUSSION.......eiveeiieriesiiesieeiesieesie e e eree e e e ssee e aesreesraeeesneessaenneeneesseenseens 72



3.2.1 Conformational studies of peptides using circular dichroism .............cccccveveinenen, 72

3.2.2 Characterization of peptides by NMR ..o 75
3.2.2.1 NMR temperature variations eXperiments..........cccccvvveereereesieeseeresee e eseeseennens 76
3.2.2.2 NMR structure elucidation of the TP_ASp peptide .......ccccceveeiieveiieie e, 77
3.2.2.3 Spin system assignment of amino acid residues for TP_ASpP.......ccccccevvevvereennnnn, 78
3.2.2.4 Sequential spin SPeCifiC aSSIGNMENT ...........ccvvieiieie e 80
3.2.2.5 Determination of the secondary structural elements of TP_ASP........c.ccccvvvvnenne. 83
3.2.2.6 NMR structure elucidation and spin systems assignment for TP_ADLYys........... 84
3.2.2.7 Assessment of secondary structural elements for TP_ADLYS .........cccccvevvrreennene. 86
3.3 CoNCIUAING FEMATKS ...ttt 87
BB =] (T =] T SRRSO 88
CRAPTET 4 ...t bbbt b bt 92
Peptides as organocatalysts for direct aldol addition reactions............c.ccccoeevevviiervernnnne 92
g I Lo oo [0 Tox 1 o o ISR 92
4.2 Preliminary investigation of the Fructose-1,6-bisphosphate aldolase (FBPA) enzyme
AldOl reacCtion CALAIYSIS .........ciiieieie e 93
4.3 Peptides screening and optimization of aldol reactions conditions............ccccccevvveennenn. 96
4.4 RESUILS aNd AISCUSSTIONS .....veeuveiiieitieiesiiesieeiesieste e stee e see e saeeseesreesseanaesseesneeneesseeseans 98
4.4.1 Screening of selected peptides for aldol reaction catalytic activity............c.cccc...... 98
4.4.2 CoNCIUAING FEMATKS. ..ot 102
4.5 Optimization of Aldol reaction CONITIONS...........cceiuiiiiiiiiiseee e, 103
4.5.1 Scope Of reaction and SUDSIIALE ..........ccccvriiriirieriie e 103
4.4.2 EFfeCt OF SOIVENTS ..o e 106
4.4.3 The Effect of catalyst concentration (catalyst loading) on the aldol reaction ....... 110
4.4.5 Catalyst reusability STUTIES .........c.coiiiiiiiiiieec e 113
4.5 CoNCIUAING FEMAIKS ......ooiviiiecie ettt ettt e e e sre e ans 114
A, 9 RETEIBINCES ...ttt sttt b et e b et ne et et anes 115
(O T 0] =] gl TSROSO 124
Peptide-capped AuNPs as catalyst for direct aldol reaction..............ccoceevviiiiiiii e, 124
T8 A [ 0o 1 od o] USSR 124
5.2 Affinity of peptides towards gold nanoparticles (AUNPS) .......cccccoveviiiiieic i, 125
5.3 RESUILS ANT AISCUSSIONS .....couviiuiiiiieiieeiie sttt sttt sttt et nne s 126
5.3.1 Synthesis and functionalization of AUNPS ..........cccccieiiiiiic e 126

XVIHI



5.3.2. Characterization and iNStrUMENTATION .........eveeeeeie e 128

5.3.2.1 UV-ViS SPECIIOPNOtOMELIY .....ecvveiieeie e 128
5.3.2.2 Transmission electron MICIOSCOPY ......vevverreiieeieerieeieseesieeeesseesseeseesseessesseessens 130
5.3.3 Peptide-capped AuNPs as asymmetric aldol reaction catalyst.............c.ccccvvvenenn 133
5.3.3.1 CatalySt SCrEENING ... .ccviiieiieeie et e e sre e s e e beaneesreas 133
5.3.3.2 Optimization of reactions CONAITIONS............ccceiveriiiiereece e 135
5.3.3.3 Catalyst recyclability STUTIES .........ccocoiiiiiiiiieieieee e 137
5.4. CONCIUAING FEMAIKS .....veivieieieie ettt sreebesneesneas 138
5.5 RETEIBINCES ...ttt sttt be e te et be et e nreas 140
CRAPTEE B ...t bbbt bbbt 150
Conclusion and reCOMMENTALIONS ........c.coveiieieiieieee e sreesee e srees 150
(O 0 F=1 o1 =] TSSO TSP TP U T PRURPRPPRPIN 152
EXPErimental ProCEAUIES.........c.oiiei ettt 152
7.1 Materials and MEtNOAS .........coueiiiriiiiii i 152
7.2. Instrumentation and general teChNIQUES...........cccieieiieie e 152
7.3 General procedure for the synthesis of Peptides .........cccovveeiicii e, 154
7.3.1 General procedure for the automated and manual SPPS synthesis..............c........ 154
7.3.2 General procedure for the determining loading capacity ...........cc.ccoovvvriiiininennenn 155
7.3.3 General procedure for the synthesis of peptides.........ccccvveieriniiciininceee 155
7.3.4 General procedure for cleaving peptides from the resin...........cccoccoviniiinicnene 156
7.3.5 Cyclisation Of PEPLIIES ........ooiiiiiiiiieee s 156
7.4 Typical procedures for Aldol reaction ............ccccooeiiiiiiiincee e 156
7.4.1 Preliminary aldol reaction investigation using Fructose-1,6-bisphosphate aldolase
(FBPAY-RAMA .....oovoeeeeieeeeeeee sttt s s 156
7.4.2 General procedure for the aldol reaction preliminary test using acetone.............. 156
7.4.3 General procedure for the aldol reaction preliminary test using cyclic ketone .....157
7.4.4 Aldol reactions in acetone in the presence of Water ..........cccooeveieieiinisieienenn 157

7.5 Procedures for the aldol reactions between aromatic aldehydes and cyclohexanone ..157
7.5.1 Aldol reaction between cyclohexanone and aromatic aldehydes (homogenous) ..157
7.5.2 Aldol reaction between cyclohexanone and aromatic aldehydes (heterogenous) .158

7.5.3 General procedure for aldol reaction between cyclohexanone and aromatic
aldehydes in OrganiC SOIVENT..........ccciii i 158

7.6 General procedure for the synthesis of gold nanoparticle (AUNPS).........c.ccoovviinnnne. 158

XIX



7.7 Typical procedure for the functionalization of TP_ADLYys peptide to AuNPs............ 159

7.8 General procedure for aldol reaction using peptide-capped AUNPS...........cccccevrvennen, 159
7.9.1 Catalyst recyclability for peptide catalyzed aldol reaction..............ccccccevveiviiennen, 159
7.9.1 Catalyst recyclability for peptide-AuNPs catalyzed aldol reactions...................... 160

7.10 Characterization Of AldOI ProQUCES .........ccoveiiiiieiiieicceeeeee e 160

7. L1 RETEIEINCES ...ttt bbbttt bbbt 163

APPENDICES ...ttt e et e et e e e s e e e s e e e ne e e enne e e annes 164

Appendix | - Supplementary information for Chapter 2...........ccccoevveveiieiiece e 165

Appendix I1- Supplementary information for Chapter 3............cccooeiiiiiiniineeee, 192

Appendix I11 - Supplementary information for Chapter 4 ..., 204

XX



Chapter 1

Introduction

1.1 Background

The use of organic compounds as asymmetric catalysts compliments the traditional use of
organometallic and biological approaches in asymmetric catalysis. Organocatalysis is regarded
as the use of small, low-molecular weight organic compounds, predominately comprising of
carbon, oxygen, hydrogen, sulphur, and phosphorus, to accelerate chemical reactions. It has
recently gained a lot of attention in the synthesis of chiral molecules and has been designated
the third general approach to the catalytic production of enantio-pure compounds.t? In
comparison to other commonly used catalytic methods in organic chemistry, organocatalysts
have several advantages which include; non-toxicity to biological systems, they are readily
available, are more stable and easier to synthesize.l® Generally organocatalysts catalyze

chemical reactions by the following mechanisms:

a) Activation of the reaction based on the nucleophilic/electrophilic properties of the catalyst,
where the chiral catalyst is not consumed in the reaction process and no parallel
regeneration is required,

b) Activation of the reaction by organic molecules, which form reactive intermediates,
whereby the chiral catalyst is consumed and requires regeneration in a parallel catalytic
cycle,

c) A phase transfer reaction, normally under this mechanism, the chiral catalyst forms a host-
guest complex with the substrate and shuttles between the standard organic solvent and a

second phase,

d) The fourth mechanism involves molecular-cavity-accelerated asymmetric transformations,
where the catalyst selects between the competing substrates, depending on size and
structure criteria. In most cases, the rate of acceleration of a given reaction is similar to the

Lewis acid/base acid activation.*®

The use of peptides as organocatalysts has attracted an interest recently due to various reasons,

such as: 1. their building blocks have inherent chirality, functional diversity, and are easily
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available; 2. they emulate action of natural enzymes; 3. they are very easy to synthesize via the
solid phase approach; and lastly, they provide high stability.>®” When compared to enzymes,
and organometallic catalyst, peptides tolerate a broader range of substrates and solvents, are
also less-toxic and less-sensitive towards oxidation and moisture.*8-1° Although peptides are
promising organocatalysts, they were limited by low yields until the recent work by Akagawa
et al.'>'2 They reported a series of resin supported catalytic peptides which can efficiently
catalyze various asymmetric reactions, yielding products with enantiomeric excess of up to
99%. Their successful design incorporates a 3-turn and helical motif. The turn structure consists
of five terminal residues and controls the enantioselectivity, while hydrophobic helical part

enhances the reactions and stabilizes the whole peptide structure under aqueous conditions.

In this study we are particularly interested in designing and synthesizing aldol reaction peptide

based organocatalysts with the following structural features:

e A turn motif to influence the conformation of the peptide and to enhance selectivity.

e A helical or catalytic motif to catalyze and improve the stereochemical control of the
reaction.

e Gold nanoparticles to decrease conformational flexibility of the peptide and to also
improve the catalytic efficiency and reusability of the peptide catalyst.

1.2 Aldol reaction

The aldol reaction is simply defined as the addition of an enolate donor to a carbonyl acceptor
and it is one of the most important carbon-carbon bond forming organic reaction.'®**4 In this
reaction a donor and an acceptor carbonyl component are coupled to generate one or two

stereocenters resulting in a p-hydroxy-carbonyl (aldol) product (Scheme 1-1).

o o O OH
catalyst R!
+ | carayst.. >
Rl\)j\ H A R2 solvent \)J\a/vﬁ\ R?

Scheme 1- 1: The direct catalytic asymmetric aldol reaction.™

One of the main goals in organic chemistry is to understand the reaction mechanism in order
to design and discover new catalysts. However, some difficulties are often encountered because
one must address intermediates that are structurally complex and of high energy.'® Over the
years, the aldol reaction has presented many challenges, such as the issues of chemo-, regio-,

diastereo-, and enantioselectivity, which spurred the development of many stoichiometric



processes to address these problems.’®® This in turn led to the development of catalytic
methods that avoid the production of stoichiometric by-products and provide an atom

economical alternative for these important transformations.*’°

Generally, the control of stereochemistry is performed diastereomerically, either by using
chiral aldehydes as starting material or stoichiometric chiral auxiliaries attached to the donor
enolate.?®?! In this approach, firstly, a chiral auxiliary is attached to the prochiral substrate
through a covalent bond. This is then followed by performing a diastereoselective reaction
before the auxiliary is cleaved to afford an enantioenriched product, together with the auxiliary
which is recovered from the crude mixture. Controlling stereochemistry using chiral auxiliaries
as substrates often present some limitations; and this includes utilizing one equivalent of the
chiral auxiliary for chemical transformation which is very expensive and difficult to
recover.?%?2 |t also introduces additional steps to install and remove the chiral auxiliary.?
Furthermore, these methods also include chiral Lewis acids and chiral Lewis bases, which
requires the pre-activation of the donor to a more reactive species.?>?3 This has led chemists to
look at the direct mechanism of the aldolase enzyme to enable them to design direct catalysts
without limitations. To date, various catalysts for the aldol reactions have been reported, which
includes enzymes, catalytic antibodies and organocatalysts. This study however intends to

mimic the aldolase enzymes using catalytic peptides.

Enzymes have gained much recognition as useful catalysts in organic synthesis.! Their
hydrophobic cavities are important in accelerating reactions through the capture of organic
substrates as well as achieving highly stereoselective reactions.?* Enzymes are usually highly
chemo-, regio-, diastereo- and enantioselective. The use of enzymes has several advantages
over chemical methods. Due to their selectivity, protecting group chemistry can be kept at
minimum. Most enzymes operate best in mild conditions at room temperature in aqueous
solution around pH 7, and because of this, their reactions are often compatible with each other.
This makes it possible to combine enzymes in a one-pot and achieve a multistep reaction.?%2°
The application of enzymes in aqueous solution, plus the catalytic activity free of toxic heavy
metals, and their biodegradability makes them an exceptional environmentally acceptable
option, even though in certain instances the reaction is limited to a narrow range of

substrates.?%-%

The complex high-molecular structure of enzyme has an important role in the selective binding
of the substrate by generating clefts or pockets wherein a molecule may only fit in a specific



orientation.?” The enzymatic activity of enzymes is not only prompted by their topological
structure. However, certain amino acids are arranged in space such that some functional groups
remain in close proximity to act in a concerted manner to perform catalysis. In some cases the
presence of cofactors such as metal ions, porphyrin, or flavin adenine dinucleotide, amongst
others play a role in their structural and binding abilities.?®?"?¢ These functional groups are
spatially arranged within the inner secondary structural framework of polypeptides, such as the

alpha helix (o) and beta (B) sheet (Figure 1-1).112629

Hydrophilic
hydroxyl group

Hydrophobic
group

Figure 1- 1: A crystal structure depicting hydrophobic groups packed inside (red), and

hydrophilic hydroxyl groups outside the enzyme molecule.*

Most enzyme structures are composed of about 60-500 amino acids residues in length, and
normally a protein of this size has a vast number of potential primary sequences individually
capable of specific folding patterns (thereby producing binding pockets and catalytically active

sites).?8:31

1.3 Enzyme structures

The catalytic function of enzymes is based on the complicated three-dimensional framework
consisting of secondary structures such as the a-helix, p-sheet and turn moieties, % (Figure
1-2)



m -
Substrate 2FBP |

9
Figure 1- 2: Ribbon diagram of the crystal structure of aldolase enzyme depicting the a-alpha
helices (cerulean), B-sheets (purple), and active site residues bonded to the substrate (shown as

spheres) [PDB code: 2ALD]
1. 3.1. a-Helices

The a- helix is the most prevalent secondary protein structure. a-Helices, which are situated
within the protein’s surface,®® play a vital role in the shape of sequence-selective recognition
motifs for protein-protein and protein-nucleic acid interactions. More than 30% of the protein
structure is helical in nature.®*3 Helix lengths are normally short (consisting of about 8—20
residues) and they consist of 3-6 residues per turn.333* The a- helical structure is characterized
by the intramolecular hydrogen bond between the C=0 bond of the ith residue and the N-H of
the i + 4th amino acid residue of the peptide chain. Helices are considered to have 3 distinct
faces because the side chain from certain residues overlaps every 3-4 residues as shown in
(Figure 1-3). The a-helices bind along a specific face using residues in one of the following
three motifs; i, i +3,i+4;i,i+3,i+7;0r i,i+4,i+7333%%3 Most of the side chains of
amino acids in alpha-helices are situated in close proximity since they reside on the same face
of the helix. The main role of the a-helix is thus, conformational hindrance of the side chains
and steric hindrance.®*%® The stabilization of the a-helix is achieved through non-covalent
interactions such as ion pairs n-stacking or hydrophobic effects in proteins. Stabilization of
peptide helices can also be accomplished by covalently tethering sides chains that are close
together on the surface of the helix.33343%40 One can propose that the interest in the design and

synthesis of the a-helical mimetic is motivated by; (i) having an understanding of the role



played by the a-helices in protein folding, (ii) the key role of the a-helices in mediating

interactions in enzymes, protein-DNA and protein-RNA interactions.

1 @
N

Figure 1- 3: An a-helix that is stabilized by internal hydrogen bonding.*
1.3.2 B-Turn structures, p-Sheets and p-hairpins

A turn is a structural motif or site where the peptide chain reverses its overall direction. Turn
motifs in enzymes are responsible for determining the conformations and specificity of the
active site and binding site. In most instances, they also play a role in protein folding and
protein stability.3*374! Classification of turns is based on the preferred ¢, y angles of the
backbone chain, the position of the stabilizing hydrogen bond and the length of the chain in
which the turn occurs.**%? The B-sheets or B-hairpins are the common features in protein
structures responsible for changing the polypeptide chain direction by nearly 180°.3%%" They
roughly account for 28% of the whole protein structure. Just like the a-helices, B-sheets are
also responsible for protein conformational stability and protein-protein interactions, and are
also important in secondary structural features which are essential for biological activities.*3#
[-sheets are classified as either parallel, antiparallel or mixed. B-hairpins can be classified as a

subset of B-sheets.*®

As B-sheet motifs, B-hairpins are formed by antiparallel strands that are joined by a short

connecting loop. The antiparallel B-strands in both B-hairpins and B-sheets are connected by
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structures known as B-Turns. B-Turns constitute the most prevalent type of turns,® 444 and

they are formed by four consecutive amino acid residues arranged in such a way that the
carbonyl oxygen atoms of the first residue (i) and the amide NH proton of the third residue
(i+3) come closer in space.3’#! There are two major classes of four-residues B-turn which are
commonly observed, Type | and Type Il. The variation of these classes is mostly on the
orientation of the peptide bond between the i +1 and i + 2 residues (usually called corner
residues), as shown in (Scheme 1-2), which are said to consequently affect the positions of
their side chains.3"#648 B-turns play a role in stabilizing the sheet and the initiation of the

formation of the B-hairpin or B-sheets.

N H R% ﬁ /H
1+1\C, N\\C‘R3 \C/C\N c R’
H /Ot\ a \i+2 i+l / L OL\1+2
\N ﬂ c—o0 H\N\ H /040
R \C—O---H—N/ Cc=0---H—N
\ \ R Rl / \ )R
! cy i C()X a\l+3
H/ \ /a\1+3 / \ /
H
B turn: Type I B turn : Type II

Scheme 1- 2: Types of beta turn motifs.*

Furthermore, the secondary and tertiary 3-dimensional (3D) structures of enzymes are
stabilized by noncovalent interactions such as hydrogen bonding, Van der Waals interactions,
hydrophobic effects and steric interactions.®® An understanding of the 3D folded structures
presents an opportunity to design small molecules to mimic the recognition surface involved
in selectivity and efficiency, and also perhaps help in our case to develop systems capable of

catalyzing aldol reactions for a wide array of substrates.

1.4 Enzyme catalysis

The word ‘enzyme’ was first used by a German physiologist Wilhem Kiine in 1878, to describe
the ability of yeast to produce alcohol from sugars, and it is derived from the Greek words en
(meaning ‘within”) and zume (meaning 'yeast’). It was in the late nineteenth century and early
twentieth century that significant advances were achieved in extraction, characterization and
commercialization and exploitation of most enzymes.3>*° Enzymes are nature’s biomolecules
developed many years ago to catalyze chemical reactions. Due to their ability to perform these

reactions in an exceptional regio- and stereoselective manner (as discovered by Nobel prize



winner John Cornforth), most chemists have been inspired to explore their synthetic

equivalence.**->!

The function of an enzyme is to bind and preorganize the active geometry, thus stabilizing the
transition state electrostatically. Generally, it is known that the rate of acceleration of enzymes
is mostly due to the transition-state stabilization. Inside the active site, the catalytic residues
are accurately oriented in space so as to accommodate well-orchestrated, and very often highly
stabilized, transition states.?®°25% Therefore, the active site preorganization provides a vital
kinetic advantage, which itself is enforced and buttressed by the folded structure of protein.
The exploration of the three-dimensional structures of enzymes provides detailed knowledge
about the architecture of enzymes and their interaction with the reactants. However, it is not
adequate to account for the enzymes abilities from static structures, therefore a better
understanding of principles behind enzyme catalysis is necessary for designing novel enzyme-
like mimics that can rival natural enzymes in terms of specificity and reaction rate
accelerations. Within the context of this thesis, which involves the design and synthesis of
artificial enzyme, it is therefore important to give a discussion on the principles behind enzyme

catalysis.

1.4.2 Transition state theory

The mainstream of enzyme catalysis is mostly based on the transition state theory. The
transition state theory originates mostly from Erying and Polany’s work (1935),>*% and relates
the relationship  between enzyme-catalyzed chemical reactions Kkinetics to
thermodynamics.32%*%® The enzyme’s catalytic ability relies upon a decrease in energy
difference between the ground state and transition state. The characteristic features of an
enzyme-catalyzed reaction experimentally follow saturation or Michaelis-Menten kinetics,
which involves a reaction pathway between an enzyme (E) and a substrate (S), which can be

represented by the following equation (Equation 1).3252:5657

E+S ~—— ES —— ES*~—FEP—E+P

Equation 1: Illustration of enzymatic reaction pathway

The first step in the mechanism involves the formation of an enzyme-substrate (ES) binary
complex, which undergoes a series of chemical conversions to yield the active complex. The
final stages include the conversion of substrate to the final product still bound to the enzyme

(EP), which then is released to yield the product (P) and the now unbound enzyme.>?¢ The
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functional groups of an enzyme that are involved in substrate binding and catalysis can be
determined with the aid of site mutagenesis together with kinetic analysis. To gain a better
understanding of the rate enhancement and specificity of enzymatic reactions, the structure of
the reactive centres of these enzyme molecules, the active site, its relationship to the structures
of the substrate molecules in their ground and transition states in forming the ES and ES*
binary complexes, need to considered. This can be achieved by using the energy profile of the

enzyme-catalyzed and uncatalyzed reaction of a substrate S, (Figure 1-4).52°657

A
S*
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. \
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, \
. \
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Figure 1- 4: Free energy profile diagram for both enzyme-catalyzed and uncatalyzed reactions.
The symbols; E represents the enzyme, S is the free substrate, S* the free transition state, ES
represents the enzyme-substrate complex, ES* is the enzyme-transition state, EP is the enzyme-

product complex and P the free product state.>?

In the absence of an enzyme, the formation of a product from substrates occurs by overcoming
a higher energy barrier which is needed to reach the transition state S*. However, in the
presence of an enzyme the reaction proceeds through the formation of the ES complex and the
binding energy associated with the ES complex formation can to some extent, be utilized to
drive the transition state. When the binding has occurred, the molecular forces in the bound
molecule simultaneously destabilizes the ground state configuration and this energetically
favours the transition-state and the complex occurs at a lower energy (Figure 1-4) than the free

S* state.5256



The next stage in the reaction involves the formation of another intermediate state, the enzyme-
product complex, EP, which comes before the final product (P) is released. It should be noted
that the initial and final states have the same energy for both uncatalyzed and catalyzed
reactions. Nevertheless, the overall activation energy barrier is significantly reduced in the
enzyme-catalyzed case. AGkcat IS the amount of energy needed to reach the transition-state,
whereas AGes is the net enefrgy gain associated with the enzyme-free substrate binding energy.
The overall activation energy AGese, comprises of AGkeat less the substrate binding energy
AGES_SZ’SG

1.5 Aldolases

Aldolases are members of a specific class of enzymes called lyases (EC 4) that are present in
all living organisms. There are over 30 aldolases which have been identified, and majority of
these catalyze the reversible stereoselective addition of a ketone donor to an aldehyde acceptor.
Two distinct classes of aldolases have been identified; the type | aldolases which are mostly
found in animals and higher plants, and the type Il aldolases which are found in bacteria and
fungi. Type | aldolases follow the enamine mechanism, in which an enzyme lysine residue
activates the donor by forming a Schiff base as an intermediate in the active site, which

subsequently add regio-specifically to the acceptor,20:2549:58:59

Type Il aldolases catalyze the aldol reaction using the Zn?* co-factor, which acts as a Lewis
acid in the active site (Scheme 1-3). Since we want to create an enzyme mimic that does not

require a metal cofactor, we utilized the Type | enamine-forming mechanism.
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Scheme 1- 3: Mechanism of Type | Schiff base forming aldolase represented by the RAMA
(Rabbit muscle aldolase) and the Type Il zinc enolate mechanism represented by the fuculose-

1-phosphate enzyme aldolase, bottom.(® =OP03?. %

The stereoselectivity in both types of aldolases is controlled by the enzyme and does not depend
on the structure or stereochemistry of the substrate, making room for highly predictable
products. Such exceptional features make the aldolase a useful tool in the synthesis of chiral
compounds, such as carbohydrates, amino acids, and their analogues. Aldolases can be

classified according to their donor and substrate specificity,**® namely;
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Pyruvate/2-oxobutyrate aldolases,
Dihydroxyacetone phosphate (DHAP) aldolases,
Dihydroxyacetone (DHA) aldolases,
Acetaldehyde aldolases,

o~ w0 e

Glycine/alanine aldolases
This study focuses on the DHAP aldolases, specifically Fructose-1,6-bisphophate aldolase

1.5.1 Fructose-1, 6-bisphosphate aldolase enzyme

Fructose-1, 6-bisphosphate aldolase (FBPA) is an enzyme of a glycolytic pathway that
catalyzes the reversible reaction of fructose-1, 6-bisphosphate (FBP) and fructose-1-phosphate
(FP) to dihydroxyacetone phosphate (DHAP) and either glyceraldehyde 3-phosphate (G3P) or
glyceraldehyde.>*%%-85 Eukaryotic FBPA is a homotetramer with subunits that adopt the parallel
(B/o)s-(TIM)-barrel folding.>®* The mechanism of FBPA follows the Type | and Type Il
mechanisms. There’s a notable degree of similarity between the Type I human aldolase active
site amino acids to that of both the rabbit and Drosophila melanogaster.® Among the Type |
enzymes that are found in mammals there are three tissue-specific isozymes with the same
molecular masses and catalytic mechanisms,®’~"° which are aldolase A (expressed in the muscle
and red blood cell), aldolase B (expressed in the liver, kidney and small intestine), and aldolase
C (expressed in the brain, smooth muscle, and neuronal tissue). All these isozymes have strictly
conserved residues in the active site, comprising of Asp33, Arg42, Lys107, Lys146, Glu34,
Glul187, Ser271 and Arg303, as well Lys229 which forms the Schiff-base intermediate (Figure
1-5) when bonded to the substrate fructose-1,6-bisphosphate (FBP).

GLY=272

GLU-187

ARG-148

Figure 1- 5: The active sites residues of FBPA shown as stick form (on the right)
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1.5.2 Mechanism of the Fructose-1, 6-bisphosphate aldolase

The catalytic function of the C-terminus, determines the orientation and flexibility of the
substrate binding within the active site of this enzyme. The phosphate group of the substrate,
interacts strongly with both the Schiff base Lys 229 and with Arg303, (Figure 1-6). The aldol
cleavage in this enzyme proceeds through a number of distinct enzyme-substrate intermediates,

including a carbinolamine, imine (Schiff base), and an enamine/carbanion.®

) SER-35

ARG-303 ; .
‘L) : 013 LYS-107

-
-
GLY-272

o

SER-271

LYS-146

=
GLU-187

I;/
SER-30
LYS-229

Figure 1- 6: 3D Structure depicting the FBPA active site residues interaction with the substrate

molecule (2FBP) [some residues chains (side or main) are omitted for picture clarity]

The first step in this aldol cleavage reaction involves nucleophilic attack on the carbonyl carbon
atom of an aldehyde or ketone substrate by a reactive lysine residue. The pKj of lysine in
aqueous solution is approximately 10.5, and at a physiological pH it is positively charged.

Nonetheless, an uncharged lysine is observed at around a neutral pH. This suggests that the
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pKa of the reactive lysine residue must be excited considerably in the active-site environment,
so as to deprotonate it and make it more basic.®? The Lys 229 residue attacks the carbonyl
carbon of the substrate on the si-face by the e-amino group, forming the carbinolamine followed
by the dehydration to form Schiff base (imine), also shown in (Scheme 1-4).

CH,0P0;?
HO I H
CH,0PO0;? OH HO
o = . 2 H WCH0P0,? 34 g
g —= N\
7, ~ine openin : .
Enz +3D- FBPb‘d_HH ‘0 ringopening HO" dffaco :arbmto.lamme
main Y - ormation HO
gno T 11.CH,0PO, '
HO NH,

Schiff base 4
formation
H,0
) 0 ASP33—<

ASPsa—{ ASP3J_< 5 0)
— H <0

OH D-G3P OH 9]_[20])03-2 ~ k—_ gnzopos-z

Ala ‘) 3 carbon-carbon HZ =~ [
N ®ros) .CH,OPO '2_& >NH cleavage H
CHy g S H OH ) OH
. 2
HN -0 ; Hosi face\\\\CHZOPOS HO \ 11:CH,0PO;

LyS 46— NH; HO o=Y G3pP OH
— " 0
H( +\| Release HO V,N 0:/! ¥ 0 -/
Ly5229 Glu187 H (

Glu
[carbanion Lys29 187 Lys;59 Glu,g,
ketamine]
carbonion/
7 | | ketamine
protonation
As
o prod}lct : P3 o CH,0P0,7
carbinolamine - H R
ASP33——<_ _ - 3
0 HZO 8 0 0 7—“ 10
H,0PO;" CH20P03 —  w HO o DHAP
Pro(s)H si face 3 H H \\\\ ~— . — .
Pro(R)H ‘U DHAP-carbinol NH, pgap ENZ
20 HO YO—H O amine cleavage release

Lysl46_NH3 {G HT HO Lysas9
Lyszzo lu,g7 Lysz29 lu,g7

Scheme 1- 4. Mechanism of Fructose-1, 6-bisphosphate aldolase based on the structure of the
DHAP Schiff-base intermediate.®?

The hydrolysis or reverse reaction for this imine is acid-catalyzed by Glu187, which is in close
proximity to the hydroxyl group on the C2 sugar carbon. Glu187 also plays a role in orientating
the lysine and stabilizing the charges during the formations of a Schiff base. Once the C2-
hydroxyl is protonated, it will leave as water, or it can be deprotonated for a re-face attack of

the imine in the reverse reaction.5%6264 The si-face of the imine is unavailable to solvent and
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sterically hindered by enzymatic residues in the active site, leaving only the re-face exposed to

solvent.

Lys146 interacts with substrates using the nitrogen of its main chain. Electron sink C2 makes
a facile proton abstraction at C4-hydroxyl and Asp33 which is in close proximity to Lys146
acts as a base in the reaction. The interaction of lysine with the substrate involves the
deprotonated form. The C3-C4 bond cleavage is followed by the release of the first product
G3P and the carbanion/enamine is formed at the active site. Protonated Asp33 then donates a
si-face proton to the resulting amine.®? Arg-303 has been proposed to be involved in the binding
of the cyclic form of the substrate and it is important to note that in a naturally occurring
mutation that causes hereditary fructose intolerance, Arg-303 is substituted with Trp. Arg303
forms part of the phosphate-binding site of the enzyme, and is also associated with positioning
the flexible C-terminus.®® In the unbound structure, Arg303 forms a salt bridge with Glu34,
and in the liganded structure it interacts with the C1-phosphate as shown in Scheme 1-4. Lys
107 forms part of the C6-phosphate binding, as it interacts with the O6 of the 6-phosphate
molecule. The Ser35 and Ser38 side chain hydroxyl group interacts with the C6-phosphate
residues. The Cl-phosphate binding site involves protein backbone interactions (nitrogen
atoms) of Ser271, Gly272 and Gly302 (not shown here for picture clarity) interacting with the
nitrogen of Arg303.

1.6 L-Proline as Type I micro Aldolase’

For many years, a number of researchers have focused on proline-catalyzed aldol reactions
which resemble the Type | aldolase mechanism.%"*-"> The natural abundance of proline, %747
its confined phi angle that constrains the secondary structure; its ability to function as a
bifunctional catalyst due to the carboxylic acid and amino group acting as a base and acid
respectively; and finally the cyclic, pyrrolidine-based amino acid, has certainly made it the first

choice for any enamine-catalyzed reaction including direct aldol reaction, (Figure 1-7).
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Figure 1- 7: Modes of action of proline catalysis.”’

List et al.,”* were the first group who reported that L-Proline can be applied as an effective
catalyst for an intermolecular aldol reaction between acetone and aryl-, alkyl-substituted
aldehyde acceptors in year 2000. They demonstrated that the upon addition of 30 mol % proline
to p-nitrobenzaldehyde and acetone, the desired aldol products were achieved in 54-97% yield
and enantioselectivities ranging from 60-90% ee (Scheme 1-5). From their studies they also
discovered that DMSO was the most appropriate solvent in affording good yields and

enantioselectivity.

o 0. o
N~ YCOOH

H

H O
+ /“\ 30 mol %
—_—
O,N DMSO O,N

Scheme 1- 5: Asymmetric aldol reaction reported by List et al.”

Despite its applications in carrying out a wide array of asymmetric aldol reactions, there’s still
a lot of work to be done towards the development of other organocatalysts. Some limitations
of proline based catalysis include, long reaction times, poor results with certain substrates and
its low solubility in reactions.™® This opens a door for the design and development of catalysts

with increased lipophilicity that may lead to improved yields.
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1.7 Peptides as organocatalysts

Amino acids, which are the building blocks of peptides, have provided several routes leading
to attractive organic transformations in asymmetric catalysis, acting both as auxiliary scaffolds
and catalysts. Peptides comprising of two to ten amino acids have emerged as simple yet

exceptionally well-defined chiral catalyst for various enantioselective methods.”®83

Inoue and co-workers were the first group in early 1980s to report on peptides as
organocatalysts. They demonstrated the catalytic use of the diketopiperazine cyclo (Phe-His)
dipeptide in the cyanation of benzaldehyde (Scheme 1-6).2* Only few reports followed after,
and hence the application of peptides as asymmetric catalyst remained mostly dormant for
almost two decades.

H H
@) N N
0O Q\I I\EN/>
E 0] HO,,/,I CN
H 2 mol% H
=

HCN (2 eq), toulene,-20°C
97% conv, 97% ce

Scheme 1- 6: The asymmetric cyanation of benzaldehyde to a cyanohydrine.

Miller and co-workers in 1998, reported on methylimidazole containing peptides for
asymmetric Kinetic resolution of functionalized racemic alcohols, which yielded excellent
enantioselectivities (Scheme 1-7). Their work also gave important insight regarding the
peptide-substrate complex which was of a great benefit to the context of biological catalysis.®
Subsequently a lot of researchers have reported peptides as organocatalysts, and since this
current project focuses on peptides as organic catalyst in asymmetric aldol reaction, a brief
summary of selected reactions will be discussed.
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Scheme 1- 7: Peptide mediated kinetic resolution of functionalized racemic alcohols.®
1.7.1 Peptides as catalyst for asymmetric aldol reactions

The main advantage of using chemical peptides synthesis over recombinant protein synthesis,
is the extended set of amino acids and other building blocks which can be incorporated, which
include D-amino acids as well as a wide range of non-proteinogenic amino acids.®® Small
peptides, which are simplified enzymes, have gained a lot of application as catalyst in
organocatalytic reactions. Short peptides which consist of 2-4 amino acid residues, as well as
a secondary amine N-terminus, have effectively been applied as successful catalyst in
asymmetric aldol reactions. Peptides offer many sites for structural and functional diversity
that can be utilized to produce optimized catalysis. Due to their structural diversity which can
be easily attained by changing sequences of amino acids and acid monomers, peptides have
attracted attention as promising candidates for organocatalysis.!1121416.17.2487 Compared to

complete enzymes, peptides are more stable and are less substrate specific.

Resin supported peptides for asymmetric organocatalysis are typically short consisting of few
residues.®®88-91 peptides with N-terminal ending propyl residue, having a secondary amino
group can be utilized as cyclic amine catalysts to promote the enamine and imine —ion
mechanisms.®? Kofoed and co-workers were the first group to report on peptide-catalyzed
asymmetric aldol reactions in 2003, wherein they demonstrated that the reaction between
acetone and p-nitrobenzaldehyde progressed in the presence of a proline-based peptide and a
mixture of acetone and DMSO, yielding moderate enantioselectivies and excellent yield. They
further expanded their work; investigating various classes of peptides, specifically class 1A and
IB containing primary amines and class IlA and class 1IB consisting secondary amines
(Scheme 1-8). From this they postulated that class 1B peptides with N-terminal prolines as

the secondary amine substituent, gave the best yield and enantioselectivity.*
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Scheme 1- 8: Kofoed’s peptide catalyzed enantioselective aldol reaction of p-

nitrobenzaldehyde and acetone.*

Most of the work done on peptides as catalysts involve relatively simple peptides structures,
usually consisting of few residues, only few studies have been done on well-designed peptide
catalysts incorporating secondary structures such as a- helices for asymmetric organocatalytic
reactions.?’ It is reported that a peptide having secondary structural motifs may yield better
catalytic peptide performance.®? Akagawa and their group,'2487% developed a peptide catalyst
with a free N-terminal, five amino acid residues, a turn motif, D-Pro-Aib, (Aib: 2-amino

isobutyric acid) and a helical motif (Figure 1-8)

Pro-D—Pro-Aib—Trp-Trp—(Leu)zs-gg—. “ : NH-CH,-CH2-PEG-PS (PEG-resin)
)

Turn motif Helical motif
(Catalytic active site) (Hydrophobic chain)

Figure 1- 8: Resin-supported peptide catalyst.

From the developed peptide catalyst, they postulated that, in the peptide sequence, the beta turn
motif and helical unit are required for promoting enhanced enantioselectivity. They also
discussed how the presence of the helical part significantly improves the stereochemical control
of the reaction when the moiety is at a distance from the terminal propyl group in the catalytic
centre.?* Since peptide structures and the substituents of the peptide side chains can be easily
modified by altering amino acid monomers,® one can anticipate that the scope for exploring
peptide catalyst can be extended to polypeptide sequences of many different enzyme

molecules.
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1.8 Design considerations and previous work

Designing a peptide catalyst by combining secondary structural motifs to form an appropriate
reaction site can produce a novel, enzyme like organocatalyst with high catalytic abilities as
reported by Akagawa and co-workers.®” In this current study, we endeavour to design and
synthesize FBPA enzyme peptides mimics that can catalyze the aldol addition reaction.
However, arranging these peptide sequences into 3D structures can be energetically
demanding, and the simple excision of short peptides from a parent protein may lead to loss of
organized secondary structures.®%-%" This challenge has been previously addressed by other
researchers by developing various strategies for nucleation and stabilization of short peptides
sequences into helices, and these includes: helix capping,®° non-natural amino acid,* side
chain constraints,®® and hydrogen bond surrogates (HBS).%>% The chemical and physical
properties of short peptides are often hampered by the inability of most linear peptides to
sustain an alpha helical conformation in solution due to weak hydrogen bonds.® Stabilisation
of peptides in the helical structure not only reduces their heterogeneity,®’ but also substantially
increases their resistance to proteolysis. The traditional strategy for stabilizing the a-helical
conformation in peptides uses covalent bonds between the i and i + 4 or i and i + 7 residues.
More emphasis has been on the incorporation of disulphide bonds bridges via oxidation of Cys
residues and the formation of the amide bond between the side chain of Lys and Glu/Asp
residues at selected positions.3%%% Patgiri and co-workers,® reported short o helices stabilised
by the hydrogen bond surrogate approach, which involves the introduction of an i—i + 4
carbon-carbon bonds through a ring-closing metathesis (RCM) reaction, (Figure 1-9). They
hypothesized that the metathesis-based methods afford a stable and irreversible bond in

comparison to the hydrazone strategy and is applicable to a broader range of peptide sequence
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HBS a-helix Bis-olefin peptide

o-Helix

Figure 1- 9: An N-terminal hydrogen bond replace with C-C bond obtained from a ring closing
metathesis (RCM) reaction.®®

There are also several reports in stabilizing the turn structure of enzyme. One of the simple
ways is to create a B-turn by incorporating non-bulky achiral amino acid such as glycine.
Blanco’s group'® proposed that incorporating Aspartic acid and Glycine into the B-turn
structure resulted in successful formation of B-hairpin in water. The p-hairpin and L-Asp-Gly

dipeptide turn promoter are shown below in (Figure 1-10).
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Figure 1- 10: B-hairpin with Asp-Gly B-turn promoter done by Ramirez-Alvarado et al. 1%

Other reports of different types of B-turn design, also include the replacement of an asparagine
residue with D-proline!® and the use of Aib (2-aminoisobutyric acid) combined with D-a-
amino acids or achiral a-amino acid (as reported by Balaram and co-workers).1%* Although a
lot has been achieved in the stabilization of peptides, the above methods are significant in
pharmaceutical studies (i.e. drug delivery, drug development, stabilization again proteolysis);
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and not much work has been done for stabilization of peptides as an organocatalysts. One way
that enzymes are often stabilized is to immobilise them on solid substrates. One way that
enzymes are often stabilized is to immobilize them on solid substrates. Among the powerful
approaches utilized to create artificial enzyme, the application of gold nanoparticles (AuNPS)
conjugated to a monolayer of thiols has proven to be a great tool.'%>1% This project involves

the conjugation of peptides to gold nanoparticles.

1.8.1 Stabilisation of Peptides using gold nanoparticles (AuNPSs)

Gold particles that are of nanometre scale (gold nanoparticles, AuNPs) have gained special
attention for the application in various fields like biology, chemistry, engineering and medicine.
They are therefore of a particular interest in this study due to their remarkable properties, such
as biocompatibility and ease of surface functionalization. AuNPs also have an excellent ability
to conjugate to organic compounds and bio-molecules, making them useful in biochemical
sensing and bio-catalysis.!?1% The conjugation of gold nanoparticles to peptides produces

biocompatible and stable multifunctional systems.104109

A peptide sequence with two cysteine thiolates at different positions or a thiolate and a
guanidine group of Arg, has the ability to induce peptide-nanoparticle coupling. The coupling
of peptides to gold nanoparticles has been shown to decrease conformational flexibility, and
this difference in flexibility upon conjugation relies on the amino acids sequence of the peptide.
AUNPs also possess the ability to control the conformational entropy of the peptide,'®® by
introducing more constrains to the structure. It is worthy to note that the high density
surrounding the nanoparticles has a tendency to generate micro-environments. The use of
AuUNPs has been shown to produce high catalytic efficiencies by several orders of magnitude
greater than those of non-conjugated peptide variants, and to also generate new catalytic

activities, where the monomeric peptide shows no catalytic activity.!*

There are quite a few reports concerning the conjugation of AuNPs to peptide for application
in asymmetric aldol reactions. Mikolajczak et al,*'! reported a peptide-nanoparticle conjugate
whose activity was regulated by a conformational change in a self-assembled monolayer. From
their work they demonstrated that the formed peptide monolayer at the gold nanoparticle
surface increases the ester hydrolysis by an order of magnitude and triggers cooperative His-

Glu interactions resulting in an increased catalytic efficiency (Figure 1-11).
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Figure 1- 11: Peptide sequence of E3H15 conjugated to Gold nanoparticles.!!!

Another inspiring work was demonstrated by Séti and group,**? where they reported on catalyst
recycling efficiency of Proline-functionalized GNPs for asymmetric aldol reaction of
benzaldehyde derivative and cyclic donors, resulting in high yield and enantioselectivities
(Scheme 1-9).

Q 0
GNP
H (10 mol %)
DMSO:H,0
X =94:6
25°C

Scheme 1- 9: AuNPs-supported proline-catalyzed asymmetric aldol reactions.'?

Despite the exceptional improvements made by researchers thus far, organocatalysts still
possess some limitations in industrial use due to their poor solubility in organic solvents. Polar
solvents such as DMF, DMSO and NMP have been the solvents of choice for most work done,
although they are considered problematic for large scale synthesis due to not being
environmentally “green”. Hence, there is still a need for soluble organocatalysts. This study
focuses on the design of soluble peptide-based catalysts that mimic the Fructose-1,6-

bisphophate aldolase.

23



1.8.2 Design of cyclic and AuNPs supported catalytic peptides

Our design of the aldolase synzymes which is explained in detail in Chapter 2, includes a -
turn motif consisting of amino acids (aa) extracted from the turn motif of the aldolase enzyme
sequence (aa: 344-347), a helical portion mimicking both the helical motif amino acids and
active site amino acids. This approach was motivated by the work done by Akagawa and co-
workers (Section 1.7.1), who postulated that both the beta turn and helical units are necessary
for the high enantioselectivity. The active site consists of proton donating and accepting amino
acids (Arg, Lys, Asp and Glu). The selection of these amino acids was guided by the aldolase
enamine mechanism pathway explained above in Section 1.5.2.

The linear peptide’s conformational flexibility allows the peptide to assume random structures
in aqueous solutions, instead of the desired a-helices and B-turn structures. To overcome this
problem, cyclization was introduced by forming a disulphide bridge between the Cysteine
thiolates. Cyclization can significantly reduce the peptide’s degree of freedom thus producing
a peptide with a better defined and more fixed shape. Cyclization of peptides using amide
condensation (lactam or amide bond formation) and thiol oxidation of side chains, can also
promote peptide stability.®"!'® To decrease conformation flexibility and improve catalytic
efficiency in uncyclized peptides, the peptides were also conjugated to AUNPs.

1.9 Aims and Obijectives of the project

The aim of this current study is to design and synthesize peptide based structural and activity
mimics of the aldolase enzyme, namely Fructose-1, 6-bisphosphate aldolase (FBP aldolase) to
catalyze aldol addition reactions. This leads to the following objectives.

= The design and synthesis of peptide sequences with aldol addition reaction catalytic
properties

= The synthesis of stable cyclic peptides using the solid phase peptides synthesis
strategy (SPPS)

= The synthesis of AUNPs and AuNPs-peptides conjugates

= Determination of 3D structures of the synthesized peptides using Nuclear magnetic
resonance (NMR) spectroscopy and circular dichroism (CD)

= Synthesis and characterization of B-hydroxy-carbonyl (aldol) products from the aldol
addition reactions catalyzed by synthesized peptides and AuNPs-peptide conjugates.

= Determination of optimal reaction conditions of peptide catalyzed aldol reactions
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Chapter 2

Design and synthesis of novel peptide-based catalysts

2.1 Introduction

Chemists and biochemists have long been fascinated by the exceptional correlation between
the secondary structure of enzymes and how they function in living organisms, which is mainly
due to the influence of the arrangement of amino acid sequences. Today, volumes of available
information about chemical and biological data, information about sequences, catalytic
residues, functions, structures, Kkinetics, binding affinity, metabolic pathways and
bioinformatics detailing the evolution of enzymes is accessible through literature and
databases. The databases that focus on enzymes or proteins in general, were developed from
the information primarily found in literature (UniProt,® wwPDB,? IntEnz,® ExplorNZ,* pFam,®
CSA° BRENDA,” PLD,® KEGG,® BioPath,’® Promise and MBD?*?). This has created the
possibility of mimicking protein folding patterns or even the active site of an enzyme using a
limited number of selected amino acids which are still able to form the desired structural

conformation.

As already discussed, in the previous chapter, the catalytic function of enzymes is based on the
tertiary structure of the polypeptide chain, which is made up of secondary motifs such as -
turns and a-helices. The combination of these structural frameworks provides the catalytic
active site for an efficient and selective reaction. There is a lot of effort being devoted to the
modification of enzyme activities in an attempt to meet the needs of organic chemical

synthesis.'? Generally approaches to enzyme mimics are divided into three categories namely;

1. The design approach, which incorporates the design of macromolecular receptors
having the appropriate functionality of mimicking the binding and microenvironment
of the active site,

2. The catalytic selection approach which uses combinatorial chemistry to generate a
library of catalysts for screening and lastly the,
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3. Transition state analogue selection approach, where a library of hosts is produced in
the presence of a transition state analogue (TSA), and the best host that exhibits the
highest binding affinity is then chosen from the library.1213

Herein is a brief discussion of some previous work which was based on these approaches to
create enzyme mimics, especially the application in asymmetric aldol reaction. In this study,

the design approach is employed.

2.2 Previous research on different enzyme mimic approaches

Transitional state analogue approach; Most researchers have concentrated on this approach
and synthesized molecules mimicking the enzyme transition states.!? Catalytic antibodies,
which are well known to catalyze reactions, are developed from the transition state analogues.
Notably catalytic antibodies are renowned for catalyzing the asymmetric aldol reaction using
the class | aldolase mechanism (Section 1.5.2). The mechanism uses the epsilon-amino group
of Lys to form an enamine with the ketone substrate, subsequently reacting with the second

substrate (aldehyde) to form a new carbon-carbon bond.

Lerner and group reported highly enantioselective polyclonal antibodies which were obtained
from the hapten (a small molecule that binds to proteins and stimulates an immune response)
binding site.!* They proposed that these antibodies can catalyze the aldol reaction by forming
Schiff bases with appropriate compounds that can undergo both the aldol and retro-aldol
reactions similar to the enamine mechanism followed by the natural Class | aldolases.
Furthermore, they reported a total synthesis of (1R, 1'R, 5'R, 7'R)- and (1S, 1'R, 5'R, 7'R)-1-
hydroxy-exo-brevicomin with high enantioselectivity (Scheme 2-1) from aldol reaction
catalyzed by the antibody 38C.
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Scheme 2- 1: Total synthesis of hydroxybrevicomins from aldol reaction catalyzed by an antibody
38C2.4

Even though antibodies have proved to be useful tool in modern synthetic chemistry, they are
limited by the mode of preparation and use. The method of production requires the use of mice
and highly specialized techniques. Other draw backs include the isolation which is often
tedious, moreover they are also unstable at high temperature and lack chemical robustness

which is a necessity in chemical reactions.*2

The catalytic selection approach is the second approach that has been widely applied in enzyme
mimics. It offers an opportunity for large numbers of various compounds to be synthesized
within a short period of time. One of the strategies commonly applied in this approach, is
combinatorial chemistry, which mimics natural evolution where a library of possible catalysts
is generated and are directly screened for enzyme-like activity.*® Kofoed and co-workers,®
reported a peptide dendrimer-catalyzed aldol reaction, applying a dendrimer that was obtained
using functional selection from a dendrimer combination libraries. Complete reaction
conversion was reached in 3 hours with 1 mol % of catalyst and the obtained aldol products

had an enantiomeric excess (%ee) of 67 % (Scheme 2-2).
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Scheme 2- 2: A) Peptide dendrimer catalyzed aldol reaction, B) L2D1 Peptide dendrimer used.*®

The directed evolution of enzymes has also been reported as a novel screening method for the
catalytic selection approach. It uses screening methods to identify the mutations within the
enzyme which are responsible for catalytic abilities. These mutants are then expressed in
suitable host, and then screened for enantioselectivity in the reaction of interest using
fascinating techniques such as infrared thermography.2!® There are other examples of work
done using this technique in other organic reactions, such as the reduction of Baylis-Hillman
adducts,!’ kinetic resolution of esters*® and Diels-Alder cycloadditions between anthracene
(diene) and maleimide (dienophile).'® Even though there is no disputing the potential of directed
evolution, dendrimers and combinatorial libraries strategies, these strategies can be extremely

time-consuming.

The design approach has been utilized a lot in recent years. It focuses on the design of
macromolecular receptors which have appropriately placed functional groups to mimic amino
acids residues identified to be involved in enzyme catalyzed reactions.*?® The highlight of this

approach has been on the design and synthesis utilizing functionalized cyclodextrins as an
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aromatic acceptor, although recently cyclophanes also have shown some remarkable results.™
Yuan and co-workers have developed a variety of mono- and unsymmetrical B-functional
cyclodextrins and possible aldolase class | enzyme mimics.?’ They suggested that the designed
catalyst can mimic the amino groups of class | aldolases with large reaction acceleration rate
and substrate selectivity. However, the use of cyclodextrins has certain drawbacks, they are
disadvantaged by their susceptibility to acid hydrolysis, while their rigidity puts a limit on the
range of aromatic substrates that can be tolerated.

Rational design uses a priori knowledge of enzyme function, often combining structural
information and a basic mechanistic picture of the chemical reaction being catalyzed. The goal
normally, is to create new activity or vary the stereochemistry and regioselectivity of existing
enzymes with the introduction of a fairly small number of mutations.'® Bayat et al. reported
the rational design of mimetic peptides based on the aldol-ketoreductase (AKR) enzyme as an
asymmetric organocatalyst in aldol reaction (Scheme 2-3).2! Their synthesized peptides proved
to be excellent multifunctional organocatalysts with high yields of up to 97% and
enantioselectivities of 98%.

i i
OH O i i

i O O,
o O 1
Pep catalyst N ! A i« N |
= : NH H H
O)‘\ é H,0/ IPrOH/ : LN HN HN NH, !
A F 1 i
NMM : = :
1 1
(pH=5.0-5.5) | N NH i
i i
| pep. catalyst HoN |

Scheme 2- 3: Bayat’s rational design of mimetic peptides based on the AKR active site.?!

Even though some impressive results have been obtained using this strategy, the following
limitation needs to be addressed; the approaches that involves laborious and time-consuming
synthetic steps and in addition, a little defect in the design can sometimes led to the complete

loss of activity.'?

2.3 Enzyme mimics based on peptides with secondary structure

Peptide catalysts have a number of advantages over single amino acids because of their diverse
structure, functionality and ability to preserve the characteristics of small molecule catalyst.?'
23 peptides are a considerable alternative to the small, rigid organocatalysts and enzymes. Thus,
designing peptide-based catalysts having secondary structural moieties can yield efficient

selective organocatalysts.
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2.4 Peptide catalyst design

2.4.1 General considerations

For the design of our novel peptide catalysts, we are interested in the amino acids (AAS)
residues in the active site of the Fructose-1,6-bisphophate aldolase (FBPA) enzyme. We
hypothesize that the incorporation of certain AAs from B-turns, and a-helices of the active site
of the FBPA enzyme will yield a peptide with a secondary structure that can interact with most
organic substrates in an aqueous media to yield aldol products.?#?° We also postulate that the
use of unnatural amino acid (D-amino acids) residues, would enhance the activity of the peptide
catalyst. D-amino acids can alter the conformation of the peptide structure,?®2" and this might

result in a different or closer alignment of the peptide to the substrate.
2.4.2 Synthesis of catalytic peptides based on helical and p-turn structural resides

The AAs used in the design of the catalytic and turn motifs were adopted from the D.
melanogaster aldolase enzyme structure obtained from the UniProt protein database (EC

4.1.3.12; Gene code: Adl), Figure 2-1. Other sources of information about the catalytic and

turn motif residues were accessed from the Protein Data bank (PDB).

10 20 30 40 50
MTTYENYPSK ELODELREIA QKIVAPGKGI LAADESGPTM GKRLQDIGVE
60 70 80 90 100
NTEDNRRAYR QLLESTDPKL AENISGVILE HETLYQKADD GTPFAEILKK
110 120 130 140 150
KGIILGIKVD KGVVPLEGSE DEVTTQGLDD LAARCAQYKK DGCDFAKWRC
160 170 180 190 200
VLKIGKNTPS YQSILENANV LARYASICQOS QRIVPIVEPE VLPDGDHDLD
210 220 230 240 250
RAQKVTETVL AAVYKALSDH HVYLEGTLLK PNMVTAGQSA KKNTPEEIAL
260 270 280 290 300
ATVQALRRTV PAAVTGVTFL SGGQSEEEAT VNLSAINNVP LIRPWALTES
310 320 330 340 350
YGRALQASVL RAWAGKKENI AAGONELLKR AKANGDAAQG KYVAGSAGAG
360
SGSLEFVANHA Y

Figure 2- 1: Amino acids sequence of the Drosophila melanogaster FBPA enzyme obtained

from the UniProt protein database.
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2.4.2.1 Helical motif proposed structures (Helix design)

The designed sequences are based on the physical and chemical properties of catalytic amino
acids. This refers to the different functional roles of amino acid residues which are involved in
the catalytic activity of FBPA (Figure 2-2). These roles include stabilization, steric constraints,
substrate activation, proton abstraction/donation, hydrogen, electron shuttling and covalent
(nucleophilic/electrophilic) catalysis. It is noteworthy that most residues can perform more than

one function, and the roles mentioned herein does not put any restriction on other roles.

2.1.docx - Microsof

§ LYS-146
Lys-107 @4

Figure 2- 2: The amino acid residues of the FBPA active site

e Arginine (Arg) was chosen due to its stabilizing effect, and as already emphasized in
the previous chapter it is involved in the cyclic binding of the substrate and electrostatic
stabilization. The side chain of arginine is known to engage in electrostatic interactions
and hence has the ability to accurately position substrates for catalysis.?®°

e Cysteine (Cys) which undergoes oxidation forms disulphide bridges between two
cysteines and hence provides stabilization.?

e Tyrosine (Tyr) which possesses a hydroxyl group (-OH) and an aromatic group is
involved in proton shuttling and in the increase of electrostatic interactions that results

in a stabilization effect.
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e Aspartic acid (Asp) and Glutamic acid (Glu) were selected due to their carboxylic
functional group on the side chains which are involved in acid/base roles i.e. proton
donating/abstracting. An extra CH: linker inserted between the Ca and carboxylate
group in Glu enable higher efficiency for acting as a base/catalyst than Asp, whilst Glu
is more of an activator when compared to Asp.31-%°

e Glycine (Gly) and Alanine (Ala) have hydrophobic (non-polar) side chains resulting in
the hydrophobic interactions needed for an enzyme to perform the catalysis in their
folded structure. Both Gly and Ala have an ability to form turns and thus stabilize
helices. Ala also has a greater stabilizing affinity when compared to Gly because it can
bury deeper into more non-polar regions upon folding, resulting in lower backbone
entropy.3!33

e Serine (Ser) is chosen for its ability to stabilize enzyme structures

2.4.2.2 Turn motif proposed structures

In choosing the amino acid sequence of the turn motif, the same criteria explained above in

Section 2.4.2.1 were utilized.
Amino acids 344-347 were selected for the turn motif

Turn
CRYKEGSAGKEYRC
o 344-347

2.4.2.3 D-Amino acids

D-Amino acids (D-AAs), are regarded as the “unnatural” enantiomers of amino acids since they
are not utilized for the ribosomal protein synthesis.?” It is well known that they are found as
constituents of natural peptides and are naturally produced by microorganism, using non-
ribosomal mechanisms of synthesis.?® Due to their functional diversity and structural
versatility, they have gained great use in the design of peptide and protein structures.?”
Furthermore, because of their conformational preference they are employed in peptide
synthesis to restrict local conformations of peptide chains and to facilitate the formation of
prime beta-turns. Studies have also shown that a peptide sequence consisting of L-and D-amino
acids can be induced to form ambidextrous helical structures.?6=738 peptides with catalytic
motifs, B turns motifs and D-amino acids that were designed and synthesized in this study are

outlined below in Table 2-1.
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Table 2- 1: The peptide sequences with amino acid derived from the catalytic active site of the

FBPA enzyme
Peptide Sequence Indications

TP_Asp CRYKDGSAGKDYRC | Asp(D) with all L-AAs
TP_ADLys | CRYKDGSAGKDYRC | Asp(D) with L-AAs, but L-Lys is replaced with D-Lys
TP_ADA CRYKDGSAGKDYRC | Asp (D), but L-AAs are replaced with D-AAS
TP_AspC CRYKDGSAGKDYRC | Asp (D), but L-Lys is replaced with D-Lys, cyclised
TP_ADLysC | CRYKDGSAGKDYRC | Asp(D) with all L-AAs, cyclised
TP_ADAC | CRYKDGSAGKDYRC | Asp (D), replacing all L-AAs with D-AAs, cyclised
TP_Glu CRYKEGSAGKEYRC | Using Glu (E) with L-AAs
TP_GDLys | CRYKEGSAGKEYRC | Using Glu but L-Lys is replaced with D-Lys
TP_GDA CRYKEGSAGKEYRC | Using Glu, but L-AAs are replaced with D-AAs
TP_GIuC CRYKEGSAGKEYRC | Glu with L-AAs, cyclised
TP_GDLysC | CRYKEGSAGKEYRC | Glu, but L-Lys is replaced with D-Lys, cyclised
TP_GDAC CRYKEGSAGKEYRC | Using Glu, all b-AAs, cyclised

D-AAs =represented by bold and blue colour
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2.5 Results and discussion

2.5.1 Synthesis of TP_Asp

As discussed above, our goal was to design peptide catalysts with a turn motif and a catalytic

site, as shown in (Figure 2-3).

Turn motif
H,N HO A
- N
OH o H
o o H
o > H o
N \ N
N N N NH,
H ! o
NH o
HO o
H,N o) HN™ 0
NH HoN ) i
SH
o) o
HN OH
u 0
o

NH Ly oH

é; HNS o
HNZ “NH, \

NH,

Figure 2- 3: Structural representation of TP_Asp peptide, showing a turn and catalytic motif

site.

Peptides were synthesized manually and automatically using the Fmoc-
(Fluorenylmethyloxycarbonyl) Solid-Phase Peptide Synthesis (SPPS) strategy (Scheme 2-4).

The full synthetic procedures are outlined in Section 7.31.

The first attempt towards the synthesis of the (TP_Asp peptide) was carried out using a PS3
peptide synthesizer on a MBHA (4-methylbenzhydrylamine) rink amide resin (0.45 mmol/g,
1-0.6 g) in order to obtain an amide ending at the C-terminal. The first step involved the
deprotection of Fmoc of the resin using a 20% piperidine/DMF solution to expose the free
amino group. After the deprotection of the resin, the first amino acid cysteine (2.0 M) and
coupling reagents (1.90 M HBTU (2-(1H-benzotrial-1-yl-1,1,3,3-tetramethyluronium
hexafluorophosphate) and 1.0 M DIPEA (N, N Diisopropylethylamine) were added. The
coupling times were varied between 20-30 minutes. The synthesis was left to run overnight.
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Scheme 2- 4: General procedure for the SPPS peptide synthesis; where a=20%
piperidine/DMF, b=DIPEA/HBTU/Fmoc-AA, and d=TFA/TIS/EDT/H,0, X or Y=different

amino acid side chain, R=amino acids.

The peptide was cleaved from the resin and analyzed using liquid chromatography-mass
spectrometry (LC-MS), but the desired mass was not obtained. The coupling time was then
increased to 40 minutes and the coupling was monitored sequentially using LC-MS, however
at the 6" amino acid (Glycine), there was incomplete coupling. Glycine is a small flexible
residue without a side chain therefore it could not have encountered steric hindrance.
Difficulties are often encountered in peptide synthesis as the peptide chain grows, and they are
often associated with aggregation, which can either be due to inter-or intra- molecular
interactions or B-sheet secondary structure formation.®**° Hence, we attributed the incomplete

coupling of glycine to the aggregation of the peptide.

Another attempt was made wusing a different coupling reagent HATU (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate). HATU has been proven to reduce epimerization during coupling and it
is also very efficient in coupling sterically hindered sequences. HATU and HBTU are both
known to react with the carboxylic end of the AA to form active esters, which react with the
amine of the resin bound peptide.***?2 HATU (1.9 M ) was utilized as a coupling reagent and
the reactions were monitored by LC-MS. It was observed in this experiment that at the 9™
amino acid (also Glycine), the coupling was inefficient as the mass of the 8" amino acid was
observed. After the 9" AA, the coupling efficiency was infinitesimal up to the 110 AA
(Lysine). It is reported that extreme steric hindrance leads to reduced accessibility and cause a

reduction in reaction rates for both the coupling (acylation) and deprotection steps, thus the
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observed decrease in coupling efficiency was attributed to the turn motif.****® Consequently,

the desired peptide products are frequently contaminated by deletion sequences.*®

Another approach involved double coupling and an increase in coupling times to 40 minutes
in order to obtain acceptable acylation yields. This was also monitored sequentially by LC-MS.
It is presumed that HATU vyields faster coupling rates because of the presence of a pyridine
nitrogen atom in the cyclic ring, which lowers the energy of the tetrahedral transition state by
hydrogen bonding to the attacking amine (Figure 2-4).4-4' Despite these exceptional properties
of HATU in peptides synthesis, it is expensive. One of the goals of this study was to create less
expensive catalysts, hence the double coupling experiments were performed using HBTU due
to its availability and affordability.

N
= \ N\
\ | //N //N
N N* N*
O- -
HATU HBTU

Figure 2- 4: lllustration of the difference between HATU and HBTU

Double coupling was carried out for all the amino acids in a peptide sequence for 45 minutes
per coupling. However, whilst monitoring the reactions it was observed that the 6" and 9" AA
were not completely coupled and were then triple coupled (method 1). Studies have shown
that coupling glycine (a hydrophobic amino acid) into the peptide sequence as the peptide chain
grows can be problematic, due to its small structural nature which induces agglomeration.*34°
After numerous exertions to find a working approach for the synthesis, to improve the coupling
efficiency and to obtain the complete synthesis of the peptide catalyst, the synthesis of the
peptide was successful and was confirmed by LC-MS. The sample was dissolved in 60/40
(Water/acetonitrile, (H2.O/MeCN)) for analysis by LC-MS and the calculated mass for TP_Asp
is 1620,70 g/mol whilst the half mass found was [M+2H]?* 810.8719 m/z at the retention time
(tr) of 7.63 min (Figure 2-5). A 20 minutes gradient elution method (5-50% MeCN) was
utilized with the following solvent system: Solvent A: H>O with 0.1% formic acid; solvent B:
MeCN with 0.1% formic acid.
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Figure 2- 5: LC-MS spectrum for the fully synthesized crude TP_Asp
2.5.1.1 Purification of TP_Asp

First attempt: A gradient elution method consisting of a buffered (0.1% formic acid),
acetonitrile and buffered water was employed as the mobile phase in the purification of
TP_Asp. After numerous runs with different elution gradient methods and flow rates, it was
observed that 2-50% acetonitrile (method 1-1) in 15 minutes at a flow rate of 15 min/ml was
the best method for the separation of the analyte. Due to the polar nature of the peptide, it was

dissolved in less than 50% of acetonitrile in water.

Four of the fractions collected from the preparative-HPLC had the same masses with different
retention times of 5.49, 6.58, 6.65 and 6.68 minutes respectively. Peptides are known to be
very flexible and can exist as ensemble of conformations in solution, especially linear peptides.
This is because of the formation of secondary structures that occur during the initial stages of
protein folding.>®%! We therefore postulate that the collected fractions with the analyte of
interest are the result of peptide folding in solution. The average percentage yield of the 4
conformers was determined after drying the peptide using the rotary-evaporator, resulting in a

mass of 293 mg and a yield of 55.7%.
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2.5.2 Synthesis of TP_ADLYys

In the synthesis TP_ADLYs, the same synthetic approach as described above was followed
except that the L-lysine residues in the 5" and 11" positions were replaced by D-Lysine
(method 2). Lysine is one of the key AA in FBPA catalysis since it is responsible for the
formation of the Schiff base through the enamine mechanism. D-amino acids are known to
react faster than their L-counterparts by one tenth (1-5umol) min/mg. Incorporating a D-AAS

into a peptide chain also imposes local conformational restrictions.>%>*

Figure 2- 6: Folded structure of TP_Asp using de novo peptide structure prediction (RPBS
Web Portal), depicting L-lysine side chain (yellow) pointing out.

D-Lys changes the orientation of the side chain so it can point inside the pocket of the catalyst.
It can therefore efficiently hold and interact with the substrate more easily when compared to
L-Lys which is pointing outward as shown in Figure 2-6 above.

Furthermore, the other purpose of incorporating D-Lys was also to investigate whether it would
have any effect on the enhancement of stereoselectivity. After the successful synthesis of
TP_ADLYys, the peptide was cleaved from the resin using a TFA cocktail (94% TFA, 2.5%
EDT, 2.5%, H20, 1.0% TIS) followed by precipitation with cold diethyl ether. It was dissolved
in 60/40 (water, acetonitrile) for analysis by LC-MS.
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2.5.2.1 Purification of TP_ADLYys

A slight modification of the method described in section 2.5.1.1 was made. We employed a
gradient elution method consisting of water and acetonitrile, buffered with 0.1% formic acid
as the mobile phase. Acetonitrile ratio was allowed to increase from 5% to 50% in 10 minutes
and held constant at 50% for a further 20 minutes (method 2-1). It was observed that there

were 4 peaks with the same mass of interest, again suggesting the formation conformers.

After the successful purification of TP_ADLYys, the four collected peaks were analyzed by LC-
MS and they eluted at different retention times of 6.50, 6.62, 6.65 and 6.53 minutes
respectively. The calculated or expected HRMS (ESI") m/z mass was 1620.71
Ce6H104N22023S2, and found the mass was 1620.7377 [M+H]*. The average percentage purity
of analyte peaks as determined using LC-MS was 89.25%. After purification, the solvents were
removed using the rotary-evaporator resulting in the mass of 498 mg and a yield of 62.40%

2.5.3 Synthesis of TP_ADA

The peptide sequence is the same as that the peptides mentioned in Sections 2.6.1.1 and 2.6.2.1,
except that all amino acids are D-amino acids (method 3). This peptide was designed to
investigate the influence of D-amino acids on the structural conformation and catalysis. Due to
their conformation preferences, they can be incorporated into peptide sequence to restrict the
range of local conformations of the peptide thus nucleating folding and secondary structure
formation (Figure 2-7).26°2%3 |t was initially hypothesized that an all D-amino acid peptide
sequence will restrict or influence favourable conformations and perhaps improve catalytic

efficiency.?65

t MMMM;
Y\Il\*#\[)v‘*‘\[lv& 11/1\} A

\lw AR RARE
/ 7*\1}*7*\1\ miw T

B-sheet B-hairpin

Figure 2- 7: Common peptide secondary structure conformations®*
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The peptide was synthesized automatically following the same strategy mentioned in Section
2.5.1, using double coupling for all AAs in the sequence while monitoring every coupling step
using the LC-MS. The full peptide was cleaved off the resin and dissolved in MeCN/H20 and
analyzed using the LC-MS.

2.5.3.1 Purification of TP_ADA

In an attempt to purify TP_ADA, several modifications were introduced to the purification
methods above. However, none yielded a good separation of the analyte as there were still
some impurities co-eluting with the desired peptide when monitored by LC-MS. Even after the
mobile phase system was varied, by replacing acetonitrile with methanol (MeOH) and also
changing the prep-HPLC column, the purity was still low. The gradient elution method; 5-50%
acetonitrile in 20 minutes at a flow rate of 15 min/ml (method 3-1) gave somewhat better
separation, and was then applied for the purification. Four peaks with the same mass
(conformers) were obtained, it was further observed that most of analyte peaks co-eluted with
some impurities thereby compromising the percentage purity of the peptide, as shown in
(Figure 2-8).
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Figure 2- 8 : LC-MS spectrum for 1% purification of peak 1 for TP_ADA peptide
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The challenges experienced during the purification were caused by the altered conformation of
the peptide D-amino acid peptide.>>®® Thus, the peptide was subjected to re-purification to
eliminate impurities. The same prep-HPLC method (method 3-1) was applied for the second
purification and 4 analyte peaks were collected again. Upon purification, the peptide was
analyzed using LC-MS and individual peaks had retention times of 5.22, 5.21,5.23 and 7.5
minutes for peak 1, 2, 3 and 4 respectively, whilst the average percentage purity was calculated
to be 56.3%. However, after the second purification the purity did not significantly improve
but the yield decreased. Due to low yields, we did not attempt the 3™ purification. The peptide
was lyophilized following the removal of organic solvents using a rotary evaporator, resulting

in a mass of 69.7 mg and a yield of 9.2%

2.5.4 Importance of peptides cyclization

The structural stability of an artificial enzyme plays an essential role in determining the
catalytic efficiency of artificial enzyme. It is reported that poor conformational stability of
peptides may result in poor cooperativity between catalytic centers and substrates.*
Cyclization is normally applied in order to synthesize more rigid peptide structures, with
enhanced conformational stability. Peptide cyclization provides stability by decreasing the
entropy and facilitating a favourable local interaction. Peptides can be cyclized in four different
ways, depending on the functional group: head-to-tail (C-terminus to N-terminus), head-to-

side chain, side chain-to tail, or side chain-to side chain (Figure 2-9).5-5!

H,N CO,H

. ) R2 :
Side chain-to-side chain @ C @

Head-to-side chain Head-to-tail

Figure 2- 9: Different ways of peptide cyclization.*
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There are several cyclization techniques which can be employed to stabilize peptides, namely:®°
amide condensation (amide bond formation or lactam bond); on resin cyclization; thiol
oxidation (disulfide bridges) and solution phase cyclization. In this study, cyclization through
thiol oxidation or disulfide bridges will be utilized because the other above-mentioned
techniques involve numerous steps, that are time consuming and therefore costly. A disulfide
bridge is formed between two thiol groups (SH) from the side chain of cysteine or cysteine

analogues.

2.5.5 Cyclization of Aspartic containing peptides

The synthesis of peptides; TP_AspC, TP_ADLYysC and TP_ADAC was performed using the
same synthetic approach adopted above in methods 1 to 3 respectively. Upon successful
synthesis of the peptides, as confirmed by LC-MS, the resin bound peptides were cyclized
using iodine for 3 hours. It was observed that the cyclization was not efficient as there were
still some fragments of the uncyclized peptide. After several attempts, it was observed that
increasing the cyclization time and reducing the iodine concentration improved cyclization

efficiency of the peptide.

2.5.5.1 Purification of cyclized Aspartic containing peptide catalyst

Upon successful cyclization of the peptides, they were cleaved from the resin and dissolved in
60/40 (H.O/MeCN) and injected onto a C-18 prep-HPLC column for separation. The
separation method was modified since the cyclic nature of the peptides altered their interaction
with the mobile phase causing a change in the elution time and separation when compared to
the linear peptides. The purification of the cyclized peptide was performed using a gradient
elution adopted in method 1-1. The peptides co-eluted with some impurities, thus a second
purification was done eluting with 3-50% MeCN in 15 minutes at a flow rate of 15 min/ml
(method 4-1). The mass spectra of the collected analyte peaks showed the presence of
insignificant impurities, although peptides yields were lower after the second purification. A
summary of the spectral data of all the TP_Asp cyclized peptides after successful purification

are tabulated in Table 2-2 below.

The cyclization did not reduce the number of isolated conformations and this could possibly
mean that the conformations are formed during the synthesis and not in solution after the

cleavage.
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Table 2- 2: Detailed summary of the cyclized peptide catalysts containing aspartic acid

Cyclized Sequence Calculated Half mass Ri/min Av.
peptides Mass found yield/
%
[M+2H]%*
P1=5.22
TP_ASDC CRYKDGASGKDYRC C56H102N2202382 810. 8829
_ 10.1
P2=7.79
1618.70 P3=7 66
P4=7.80
TP_ADLysC CRYKDGASGKDYRC | CgsH102N22023S; 809. 8806 P1=5.25
1618.70 P2=542
p3=528 | 168
P4=6.69
P1=5.38
TP_ADAC | CRYKDGASGKDYRC | CostozN2202352 | g4 9170 oo779 | 65
1618.70 P3=7 66
P4=7.80

P=Peak

2.5.6 Synthesis of TP_Glu

The aim behind the design of TP_Glu was to investigate the nucleophilic effect of glutamic
acid on the catalysis (Figure 2-10). Both glutamic and aspartic acid have similar properties
(hydrophilic character), except that glutamic acid has a higher molecular weight due to an extra
methylene (-CH>) on its side chain group.®2% Studies have shown that even though Glu and
Asp perform nucleophilic functions, glutamic acid is more likely to act as a general base/acid
than aspartic acid.®? We therefore envisaged that utilizing the better activating glutamic acid

would facilitate an efficient proton abstraction compared to aspartic acid.

54



EPOEEE
o
“ooeee{

TP_Glu
Figure 2- 10: Amino acid sequence for peptide catalyst TP_Glu

TP_Glu peptide was first synthesized using the method outlined in Section 2.5.1. However,
whilst monitoring the reaction by LC-MS, it was observed that the 10" amino acid did not
completely couple even after it was double coupled. This was attributed to the bulkiness of the
glutamic acid side chain protecting group which can cause steric hindrance. Glutamic acid was
then coupled for the 3" time (triple coupling) (method 4), before the rest of the amino acid
residues were added. The completion of the synthesis was confirmed by LC-MS and the peptide
was dissolved in 60/40 (H2O/MeCN).

2.5.6.1 Purification of TP_Glu

Modifications were made to method 1-1 and method 2-2; and a gradient elution method
utilizing 3-60% acetonitrile (method 5-1) in 20 minutes at a flow rate of 15 min/ml was
selected for the separation of the analyte. Similar to what was observed with TP_Asp, 4
conformers were collected. The analyte peaks were characterized by LC-MS and the peptide

co-eluted with impurities, (Figure 2-11).
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Figure 2- 11: LC-MS spectrum for the 1% purification of TP_Glu peak 1

The collected analyte peaks were combined and re-purified using method 5-1 and an

improvement in the purity was observed (Figure 2—12), although there was a decrease in yield.

The overall purity was 70.0% while the purity calculated for individual peaks was 87.3, 74.5,

69.2 and 63.4% for peak 1, 2, 3 and 4 respectively. The calculated mass for TP_Glu
CesH108N22023S2 was 1646.74 Daltons and the half mass found was [M+2H]?* 824.2697. The

solvents were removed using a rotary evaporator and the peptide (198.4 mg) was resuspended

in cold diethyl ether, resulting in a final percentage yield of 32.4%. The retention times of

analyzed peaks were within the range of 7-8 minutes, (Figure 2-12).
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Figure 2- 12: LC-MS spectrum for TP_Glu peak 1 after 2" purification
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2.5.7 Synthesis of TP_GDLYys

In the design of TP_GDLys, the same amino acid sequence used in the synthesis of TP_Glu
was employed except that L-lysine in the 4" and 10" positions were replaced with D-lysine
(Figure 2-13). The motivation for the incorporation of D-lysine follows the similar reasoning
outlined in Section 2.5.2; hence we therefore envisaged that incorporating D-lysine onto the
sequence, will have an enhancement effect on the catalytic efficiency. The full peptide mass
was confirmed by LC-MS following peptide cleavage from resin the using the method
described in Section 7.3.4

@@@
o
“0eee—{

Cat Glu
Figure 2- 13: Amino acid sequence for peptide catalyst TP_Glu, with D Lys highlighted in red
2.5.7.1 Purification of TP_GDLYys

The purification of TP_GDLys was performed by prep-HPLC following the separation method
discussed in Section 2.5.6.1. The solvents were removed after purification using the rotary-
evaporator resulting in a mass of 151.3 mg and yield of 25.0%. Upon completion of the first
purification, it was noticed that there were quite a few impurities which co-eluted with the

analyte of interest, (Figure 2-14), hence further purification was required.
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Figure 2- 14: LC-MS spectrum for TP_GDLys peak 2 after 1% purification

The second purification was performed employing method 4-1 and, upon completion of

purification, the solvent was dried off and analyte peaks analyzed by LC-MS as shown in

(Figure 2-15). The average percentage purity of all collected peaks was found to be 84.83%,

while the percentage purity calculated for the individual peaks was 76.8, 86.6, 89.6 and 86. 2%

for 1, 2, 3 and 4 respectively. The calculated molecular mass for TP_GDLYs CegH108N22023S>
was 1646.74 Daltons and the half mass found [M+2H]?* was 824.1098. The final percentage
yield was 32.4%, which was obtained after the peptide (198.4 mg) was resuspended in cold

diethyl ether.
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Figure 2- 15: LC-MS spectrum for TP_GDLys peak 2 after 2" purification

2.5.8 Synthesis and purification of TP_GDA

This peptide was designed using the same amino acid sequence outlined in Section 2.5.6 but

with all D-amino acids. The purpose of this design was to investigate the roles of D-amino

acids in the enhancement of catalytic efficiency. A similar synthetic strategy (method 3) was

adopted for the synthesis of the peptide, and upon completion the peptide was cleaved from the

resin and purified using the prep-HPLC employing method 4-1. The purification was

performed twice, and the calculated molecular mass was CegH108N22023S2 1648.74 m/z, whilst

the half mass found was [M+2H]?* 824.7649 m/z. The overall purity was determined by LC-

MS and found to be 69.8%. The retention times of analyzed peaks were within the range 7-8

minutes (Figure 2-16).
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Figure 2- 16: LC-MS spectrum for TP_GDA peak 3 after 2" purification
2.5.9 Cyclization and purification of Glutamic containing peptides

During the SPPS synthesis of linear peptides, the cysteine thiol groups are protected by groups
which can be orthogonally cleaved prior to cyclization. These protecting groups such as Trt (S-
triphenylmethyl) and Acm (S-Acetamidomethyl) can easily be removed with molecular iodine.

For the cyclization of TP_ Glu, TP_GDLYys and TP_GDA, the peptides were first synthesized
on the Rink (MBHA\) following the synthetic strategy outlined in Section 2.5.7. The resin bond
peptides were cyclized using the iodine cyclization method explained in detail in Section 7.3.5.
Some difficulties were encountered due incomplete cyclization as confirmed by LC-MS. This
could be attributed to a high degree of secondary structural conformations, causing different
folding patterns within the peptide. Previous studies have demonstrated that difficulties are
often encountered in cyclizing peptide rich in Arg(s) and Lys(s), due to steric hindrance and
bulkiness of these molecules.>® Table 2-2, details the summarized LC-MS data of the cyclized

peptides.
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Table 2- 3: Detailed summary of the cyclized peptide catalysts containing glutamic acid

Cyclised Sequence Calculated Half mass | R¢min Av.
_ Molecular found Yield
peptide Mass %
[M+2H]?
TP _GluC _
CRYKEGASGKEYRC | CesH106N22023S2 | 823.8775 P1=5.42 79
1646.7300 P2=5.58
P3=5.55
P4=5.61
TP_GDLysC | CRYKEGASGKEYRC CesH106N22023S2 | 823.8789 P1=4.62 10.2
1646.7300 P2=4.64
P3=4.72
P4=4.76
TP_GDAC P1=5 2
CRYKEGASGKEYRC | CegH106N22023S, | 824.7964 e 5.7
P2 =5.42
1646.7300 P3=553
P4=5.72
P=peak

2.6 Peptides scale up

In an attempt to improve the synthesis and to ensure complete aminoacylations and increased
yield of the peptide catalyst, the peptides were synthesized manually. Peptide synthesis using
an automated peptide synthesizer has certain advantages such as continuous coupling without
stopping, and it also allows for multiple and parallel syntheses. Nonetheless, the synthesis of
peptides using an automatic synthesizer has certain disadvantages. These include; mechanical
errors which are often associated with skipping amino acids and stopping synthesis in the
middle of a reaction, inability to fully dissolve all the reagents (AAs, coupling reagents) and
insufficient dispensing of the reaction mixture to the reaction vessel resulting in low coupling
efficiency thus compromising the yield of the peptide. The challenges mentioned were
encountered during the synthesis of the peptides using the automatic peptide synthesizer, and

therefore peptides were further synthesized manually.
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2.7 Concluding remarks

In summary we were able to successfully design a suitable synthetic route for the synthesis of
peptide catalysts using both automatic and manual SPPS strategy. The peptides synthesized
comprised of both the natural and unnatural AAs. Some of the linear peptide chains were also
cyclized to restrict the freedom of rotation. Peptide sequences with unnatural amino acids (D-
amino acids) and the cyclized peptides were difficult to synthesize and purify due to the
secondary structure formation and were obtained in low yields. Peptide folding during chain
elongation also created a peptide structure that sterically hinders the coupling of the incoming

amino acid.

The formation of conformational isomers was confirmed by LC-MS 4 as peaks having the same
molecular weight were obtained during purification. All the peptides synthesized in sufficient
yields were screened for aldol reaction catalytic activity. Further studies such as; the catalytic
activity, selectivity and structural analysis studies, were done with peptides with good yields
(TP_Asp and TP_ADLYys). The next two chapters (Chapter 3 and 4) will focus on these
peptides.
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Chapter 3

Structural Elucidation of peptides

3.1 Introduction

The development of an organocatalyst requires an understanding of the 3-dimensional structure
and mechanism of the catalyst. The three-dimensional structure of peptides is usually
characterized using several experimental techniques such nuclear magnetic resolution (NMR),
X-ray crystallography, Fourier transform infrared (FT-IR) spectroscopy and circular dichroism
(CD). Even though techniques like X-ray crystallography provide absolute elucidation of
peptides and proteins, they can be laborious. This is because they require high-quality single
crystals for analysis, which are not easy to attain for peptides.! In addition, x-ray studies
usually do not address the issue of conformational flexibility and dynamic inter-conversion of
peptide and protein structures.?

In this section we describe, the structural analysis of the peptides using NMR and circular
Dichroism (CD) in order to determine the conformations of the synthesized peptides. As
already mentioned in Chapter 2, TP_Asp and TP_ADLYs will be selected for the structural

elucidation in this chapter.

3.1.1 NMR Studies

The peptide secondary structure is stabilized by inter- and intra-molecular hydrogen bonds
which lead to structural motifs such as, a-helices, p-sheets and B-turns.? Solution NMR
spectroscopy of peptides has been proven to be a powerful tool in providing information
regarding a peptide’s structural conformation. The amide proton signal region is essential for
the understanding of the peptide organization.®* Due to the large number of hydrogen atoms in
peptides, one dimensional *H NMR is mutually crowded with overlapping lines. Therefore,
two dimensional (2D) and three-dimensional (3D) NMR experiments are used.® With the use
of chemical shifts alone, one can provide a generalised 3D structural picture of the peptide. The
conformation studies of peptide NMR depends mostly on the nuclear Overhauser effects
(NOE) and coupling constant.>® The NOE experiments show cross peaks interactions involved

by measuring interproton interaction within a distance of 5 A or less, whereas coupling
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constants provides information about torsion angles.*®> NOE is expressed by a relationship
between wtc, where o is the spectrometer frequency and ¢ is rotational correlation time of the
molecule. When the molecular weight of the molecule increases; the rotational correlation ()
also increases and this further result in a decrease in NOE enhancement. This is generally a
concern for peptide molecules with a molecular mass around 1000 to 1200 Da which falls
within the region mtc ~1.2. There is little or no NOE enhancement around that region, and
ROESY( rotational-frame Overhauser effect spectroscopy) is often used to overcome this
challenge.>® Correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY)
are also important NMR experiments. Their mechanism involves scalar couplings whose
magnitudes depend on the number of the intervening protons (generally 3 or smaller) in the

dihedral angle about the central bond.>*1°

3.1.2 Circular Dichroism studies

Circular dichroism (CD) is another important technique used to determine the conformation of
peptides in solution. CD spectroscopy is normally employed in the analysis of optically active
chiral molecules and is based on the excitation of electronic transmissions of proteins, nucleic
acids and peptides chiral groups. In this technique, a sample is irradiated with circularly
polarized light and the difference in absorbance of the right- and left-handed circularly
polarized components is measured.**® The difference in secondary structural components of
peptides and proteins, such as; the alpha helix, beta sheets, and beta turn are analyzed in the far
band UV region of 260-190 nm. Around this band, CD measures the ellipticity of peptide with
polarized light.1%41> Optically active compounds, chiral entities and amide bonds in a
polypeptide backbone, absorb at different extents depending on the two dihedral angles ¢ and
1118 The amides of the polypeptide backbone have different absorptions depending on the
hydrogen bonding or non-hydrogen bonded state of the amides.!” CD experiments are generally

performed in solution of high dilution of approximately (<1 mM) to avoid peptide aggregation.
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3.2. Results and discussion

3.2.1 Conformational studies of peptides using circular dichroism

The method used for CD experiments is explained in detail in section 7.2 The CD results for
both TP_Asp and TP_ADLYs peptides in buffered solution are represented in Figure 3-1
below. The pH and the net charge of the peptide affect the electrostatic interactions and
therefore influence the degree of ionization and function of the peptide.'®® Furthermore,
buffered solutions are normally employed because they are known to have a strong influence
on the peptide stability and structure.’®22 Water was also chosen as a solvent because the
peptide is assumed to adopt an extended conformation due to extensive solvation.?*2* On this
basis, the CD experiments were performed in both a 200 mM phosphate buffer and water in
order to compare the difference in structural conformation of the peptides. It is reported in
literature that a peptide 3-sheet structure, usually shows a minimum absorption around 215 nm
and a relatively strong maximum absorption at 195 nm. a-Helical structures exhibit two
pronounced minima bands at 208 and 222 nm and a maximum at 198 nm, whereas the random
coil has a minimum at 198 and a small positive band at 217 nm.**? As seen in the Figure 3-1
below, the CD spectrum for TP_ADLYys shows an absorption minima around 202 and 194 nm,
and a maximum band at 198 nm, which suggest random coil that deviates to a p-sheet

conformation.
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Figure 3- 1: Circular dichroism studies for TP_ADLYys and TP_Asp peptides in 200 mM

phosphate buffer solution (B) and percentage of peptide structure

The CD data was further analyzed using the online program to estimate peptide secondary

structure formation, available at http://perry.freeshell.org/raussens.html. The results revealed

that the most dominant percentage of the peptide structure for TP_ADLYs was 41.7% random,
followed by 36.1 % beta sheet conformation and 12.7 and 7.7% turn and helix conformation
respectively. Random coil formation corresponds to n-n* and n-m transitions bands and is

referred to as the lack of ordered secondary structure.'%2

A similar trend was observed for the TP_Asp spectrum, which resembles a random coil with
the negative absorption maxima at 198 nm. In addition, the secondary structure estimate shows
that the highest percentages of the structure were 39.4% random, 23.9% helix and with almost

equal amount of turn and beta structures.

The CD experiments were repeated in unbuffered water to investigate the difference in

structural conformation of the peptides (Figure 3-2).
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Figure 3- 2: Circular dichroism spectra of TP_ADLYys and TP_Asp peptides in water (W) and

their secondary structure analysis

The obtained results in water for TP_ADLYys, depict a random coil structures going to a helix
conformation. Furthermore, the obtained data exhibits relatively strong absorption maxima
around 194 and 204 nm suggesting B-sheets and o-helix conformation respectively with a
minimum peak at 208 nm. The CD spectroscopy results for TP_Asp in water display a
minimum absorption with two negative peaks around 204 and 197 nm, which is a characteristic
of an a-helix structure. Analysis indicates that the majority of the structural elements were a-
helix (63.32%), with nearly equal percentages of random (15.88%) and beta structures
(12.09%).

Solvation of the peptide backbone is proposed to be an important factor in determining the
thermodynamic helical propensities and the thermodynamic stability of the solvent-chain
contact.?’ Reported modelling and computation studies have demonstrated that CD
experiments of polypeptide in that water allow favourable folding conditions that enable

interior chain interactions thus maximizing chain packing.?®?42"2® Furthermore, it is also
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suggested that helices are preferred in water, since hydrogen bonding promotes favourable
chain-solvent interactions.?#?® Notably, when the CD measurements are performed in water o.-
helical structures seem to dominate for both TP_Asp and TP_ADLYys peptides. These results
further demonstrate that the ability of the peptides to assume secondary structure with mixtures
of conformations is influenced by the solvent. From this study, it can be concluded that the CD
measurements reveals that TP_Asp possesses an alpha-helix conformation followed by random
coil; whereas with TP_ADLYys, adopts a beta sheet that deviates to a random coil pattern. This
is an indication that indeed replacing I-lysine with unnatural d-lysine, altered the peptide

conformation.

As already shown earlier in Chapter 2, during purification the peptides were isolated as
conformational isomers. The obtained CD results prove the existence of possible different
conformations of the TP_Asp and TP_ADLYys peptides in solution.

3.2.2 Characterization of peptides by NMR

To determine the optimal conditions for the NMR experiments for better resolution and
dispersion of peaks; the experiments were recorded at different temperatures and mixing times
for TOCSY, NOESY and ROESY. The detailed conditions used for the aforementioned
experiments are specified in Section 7.1. The varied mixing times recorded for the NOESY
were 150, 200 and 250 ms; and 100, 150, 200, 250 and 300 ms for the ROESY experiments.
The mixing time duration usually determines the visibility and spectral quality. At short mixing
times, the magnetisation and spin diffusion have less time to travel down the side. This result
in more intense a-protons peaks than the B-protons along the amide shift, which will further be
more pronounced than the y-proton. Longer mixing time are thus necessary in order to be able
to obtain a better dispersion of protons at high shifts such as & and y protons. Furthermore it is

reported that peak areas increase with increase in mixing time.”2%:3

There was poor or no dispersion of chemical shifts in the NOESY spectrum in both varied
conditions (temperature and mixing time). Both peptides studied have a molecular mass of
1600 g/mol, which falls in the region wtc ~1.2. As indicated in Section 3.1.1, there is little or
no NOE enhancement for molecules around this region. Consequently, NOESY experiments
were not successful. The NOE assignments will therefore be based on the ROESY spectra
recorded with 200 ms at 300K.
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3.2.2.1 NMR temperature variations experiments

The amide protons are known to readily exchange with the deuterium of the solvent to form
intermolecular hydrogen bonds with solvent molecules. In such instances the energy of the
hydrogen bond involved is low; and therefore, small thermal energy provided through sample
heating is sufficient enough to the break them. On the hand, the intramolecular hydrogen bonds
formed by shielded protons are relatively higher and thus higher temperature is required to
break them.®3123 This is the principle behind temperature variance in NMR studies. The amide
protons involved in an intermolecular bonding of the shielded has a temperature coefficient
value of (<3 ppb/K), whereas intramolecular hydrogen bond has a value of >5 ppb/K.
Temperature variations experiments in NMR usually provide insight into the phenomena of
underlying chemical shifts dispersion. Moreover, variations in temperature influence the
resolution of peaks that are considerably overlapping, that is, they may provide better resolution
upon variance; and may also facilitate the conformation equilibrium of peptides which relies

on the energy involved.®3!
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Figure 3- 3: 1D 'H NMR spectra of TP_ADLYys peptide effect of temperature variations

To investigate the influence of temperature variations on the spectral quality (line width) and

cross peaks resolution; the experiments were performed at 293K to 308K (Figure 3-3). The
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broadening of the resonance peaks at low temperature (293K) could not be effectively induced
as some peaks were not observed or properly resolved around the amide region. This is
indicative of the exchange between the two species, forming intermolecular hydrogen bonds
with the solvent. The amide protons became more pronounce as the temperature was increased
to 300K. The temperature could not be further adjusted beyond 308K, since the spectral
dispersion of peaks become less pronounced beyond this temperature, especially for the
TOCSY and ROESY spectrum (spectra shown in Appendix 11, Figure S.3-20 and S.3-22). It
is reported that at higher temperature there may be disruption in structure or loss of secondary
structure of peptides due thermal instability of 3D structure. In addition, when the experiments
were performed at 308K, there was poor resolution of aliphatic protons as shown in figure.
This study indicates the magnetic environment changes with variation in temperatures, thus
influencing the spectral dispersion. At 300K, the structure of many multiplets in the spectrum
appear to be relatively resolved and was thus this temperature was chosen for all the analysis

of peptide structures in this study.

3.2.2.2 NMR structure elucidation of the TP_Asp peptide

As already stated in Chapter 2, both peptides (TP_Asp and TP_ADLYys) consist of 14 amino
acids, except that L-lysine was replaced with D-lysine in peptide TP_ADLYs. The TP_Asp
peptide (using a three-letter code) follows the sequence; Cys-Arg-Tyr- Lys-Asp-Gly-Ser-Ala-
Gly-Lys-Asp-Tyr-Arg-Cys; and Figure 3-4 below depicts the structure.
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H,N
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H,N o ) HN o
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NH,

Figure 3- 4: Structural representation of TP_Asp.
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3.2.2.3 Spin system assignment of amino acid residues for TP_Asp

The individual spin systems were assigned based on the COSY and TOCSY spectra. This
technique was developed by Wiithrich et al. and relies on the differences in the amino acid
side chains (fingerprint region) that results in different spectra patterns. Each specific residue
possesses a unique pattern connecting an amide to its backbone C* proton and the remaining
sidechain protons. Identification of each side chains spin system helps in identifying the
specific amino acid residue present.®® The TOCSY spectrum of TP_Asp showing the
fingerprint region of amide protons-f2 (7.5-8.67 ppm) and alpha-aliphatic region-f1 (1.0-4.60

ppm) is shown in Figure 3-5..
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Figure 3- 5: The partial *HN-Ha fingerprint region of 2D the TOCSY spectrum TP_Asp of the
peptide, showing individual spin system patterns (full spectrum is provided in Appendix Il,
Figure S.3-6)

The long spin system residues such as Arg and Lys; which consists of y and & protons in their
side chains, were unambiguously identified from TOCSY spectra. Moreover, Gly residues,
which have only two a-protons whose chemical shift appears around 3.5-4 ppm, were also not

difficult to identify. In contrast, residues corresponding to an AMX spin system (for examples
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Tyr, Cys, Asp, Ser) were quite difficult to assign using either COSY or TOCSY spectra. This
is due to the fact that the backbone of these amino acid residues contains one a-protons and

two B-protons with similar spin patterns.

Furthermore, some residues could be not unambiguously located on the TOCSY spectrum due
to severe overlaps and some missing cross peaks in the fingerprint region. This can be attributed
to low intensity due to the small NH-o.CH coupling constant or large line width.? It is suggested
in literature that overlapping components in the TOCSY spectrum may result in cancellation
of some cross peak intensities.>® Excessive overlaps of most cross peaks were also caused by
the repeating residues in the peptide sequence and this also limited the assignment of most spin
systems from the COSY spectrum. Consequently, since TOCSY is more sensitive than the
COSY and offers a better resolution,? it was chosen for the spin system analysis. Table 3-1
gives a summary of all identified chemical shifts for the amino acid residues. On the basis of
the difficulties mentioned above it was not possible to fully complete the exact assignment of
some individual AMX spin systems using the TOCSY spectrum. Therefore, the fingerprint
backbone region of the ROESY spectrum was used to identify neighbouring amino acids. The
2D H-13C HSQC (Heteronuclear single quantum coherence) spectrum (aliphatic region) was

also used to assign Ca of the corresponding spin systems.

Table 3- 1: NMR chemical shifts (ppm) of identified spin assignment for TP_Asp using
TOCSY spectrum

Residue | H-NH Ha, Ca HB Hy H& He
1 8.75 4.38 55.04 151, 1.66
2 8.45 4.5 52.12 2.64, 2.36 8.45
3 8.36 4.55 49.95 2.69, 2.39
4 8.18 4.48 52.31 2.80, 2.70 1.23
5 8.15 4.22 52.84  3.23,3.10 1.71 1.52 1.07
6 8.10 4.15 52.89 151
7 8.08 3.74 42.4
8 8.07 4.4 55.02 3.61
9 7.91 3.58 62.16
10 7.95 4.24 52.88 151, 1.25
11 7.89 4.33 55.07 2.85,2.74
12 1.77 4.37 53.01 3.46, 2.73 1.49 1.27 1.05
13 7.75 4.37 55.03 2.88
14 7.68 4.24 45.72 3.08 1.71
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3.2.2.4 Sequential spin specific assignment

The NMR sequential walk technique used to assign peptide residues is normally performed
using a NOESY/ROESY spectrum, since each residue will have a unique pattern showing a
connection of its amide proton to its backbone C proton and its side chain protons.22° To
complete the sequential residue assignment, the “sequential walk" in the HN(i)-'Ha
fingerprint backbone region of the 2D *H ROESY spectrum was performed to confirm the
primary structure of the peptides. However, due to some difficulties already mentioned above
such as severe overlaps and missing peaks, this technique could not be successfully utilized to
perform a complete sequential spin assignment of the peptide. A 2D *H ROESY NMR
spectrum for TP_Asp peptide showing the amide backbone of the fingerprint region, is attached
in Appendix 11, Figure S.3-16. The next strategy was to utilise the NOEs (nuclear Overhauser
effect) of the observed neighbouring amino acid residues, (for example; *HiN-tHNis; and *Hi¢ -
'HNis1) in the *H-ROESY spectrum.

As already discussed in Section 3.2.2.3, amino acids with long side chains such as Lys and Arg
could be unambiguously identified from TOCSY spectrum on the basis of their spin systems
having y and & protons. However, at this point their exact positions in the peptide chain were
not assigned; but were only identified and used as a starting reference point for sequential
analysis. Similar basis was used for the identification of the two Gly residues. A preview of the

identified spin systems used for the initial assignments are shown in Table 3-2.
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Table 3- 2: NMR chemical shifts (ppm) of identified spin systems used for the initial

assignment.

Residue | H-NH 'Ho  Ca HE Hy  H e | oo
1

2/13 8.18 4.48 52.31  2.80,2.70 1.23 Arg
3

4/ 8.15 4.22 52.84  3.23,3.10 1.71 1.52 1.07 Lys
5

6/9 7.91 3.58 62.16 Gly
7

8

9/6 8.08 3.74 424 Gly
10/4 777 437 5301 346,273 149 127 1.05 Lys
11

12

13/2 7.68 4.24 45.72 3.08 1.71 Arg
14

The assigment procedure was further continued using neighbouring NOEs connecivities in the
ROESY spectrum. As a starting point; the NH resonance at 7.91 ppm was assumed to represent
Gly6. A ROESY correlation between the peak 7.91 ppm and the alpha proton 4.33 ppm suggest
a daN(i,i+1) connectivity between these crosspeaks and the alpha proton was attributed to the
aspartic acid (Asp) residue located at position 5, which is in close proximity to the Gly amide
proton. On that basis, another sequential connectivity between 7. 89 (Asp5-HN) resonance peak
and 4.55 ppm (7.89;4.55) was also observed, and 4.55 ppm was assgined to the alpha proton
of tyrosine (Tyr3), a daN(i,i+2) relationship. Identification of Arg2 was based on the sequential
connectivity, daN(i,i+1), between 8.36 ppm (Tyr3-HN) and 4.24 ppm, which is the alpha
proton of Arg with the HN resonance peak at 7.68 ppm. A correlation, dof3( i,i+1), between
Arg2 (Hp-3.08) and 7.75 ppm was observed in the ROESY spectrum and the resonance, 7.75
ppm was therefore assigned as the amide proton of Cysl. Aspll was assigned using a
correlation between (Aspl1HN-7.95; Gly9Ha-3.74) cross-peaks, a daN(i,i-2) connectivity.
The resonance at 3.74 ppm, is identified to belong to one of the Gly amino acids, Gly9, since
Gly6 has already been assigned. Another sequential correlation between the NH resonance of
Lys (HN-7.77) with 4.55 ppm, (7.77; 4.50 ppm), daeN(i,i+2) was observed and the alpha proton
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4.50 ppm was assigned to Tyr12. The summary of the identified sequential correlation observed

are shown below in Table 3-3.

Table 3- 3: NMR chemical shifts (ppm) observed through NOEs intra-residue connectivity.

Residue | H-NH !Ha Ca HB ‘Hy 'H3 'He | ROESY | Assigned
1 7.75 4.37 55.03 2.88 (3.08;7.75) Cysl
2 7.68 424 4572 3.08 1.71 Arg2
3 836 455 4995 2.69,2.39 (8.36;4.25) Tyr3
4 815 422 5284 323,310 171 152 1.07
5 7.89 433 55.07 2.85,2.74 (7.89;4.55) Asp5
6 7.91 3.58 62.16 (7.93;4.33) Gly6
7
8
9 8.08 374 424
10 777 437 5301 346,273 149 127 1.05
11 795 424 5288 151,125 (7.95;3.74) | Aspll
12 8.45 45 5212 2.64,2.36 (7.77,450) | Tyrl2
13 8.18 448 5231 280,270 1.23
14

As previously mentioned in Section 2.6.1.1, the residues Gly, Ala and Ser, forms part of the
turn motif in our peptide. The unique backbone of the alanine spin pattern can be identified
unambiguously from the TOCSY spectrum, since it has one shielded B-proton. And in addition,
since there is only one alanine residue in the peptide sequence, this would mean it occupies
position 7 with an alpha proton of 4.15 ppm. Identification of serine residue is also based on
the fact that it has a distinct spin pattern from other AMX spin systems, with two deshielded
[-protons resonance. The remaining amino acid with an alpha proton at 4.38 ppm was assigned
based on its correlation with amide proton of Arg, Argl3-HN; (8.18; 4.38), a daN(i,i+1)
correlation. This was attributed to the alpha proton of Cysl14 (4.38 ppm). The complete

sequential assignment of the amino residues is summarized in Table 3-4.

82



Table 3- 4: NMR chemical shifts (ppm) of individual spin assignment for TP_Asp.

Residue | H-NH !'Ha  Ca HB 'Hy 'H8  'He ROESY
Cyst | 775 436 5503 2.88 (3.08:7.75)
Arg2 | 768 424 4572 3.08 1.71
Tyr3 | 836 455 4995 269,239 (8.36:4.25)
Lys4 8.15 4.22 52.84 3.23,3.10 1.71 1.52 1.07
Asps | 789 433 5507 285,274 (7.89;4.55)
Glys | 791 358 6216 (7.93:4.33)

Ser7 | 807 44 5502 3.61

Ala8 81 415 52.89 1.51

Glyo | 808 374 424

Lysi0 | 7.77 437 5301 346,273 149 127 105

Aspll | 795 424 5288 151,125 (7.95;3.74)
Tyri2 | 845 45 5212 2.64,2.36 (7.77:4.50)
Argls | 818 448 5231 280,270 123 (8.18; 4.38)

Cysl4 8.75 438 55.04 151,1.66

3.2.2.5 Determination of the secondary structural elements of TP_Asp

The secondary structure or backbone interactions that stabilize the peptide, can be characterized
by the presence of long-range Ho-Ha. or NH-Hau interactions.®2¢ Of particular interest, a long-
range correlation NOEs between the amide proton of Ala8, Ala8(HN-8.10 ppm) and
Argl13(HpB-1.23). This observation suggests that the structure is not linear but adopt a certain
conformation. It is worthy to mention, however, that due difficulties mentioned above, such as
severe overlaps and missing cross-peaks, as well as finding virtually identical chemical shifts
on the ROESY spectrum, this suggested structural conformation is not a conclusive structural
elucidation. For example, the Ha-shift values of Arg2(Ha-4.24) and Aspll(Ha-4.24) or
Lys4(Ha-4.22) are quite close, and differentiating a correlation between these spins systems

can thus be difficult. Figure 3-6 below represents the possible long-range correlation observed.
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Figure 3- 6: TP_Asp peptide structure with arrows indicating long correlation using ROESY

3.2.2.6 NMR structure elucidation and spin systems assignment for TP_ADLYys

The structural elucidation for TP_ADLYs was performed using the same approach mentioned
in Sections 3.2.2.3 and 3.2.2.4 and the corresponding supporting documents are available in
Appendix 1. The summary of identified chemical shifts of the amino acid residues from the
amide fingerprint backbone region obtained using a 2D *H TOCSY spectrum are shown in
Table 3-5. The 2D H-3C HSQC spectrum was also used to assign the Ca. of the individual
spin systems. After the identification of the spin systems, the sequence specific resonance

assignment was carried using intra-residual couplings.
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Table 3- 5: NMR chemical shifts (ppm) of identified spin assignment for TP_ADLYs using

TOCSY spectrum.

Residue | H-NH Ha Ca. HB 'Hy H8 He
1 8.75 4.37 52.84 1.69, 1.52
2 8.18 4.48 52.85 2.8 1.23
3 8.45 4.5 49.87 2.63, 2.36
4 7.78 4.36 43.84 3.52,2.73 1.5 1.27 1.06
5 7.91 4.33 53.02 2.83,2.89
6 7.92 3.58 64.63
7 8.06 4.59 49.87 3.61
8 8.10 4.15 52.83 1.56
9 8.09 3.74 48.58
10 8.15 4.23 52.86 3.11,3.23 1.72 1.53 1.06
11 7.94 4.24 45.63 1.51,1.24
12 8.37 4.55 49.67 2.69, 2.40
13 7.69 4.24 48.94 3.08 1.71 15
14 7.75 4.36 55.08 2.89

Following the same approach as above, the sequential assignment was initiated by first
identifying spin systems with distinct and recognizable side chains (such as Arg, Lys, Gly).
Since there are only two glycine residues in the peptide sequence; the next step was to assume
that the spin system with amide protons of resonance 7.91 ppm is glycine. The observed
dNay(i,i+1) connectivity, between 7.91 and 4.33 ppm (7.91, 4.34), was then attributed to the
NH Gly6 and Ha-Asp 5 correlation and the resonance at 4.33 ppm was assigned to the alpha
proton of Asp5. With the aid of a *H ROESY spectrum, the corresponding sequential residues

were identified and the observed correlations are presented in Table 3-6.
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Table 3- 6: NMR chemical shifts (ppm) of individual spin assignment for TP_ADLYs

Residue | H-NH  'Ha Ca. 'HB ‘Hy 'HS 'He ROESY
Cysl 7.75 4.36 55.08 2.89
Argr2 | 7.69 424 4894 3.08 171 15 (3.08:7.75)
Tyr3 | 837 455 4967  2.69,2.40 (8.37:4.24)
Lys4 8.15 4.23 52.86 3.11,3.23 1.72 1.53 1.06
Asp5 7.91 4.33 53.02 2.83, 2.89 (7.91;4.55)
Glye | 792 358  64.63 (7.92:4,33)
Ser7 8.06 441 49.87 3.61
Ala8 8.1 4.15 52.83 1.56
Gly9 8.09 3.74 48.58
Lys10 1.77 4.36 43.84 3.52,2.73 15 1.27 1.06 (7.77;4.50)
Aspll 7.94 4,24 45.63 1.51,1.24 (7.94;3.74)
Tyrl2 8.45 45 49.87 2.63, 2.36
Argl3 8.18 4.48 52.85 2.8 1.23 (8.18: 4.37)
Cysl4 8.75 437 52.84.02 1.69, 1.52

3.2.2.7 Assessment of secondary structural elements for TP_ADLYys

Using ROESY H NMR spectra, the NOESs interaction observed was between Ala8(HN-8.10)
to Aspl11(Hp-1.24), which suggest that the peptide is not linear (Figure 3-7).

Figure 3-7:TP_ADLYys peptide structure with arrows indicating long correlations using

ROESY NOEs (black lines)
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For both peptides, not many long-range NH-Ha and Ha-Hae NOES correlations were observed.
Furthermore, the intensities of the long/medium range NOESs correlations were lower than those
of the sequential cross peaks. Although it is difficult to provide a conclusion structure
conformation of the peptides, one can propose that the structure is not linear from one distinct

medium NOEs range correlation observed.

3.3 Concluding remarks

CD experiments suggest that the peptides predominately form a helix-structure with a random
coil conformation when measurements were performed in water or a buffered aqueous solution.
The 2D *H NMR (ROESY and TOCSY) experiments proved to be important complementary
tools in the elucidation of the secondary peptide structures. The observed of long/medium-
range ROESY correlations together with the CD results provide summative confirmation that
indeed the peptides are not linear but adopted a random-helical conformation for TP_Asp, and

random-beta sheets conformation for TP_ADLYys peptide.

Despite varying experimental conditions for NMR studies, satisfactory spectra were still not
obtained to help provide conclusive structural conformation. Future NMR experiments will
therefore be conducted using an advanced NMR instruments with well-shielded, high field
magnets such as 600 or 700 MHz.
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Chapter 4

Peptides as organocatalysts for direct aldol addition reactions

4.1 Introduction

Chemistry plays a huge role in improving the quality of life by providing various products,
however this has resulted in the depletion of non-renewable resources and pollution, hence the
introduction of green and sustainable chemistry.! The development of catalytic routes leading
to the synthesis of complex organic molecules, led by both industrial and academic discoveries
of efficient selective catalysts for a wide range of liquid- and multi-phase organic
transformations, has in past years grown tremendously.?® Most of these developments, often
coincide with efforts made by pharmaceutical and chemical industries, who have been in
pursuit of rationalizing the cost of manufacturing and waste disposal in an increasing
ecologically aware and economically competitive market. The area of organocatalysis, which
also has witnessed an immense growth over the years, has received great attention because of
its green chemistry advantages such as its high efficiency, economic feasibility and ecological

sustainability and its analogy to eon-perfected enzyme catalysis.*”’

Due to the rise in demand for optically pure compounds, a lot of work has been done to improve
and develop efficient stereoselective methodologies. For many years, transition-metal
complexes and enzymes have been known to be the only two main classes for proficient
asymmetric catalysis.® It was only a few years ago that a change in this perception occurred as
chemists realized that simple organic molecules could be considered as highly effective and

remarkably enantioselecitve catalysts for various important chemical transformations.®

The primary aim of this project is to catalyze carbon-carbon forming reactions utilizing
peptides as organocatalysts, and we are specifically interested in the aldol reaction, since it is
considered to be one of the most versatile and widely used reactions for the construction of
carbon-carbon bonds in organic synthesis.*"1%12 There has been a huge progress in the
development of enantioselective and efficient catalysts for this reaction, as discussed in Chapter
1.
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In this chapter the following is described: (a) Screening of TP_Asp and TP_ADLYys peptides
for aldol addition reaction catalytic, (b) Catalysis in aqueous media and some common organic

solvents

4.2 Preliminary investigation of the Fructose-1,6-bisphosphate aldolase (FBPA) enzyme
aldol reaction catalysis

In this section we explore the use of the fructose-1,6-bisphosphate enzyme from Rabbit Muscle
Aldolase (RAMA), EC 4.1.2.13, in an aldol reaction. As discussed earlier in Chapter 1, the
fructose-1,6-bisphosphate aldolase enzyme catalyzes the reversible cleavage of fructose to
glyceraldehyde and dihydroxyacetone phosphate (DHAP). There are a number of reports that
cover the class | aldolase from rabbit skeletal muscle, especially the mechanism and the
application in organic synthesis.**® RAMA is known to accept a broad spectrum of aldehydes
as electrophilic acceptor substrates for the aldol reaction but only accepts DHAP or its close
analogues as a donor substrate for the nucleophilic component.!341-1% RAMA was chosen for
this study because is it commercially available, selective and the mostly studied aldolase

enzyme.

There are few available reports on the application of RAMA as a catalyst in organic synthesis.
One such report is by Whitesides and co-workers,!® who reported on D-fructose-1,6-
bisphosphate aldolase as a useful catalyst for the stereoselective aldol reaction between DHAP
and various aldehydes. They demonstrated from their work that cyclic aldehydes yielded low
aldol products when compared to linear aldehydes which produced high yields with a low
catalyst loading (Scheme 4-1).

OH O
RAA&A 2-
H3C OPO;4 2- H3C OPO; A
11%
P Ph OH
" OH (@]
OPO;* RAMA_ = OPO, >
W%
B

NAc OH
11%

Scheme 4- 1: Aldol reaction between cyclic and linear aldehyde and DHAP using RAMA.*®
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The following observations were made regarding acceptable reactions conditions and substrate
tolerance; i) The substituted aldehydes with leaving groups at the B -position to the carbonyl
are appropriate substrates, ii) Aliphatic aldehydes are acceptable substrates but steric hindrance
next to the aldehyde may reduce reactivity and finally, iii) Simple aldehydes, for example,
isobutyraldehyde, are reported to be either poor or unreactive, whereas aldehydes with
unsaturation in conjugation with the carbonyl group are not tolerated.**?°2* Even though
DHAP is commercially available it is expensive, therefore efficient and reliable reaction
conditions method are required in undertaking such reactions.

In the first attempt, we utilized DHAP, butyraldehyde as a donor substrate, a 20%
DMSO/triethylamine (TEA) buffer, 1mg (4.5%10° mol%) of RAMA and the reaction was left
to stir for over 48 hours (Scheme 4-2, reaction 1) while it was consistently monitored by TLC.
A trace amount of the expected product was observed after 48 hours. This may be attributed to
the small amount (4.5x10° mol%) of catalyst (RAMA) used.

A literature review of the successful applications of RAMA in aldol reactions revealed that
RAMA tolerates 10-20% of DMSO (v: v) especially when used with the TEA buffer which
can also assist its activity. In addition, 20% ethanol was also reported as one of the favourable
solvents.'® The reaction medium for this enzyme reaction is very important because of the
sensitivity of DHAP to pH, temperature and chemical instability. A large deviation from the

optimal pH could results in epimerization and breakdown of DHAP. 141718

Further attempts to improve the reaction conditions for the aldol reaction using RAMA were
made by varying substrates (acceptor aldehydes) and co-solvents, (Scheme 4-2, Reactions 3—
6). Linear aldehydes were chosen based on the discussion above that they are favoured over
cyclic or aromatic aldehydes and their reactions are easily reproducible and they are friendly
to use. Tris-buffer was chosen instead of TEA buffer because it was reported in literature, 22
to be an acceptable reaction medium for the aldolase enzyme. DMSO was added to reactions

2 and 6 to assists with solubility of the aforementioned aldehydes.
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Scheme 4- 2: Aldol reactions catalyzed by RAMA using DHAP as a donor ketone: Reaction
1, 1 mg RAMA, 20 % DMSO/TEA buffer (pH 7.0); Reaction 3-6, 3 mg (9.5%x10-5 mol)
RAMA, DHAP (0.05 mmol, 8.5 mg), TRIS-buffer pH 7.6, rt for 24-72 h.

The reactions performed in the TRIS buffer (reactions, 4 and 5) using short chain linear
aldehydes yielded trace amounts of product. Studies have shown that the effectiveness of
DHAP decreases over time in the reaction further hindering the reaction rate.}* Aromatic
aldehydes substituted with electron withdrawing groups were previously reported to be the
most reactive substrates, however they were inactive in this study. Moreover, linear aldehydes
with long chain (reaction 2) proved also to be inappropriate substrates for this reaction. It was
observed that changing the solvent or buffer did not have any major influence in facilitating a
speedy conversion of the aldehyde. The effectiveness of DHAP is proposed to have decreased

over time in enzymatic reaction thus impeding the overall aldol reactions due to its instability
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and thus impeding the overall reaction yield.** Therefore the observed reactions outcomes

(Scheme 4-2) could be caused by low concentrations of DHAP used and its instability.

Most of the reported work in literature for the DHAP dependent aldolases enzymes have
focused on the synthesis of carbohydrates,’®?>?" and there are not many studies on its
application in aldol reactions. This limited the comparison of the results obtained in this work
with those in literature, to provide more plausible rationale of the outcomes. Due to the fact
that both the enzyme and DHAP substrate are expensive, the reactions could not be further

optimized.

The challenges experienced with this reaction include some of the limiting factors experienced
with most enzymes such as they are expensive; they function at a specific pH, and they are also
substrate specific. Hence, there is a need to design catalytic peptide mimics that can be utilized
in organic reactions, that are not necessarily pH depended or substrate specific. The catalytic
activity of the synthesized peptides will be investigated in aldol reactions in the next section.

4.3 Peptides screening and optimization of aldol reactions conditions

The choice of solvent or solvent mixture, plays a crucial role in the optimization of reaction
conditions, as it has a strong impact on the yields and enantioselectivities. Reaction conditions
play a vital role in influencing the reaction kinetics and the evolution of the transition state. For
example, previously reported computational and experimental studies have shown that double
hydrogen-bond interactions with the carbonyl oxygen increase the rate of activation of the
electrophile activation and the rigidity of the transition state rather than a single hydrogen-
bond.?833 Moreover such interactions have the ability to cause an increase in strength and
directionality, enhance enantioselectivity and in addition contribute to the effectiveness of the
catalyst. In non-aqueous solvents organocatalysts use specific hydrogen bonding, charge-
charge and dipole-charge interactions to align the catalyst to the substrate. However in water,
organocatalysts utilizes hydrophobic interactions because the high dielectric constant of water
screens the charge-to-charge interaction and water molecules compete for hydrogen
bonding.®234-3¢ Water molecules are also thought to bring the organic reagents close to each
other, leading to hydrophobic hydration.3*%

The development of environmentally friendly organic reactions is an important aspect in
synthetic chemistry. The use of water ‘as solvent” or co-solvent in chemical reactions has

attracted a lot of attention due to its potential and advantages such as safety, low cost,
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availability, efficiency, reactivity when compared to common organic solvents, and lastly its
impact on the environment that avoids issues of pollution which are inherent with common
organic solvents.>"333738 However it is worth noting that the use of excess amount of water in
reactions often results in low yield and poor selectivity, while a small addition of water can

accelerate the reaction and improves selectivity.> 103843

The use of water in aldol reactions is also propose to alters the catalyst activity by interrupting
ionic interactions and hydrogen bonds which influences stabilization of transition state of the
reaction. Most of the work reported involving the use of water ‘as a solvent or in excess as co-
solvent with other organic solvents in organocatalyst has focused mostly on proline or
substituted proline,!8192223 and short peptides (di-or tri-peptides)>1%44¢ (Scheme 4-3) and
polypeptides catalysts.*” In this current study we anticipate that the designed peptides can be
employed in different organic solvents in a presence of small amount of water due to their
solubility. The peptides completely dissolve in 60% water/40% acetonitrile, therefore, the
effect of water (addition) on the reaction medium and its influence on the catalyst will be
investigated.

OTBDPS, | 01%

OH O
0 0 N
N“YCO,H
H H
+ water(300 mol%)
RT,2d
P2 S 78%
anti:syn=10:1
anti>99%ee
OH O
cat.1(5 mol%), PhCOOH(1 mol%) ©/ké
MeCN/H20(1 1),RT Or OH O
Rl N
O N HN OH | Z
SR S
Pro-5-ASA  COOH major isomers

ee up to 91%.dr 99%

Scheme 4- 3: Water as solvent in organocatalytic asymmetric aldol reactions, (A) Hayashi’s
proline catalyzed aldehyde—ketone aldol reaction in water,? (B) Rahman’s small proline-based

dipeptide in aqueous medium.®
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4.4 Results and discussions

4.4.1 Screening of selected peptides for aldol reaction catalytic activity

The synthesized peptide catalysts described in Chapter 2, were tested for aldol reaction
catalytic activity. As already mentioned in Chapter 2 some peptides were obtained in low yields
and hence they could not be evaluated for catalytic activity. The list of peptides that were tested
are shown in (Figure 4-1). A table detailing all the amino acid sequences and the variations of

the peptides listed has already been provided in Section 2.4.2.2, Table 2-1.

In our first screening reaction, linear aldehydes were chosen for their simple structures that
dissolve in water; and in addition; they were also selected based on the discussion provided
Section 2. 9, regarding the acceptable reaction conditions and substrate tolerance of FBPA
enzymes. Acetone was selected as a solvent since short peptides may perform significantly
better in the aldol reaction medium when acetone (ketone) is used as co-solvent, as reported by
Tang et al,*' and Wennemers et al.*® Furthermore, the solvents system (reaction medium) was
selected based on the possibility of recovering the catalyst at the end of the reaction. Hence the
first reaction utilized acetone as the solvent of choice, with linear aliphatic aldehydes as the

reactant.

TP_Asp TP_Glu

TP_ADLys TP_AspC TP_ADA TP_GDLys TP_GDLysC TP_GDA

Figure 4- 1: A series of selected peptides screened for aldol reaction catalytic activity.
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The test reactions were performed using 3 equivalences of acetone in water and 4 mol% of
peptides (Scheme 4-4), and in addition we had some control experiments, where the same

reactions conditions were used but without the peptide.

(A)-Linear aldehydes with acetone
OH (0]

(0] 4 mol%. catalyst /\)\/U\
) /\)k )]\ HZO r.t,24h

) OH O
(i) \)]\ 4 mol%. catalyst \)\/H\
—_—
H,0,r.t,24h
(B)-Aromatic aldehydes with acetone H O
4 mol%. catalyst /O)\/U\
OoN
H20, r.t, 24 h 2 OH (o)
(i) 4 mol%. catalyst
H,0, r.t, 24 h
Cl

Scheme 4- 4: Aldol test reactions for selected peptides, using (A) linear aldehydes and (B)

aromatic aldehydes with acetone.

The reaction’s progress was monitored by LC-MS, in intervals of 30 min, 3 h, 7 hand 24 h. It
was observed that aliphatic aldehydes were poor substrates as the formation of the product only
occurred after 7 hours, whereas with aromatic aldehydes the product had already formed within
the first 3 hours (Figure 4-2).

Intens. +MS, 10.92min #1297
x10°7

302.3054

0.8
0.6
0.4

0.2 C10H11NNaO4, [M+Na]
79.0217 150.0551 427.2667

2320583 13463206 L
ooty b e

T T
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Figure 4- 2: LC-MS chromatograph depicting the formation of Al product in 3 hours.
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It was astonishing to note that aromatic aldehydes reacted faster than aliphatic aldehydes as
this was a different behaviour compared to the natural FBPA enzyme, which favourably
accepts aliphatic aldehydes as substrates over aromatics. The aliphatic substrates were also not
completely consumed when compared to the aromatics where most of the aldehyde was

converted to the product.

The para-nitro-substituted aldehyde showed better conversion when compared to para-chloro-
substituted aldehydes. There was no formation of product in the control experiments within 24
hours, thus confirming the catalytic activity of the peptides. It is worth mentioning that the
peptide reactions did not go to completion in 24 hours, but however 24 hours was just chosen
as the end for the initial screening. TLC was also used to monitor the qualitative and semi-

qualitative formation of the product.

In the next stage of aldol screening, the activity of cyclic ketones with both aliphatic and
aromatic aldehydes Scheme 4-5 below, was investigated. The control experiments were also
conducted, where the reactions were performed in the absence of the peptide. The reactions
(both the control experiments and peptide reactions) were also monitored in time intervals of
30 minutes, 3, 7 and 24 hours respectively while stirring in the orbital shaker. The formation
of the product was only observed after 7 hours for the aliphatic aldehydes. We propose that this
catalytic system may not be compatible with linear aliphatic aldehydes as they showed slower
reactivity with both cyclopentanone and cyclohexanone. The obtained results were also in
agreement with what is reported in literature.*® There was also no remarkable differences
between the two aliphatic aldehydes (propanal and butyraldehyde). This outcome could also
suggest that the reaction conditions needed to be modified by increasing both the reaction time

and the amount of catalyst to improve the reactivity.
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Scheme 4- 5: Aldol test reaction for selected peptides, using (A) linear aldehydes with
cyclopentanone and (B) aromatic aldehydes cyclopentanone, (C) linear aldehydes with

cyclohexanone, (D) aromatic aldehydes with cyclohexanone.
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Aromatic aldehydes have been widely used in many reports,'® pertaining to aldol reactions,
especially those containing electron withdrawing groups.***%°-52 An electron withdrawing
substituent on aromatic aldehydes accelerates the rate of formation of the enamine intermediate
unlike electron donating groups or unsubstituted aromatic aldehydes.***>2 They showed
moderate results with cyclopentanone and cyclohexanone and rapid formation of products
within the first 30 minutes for the reaction between the aromatic aldehyde and cyclic ketone,

Figure 4-3.
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Figure 4- 3: LC-MS chromatograph depicting the formation of A2 product in 30 minutes.

Cyclopentanone and cyclohexanone are known as good acceptable donors for the aldol
reaction***>®3 and, cyclohexanone is used in benchmark reactions for the development of new
catalysts in most asymmetric aldol reactions. There was no outstanding difference between the
two reactions in Scheme 4-3 (B) and (D), although some reports,> suggest that cyclohexanone
gives better activity than cyclopentanone. It is noteworthy to point out that in all the control

experiments, there was no formation of aldol product within 24 hours.

4.4.2 Concluding remarks

All selected peptides were successfully screened for aldol reaction catalytic activity and
interestingly, they all showed positive results. The aldol reaction between aliphatic aldehyde
and acyclic ketone proceeded at a slower rate, while that of aromatic aldehydes and acetone
proceeded at a moderate rate. This observation suggests that aliphatic aldehydes were poor or
unfavourable substrates and therefore needed longer reaction time and more catalyst. The

peptide catalysts are more active towards both cyclic aldehyde and ketones. The effect of water
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on the yields and enantioselectivity at this point cannot be determined since the product was

not isolated and will be discussed in the next section.

4.5 Optimization of Aldol reaction conditions

4.5.1 Scope of reaction and substrate

Based on the results obtained from the above, the catalytic activity was further explored by
varying the reaction conditions for reaction between acetone and p-nitrobenzaldehyde Table
4-1 (Entries 1-9).

Table 4- 1. Peptide catalyzed aldol reactions between acetone and substituted aromatic

aldehydes?
o]
OH (0]
N O
| H Pep. catalyst X
% i > |

R H,O, rt . P
Entry Catalyst R Solvent Time (h) Yield (%)° ee (%)°
1 TP_Asp 4-NO,  Acetone/H.O 48 16 70
2 2-NO2  Acetone/H>0 48 13 12
3 TP_ADLys 4-NO, Acetone/H,O 48 15 82
4 2-NO,  Acetone/H.O 48 10 7
5 4-Cls  Acetone/H20 48 14 85
6¢ TP_Asp 4-NO, DMSO/H,0 72 Trace -
7 2-NO, DMSO/H;0 72 Trace -
8¢ TP_ADLys 4-NO, DMSO/H;0 72 Trace -
g 2-NO; DMSO/H.0 72 Trace i

 The reaction was performed using aldehyde (0.25 mmol), pep.catalyst (4 mol %),
dissolved in 0.75 mL of 3:1 acetone/water (molar ratio 30:42; acetone/water), at r.t.
for 48 h." Isolated yield. ¢ ee values determined by chiral-phase HPLC analysis. ®
reaction was performed using acetone (0.628 mmol, 50 pL), 0.75 mL DMSO/H20
(0.5173 mL DMSO, 0.237 mL water).
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From the obtained results it can be seen that when acetone/water was used the conversions
were quite low (entries 1-5), despite increasing the reaction time to 48 hours. This outcome
demonstrates the negative effect of water which might be in competition with the donor acetone
in hydrogen bonding. Despite low yields when reactions were performed in acetone and p-
nitrobenzaldehyde, good selectivity with the ee of 70 and 81% (entries 1 and 3) were obtained.
Similar results were reported in literature.3*°? The aldol reactions proceeded slowly with low
yields and good ee’s when performed in acetone (up to 20% yield and 65% ee was obtained by

Cordova et al).®

Poor enantioselectivities (up 12%) were observed when o-nitrobenzaldehyde was used (entries
2, 4), however there was a significant improvement in ee of up 85%, when p-
chlorobenzaldehyde was utilized (entry 5). In another attempt to improve the reaction
conditions while using the same catalyst, acetone/water was replaced with DMSO/H20.
Unfortunately, only traces of the product were detected on the TLC (entries 6-7) and increasing
the reaction time did not improve the yield. Although DMSO is commonly used for most of
the studies reported on aldol reactions,*24353 some studies have shown that acyclic ketones
may be poor substrates in DMSO.>%¢ At this moment the reaction mechanism is unclear and

therefore the transition state is not fully understood for a plausible hypothesis to be suggested.

In the preliminary investigation (Section 4.4.1) it was observed that aldol reactions with
acetone proceeded at a slower rate when compared to cyclic ketones. Thus the reaction with
cyclic ketones were optimized. Cyclic ketones generally have low solubility in water, and
therefore their reactions are normally performed in a biphasic water/ketone system or
heterogenous mixtures comprising a water emulsion or a suspension.*>°6-8 The experimental
results in Table 4-2 below, indicate that a large volume of water (entries 1-3), is not favourable
for the reaction, as the mixture becomes immiscible and this results in the increase in the

reaction time and decrease in the overall catalytic activity of the peptides.>®
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Table 4- 2: Aldol reaction between cyclohexanone and various aromatic aldehydes catalyzed

by peptides?
o) o)
@*H é Pep. catalyst -
| + H,0,rt.
R/ G
R

Entry  Catalyst R Time (h) VYield (%)° ee (%)¢ dr (anti:syn)®
1¢ TP_ADLys 4-NOgy 48 NR - -
oe 2-NO; 48 NR ] ]
3 4-Cl 48 NR ] ]

4 TP_Asp 4-NO2 48 17 7 43:57
5 2-NO2 48 11 9 47:53
6 4-Cl 48 Trace - -

7 4-Br 48 Trace - -

8 4-H 48 Trace - -

9 TP_ADLys 4-NO2 48 15 5 49:51
10 2-NO> 48 13 14 22:78
11 4-Cl 48 Trace - -
12 4-Br 48 Trace - -
13 4-H 48 Trace - -

aThe reaction was performed using aldehyde (0.157 mmol), pep. catalyst (4 mol%), 0.45 mL of
solvent, ketone/water 20:1 (v/v) for 48 h at r.t. ° Isolated yield. ¢ee values determined by chiral-
phase HPLC analysis.? Determined by *H NMR analysis of the crude product. ¢ the reaction was
performed in ketone/water 10:1 (V/v).

Another attempt was made with reduced amount of water and a positive outcome resulted from
this modification (entries 4 and 5). The beneficial influence of reducing water, allows the
dissolution of cyclohexanone consequently creating monophasic system and a homogenous
aldol reaction.*>°® In addition, this also proved that the partition coefficient has somewhat has
an influence in establishing the optimal reaction conditions. Even though this attempt gave
considerably better results, the products were obtained in low yields with poor selectivities for
both aldehydes. Cheng and Luo did similar work whereby the ketone was used in excess as co-
solvent and obtained low selectivities. They further revealed that an acid additive is needed to

attain good stereoselectivity.*® However this hypothesis was not examined in this study, but
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can be considered for future studies. Furthermore, it was also observed that aromatic aldehydes
bearing a halogen group (entries 6-7 and 11-12) required longer reaction time or more catalyst
loading as only trace amounts of the product were observed for both peptides. Similar results
were also obtained in literature,”*® where the halogenated aldehydes yielded no reaction or
required longer reaction time. Between the two nitrobenzaldehydes (para-nitrobenzaldehyde
and ortho-nitrobenzaldehyde), there was an insignificant difference in their yields, but it can
be seen that p-nitrobenzaldehyde is slightly higher than o-nitrobenzaldehyde. This suggests
that due to steric hindrance, the nitro- group which is located at the ortho position might be
unfavourable for the nucleophilic attack.>® There was also no significant difference between
catalytic activity of the two peptides catalyst, due to the fact the yields or selectivity are within

the same range.

4.4.2 Effect of solvents

The effect of various organic solvents was examined with p-nitrobenzaldehyde and
cyclohexanone as substrates. It can be seen from the results, that polar aprotic solvents such as
chloroform (CHCIs) and acetonitrile (MeCN) were not suitable for the peptide catalyzed aldol
reactions (Table 4-3, entries 1, 2,10 and 11) as no reaction occurred even after 96 hours.
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Table 4- 3: Aldol reaction of cyclohexanone and p-nitrobenzaldehyde catalyzed by 4 mol%

peptide catalysts in different solvents 2

H Pep. catalyst

+ H,O/solvent, rt.

O,N O,N
Entry  Catalyst Solvent Time (h) Yield (%) ° ee (%) ¢ dr (anti:syn)¢
1 TP_ADLys MeCN/H.O 96 NR - -
2 CHCIs/H.0 26 NR - -
3 IPA/H,0O 72 <10 - i
4 DMSO 72 12 5 48:52
5 DMF 96 NR -
6 DMSO/H;0 72 16 14 57:43
7 DMF/H;0 96 <Qe - -
8 H.O/DMSO 72 <ge - ]
9 Brine 72 13 39 31:69
10 TP_Asp MeCN/H.0 96 NR - i
11 CHCI3/H.0 26 NR - -
12 IPA/H;0 72 <Q® _ -
13 DMSO 72 11 8 45:55
14 DMF 96 NR -
15 DMSO/H20 72 13 20 63:37
16 DMF/H,0 96 Trace - -
17 H,O/DMSO 72 <7° - -
18 Brine 72 14 12 37:63

2 The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg), cyclohexanone (0.628
mmol, 70 uL), pep .catalyst (4 mol%) and dissolved in 0.75 mL (0.5173 mL solvent and 0.237 mL
water) at r.t ® Isolated yield. ¢ ee values determined by chiral-phase HPLC analysis. ¢ Determined by
'H NMR analysis of the crude product ¢ Estimated by TLC.

Some enzyme catalysts are sensitive towards several organic solvents, in such a way that they
are more unstable in polar water miscible-solvents than in water-immiscible solvents.5%! For
entries 1, 2, 10, and 11 the outcome is attributed to low solubility of the peptide in CHClIs,
causing a decrease in the reaction rate, whereas with acetonitrile the decrease could be caused
by weak hydrogen bonds that it forms with both the peptide and substrate. The reaction in polar
wet protic solvent, particularly isopropanol (IPA), proceeded at a slow rate as only trace

amounts of the product was observed after several days (entries 3 and 12). This outcome may

107



suggest longer reaction times are required for the formation of the product. The aforementioned
solvents were selected in this study because they are readily available in the lab and they have
been reported in literature**? to yield aldol products with high yields and good selectivity.
Although high-boiling organic solvents such as DMSO and DMF are commonly used in aldol
reactions studies they are often considered problematic for large-scale synthesis due to
inconvenient work-up, solvent removal and recovery steps.®! The influence of these solvents

on a small-scale reaction synthesis were then investigated.

As shown in Table 4-3, (entries 5 and 14) when plain DMF was used there was no reaction
even after 96 hours, however when a small amount of water was added (entries 7 and 16) a
trace amount of the product was observed. When plain DMSO was used (entries 4 and 13),
only a small amount of product was isolated. This presumably due to high viscosity of DMSO
or even DMF, it might hinder free efficient interaction between the peptide and substrates.
Although the use of DMSO in proline-catalyzed reactions often yields better results,>*%23 other
reports suggest no reaction or longer reaction time when anhydrous DMSO is applied.>® Other
authors also reported on the aldol reaction between p-nitrobenzaldehyde and cyclohexanone
performed in anhydrous/wet DMSO and obtained good yields and high selectivities (up to
>80% yields and ee).”%4"° Such findings would imply the mode of activity of our peptide in
this system is quite different. Moreover, it can be noted that some promising results were
observed when DMSO/H,0 was used (entries 6 and 15) with the yields of 16 and 15%. It was
also intriguing to observe a considerable improvement in the ee, to 14 and 20% respectively
and moderate diastereoselectivities. These observations also illustrated that the addition of
water to peptide promoted aldol reaction has some effect on influencing both the yields and
stereoselectivities. The presence of small amount of water is proposed to influence the
hydrogen bonding, which then alters the reaction mechanism and stereochemistry.3®* Certain
enzyme catalysts are reported to be less reactive in anhydrous solvents than in water due to
constrained conformational stability.®® For this reason, water is essential in binding to the
surface of the enzyme, to exhibit both conformational flexibility and enzymatic activity. It is
also believed that water affects the hydrogen bonding of the acidic moiety and the backbone of
the peptide transition state, which facilitate highly ordered transition states in aqueous
conditions.*>%% Therefore, we postulate that the role of water in this reaction medium, is of
significant importance in influencing the reaction rate, and therefore improving the hydrogen

bonding for the stabilization of the transition state and ground state of the substrate.
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The reactions were then carried out using higher equivalence of water in DMSO (entries 8 and
17). The reaction still proceeded slowly, causing a decrease in both the reaction rate and yields,
as only trace amounts of the product was obtained. Brine is often applied as an alternative to
milliQ water when investigating the aqueous environment for reaction optimizations, and to
also explore tolerance of catalyst towards the complex aqueous environment. It is reported that
brine influences the reaction to proceed faster than in concentrated organic phase due to salting-
out-effect.®>%” Gryko and co-workers also demonstrated that the use of NaCl can accelerate
the organocatalyzed aldol reaction in water by accelerating the aggregation of the organic
material in concentrated hydrophobic pockets.®® In an attempt to examine these hypotheses, the
reactions were performed in brine solution (entries 9 and 18). It was observed that a brine
solution is able to facilitate the aldol reaction, as yields of 13 and 14% were observed after 72
hours as well as an improvement in both ee% and diastereoselectivity (when employing
TP_ADLYys peptide, entry 9).

In summary, it was proven that the selected peptide catalysts are able to catalyze aldol reactions
in some of the commonly used organic solvents and ketones. Both ketones (acetone and
cyclohexanone) seem to be the most favourable medium for faster reactions than other organic
solvents. The direct aldol reaction between acetone and p-nitrobenzaldehyde yielded no results
in organic solvents. In addition, reactions performed in acetone have longer reaction times with
good enantioselectivies. Halogenated aromatic aldehydes and unsubstituted benzaldehyde
could not be successfully employed as substrates when reacted with cyclohexanone as they
afforded long reaction times with only traces of the product observed. Moreover, these studies
demonstrated that the reactions of aromatic aldehydes bearing electron-withdrawing
substituent were acceptable as they afforded improved yields with moderate selectivities. Polar
aprotic solvents (DMF and MeCN) were inappropriate medium for aldol reactions between
cyclohexanone and substituted aromatic aldehydes. The addition of water to the reaction
medium using either ketone or organic solvents proved to have little effect on the yields and
selectivities. In the next set of experiments for further optimization of reaction to improve the
yields, focus was given to the reactions with satisfactory results in Table 4-4. The catalyst
loading was increased to 8 mol%, while keeping the solvent mixture and reaction conditions

the same.
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4.4.3 The Effect of catalyst concentration (catalyst loading) on the aldol reaction

The first reaction between p-nitrobenzaldehyde and acetone was performed with an 8 mol%
peptide catalyst (Table 4-4, entries 1 and 2). As mentioned earlier a reaction between by
acetone and p-nitrobenzaldehyde forms aldol adducts with high enantioselectivities but the
reaction times are long while the yields are low. Having establish acetone as the best solvent
medium for this reaction, we then investigated the influence of catalyst loading so as to improve
the results in Table 4-1. Unfortunately, increasing the catalyst did not improve the yields, even

after the reaction was left stirring for over 48 hours.

Table 4- 4: Aldol reaction between acetone and cyclohexanone using 8 mol% peptide catalyst?

0
OH O
_|_ )J\ Pep. catalyst
O2N HQO It
O,N

Entry Catalyst Solvent Time (h)  Yield (%)  ee (%)°
1 TP_ADLYys acetone 48 15 93
2 TP_Asp acetone 48 13 91

2The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg) and pep. catalyst
(8 mol %) and dissolved in 0.75 mL of 3:1 acetone/water (molar ratio 30:42; acetone/ water), and
the reaction mixture was stirred for 24 hrs at r.t.® Isolated yield. ¢ee values determined by chiral-
phase HPLC analysis.

The reaction yielded products with good enantioselectivities (up to 93%) but there was no
improvements on the reaction times. As mentioned in Section 4.5.1, there is a lot of similar
results reported in literature where acetone is used in excess or as solvent, and the reaction
affords low yields with good or excellent enationatioselectives.3*°68%-74 Despite much work
done on this reaction, there is not much explanation or emphasis provided for this observation,
even when large catalyst loading of up to 30 mol% was used; there was still longer reaction
times with low yields.

Subsequently, in another attempt to improve the results in Table 4-2 and 4-3, we then
optimized the reaction conditions to investigate the influence of catalyst concentration on the

aldol reaction between p-nitrobenzaldehyde and cyclohexanone. The reactions were carried out
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in a few selected solvents which afforded better results in Table 4-3 and the results are

summarized in Table 4-5.

Table 4- 5: Aldol reaction of cyclohexanone and p-nitrobenzaldehyde catalyzed by 8 mol%

peptide catalyst in different solvents?

o} o}
H Pep. catalyst
+ H,O/solvent, rt.
O,N O,N
Entry Catalyst Solvent Time (h) Yield (%)® ee (%)° dr(anti:syn)
1° TP_Asp Ketone 48 42 20 38:62
2 DMSO 72 21 8 54:44
3 DMSO/H,0 72 25 16 65:35
4 Brine 72 24 37 43.57
5¢ TP_ADLys Ketone 48 40 6 59:41
6 DMSO 72 20 6 58:42
7 DMSO/H,0 72 27 31 64:36
8 Brine 72 23 65 64:36
of Buffer 72 38 80 57:43
Plain
10 (buffer) Buffer 120 Trace - -

8 The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg),
cyclohexanone (0.628 mmol, 70 uL), pep. catalyst (8 mol%), and dissolved in 0.75 mL
(0.5173 mL solvent and 0.237 mL water) at r.t. ° Isolated yield. ¢ ee values were
determined by chiral-phase HPLC analysis.? Determined by *H NMR analysis of the crude
product. ® The reaction was performed in ketone(cyclohexanone)/water 20:1 (v/v). f The
reaction was performed in phosphate buffer (pH 8.0)

Compared to the results obtained with 4 mol%; some noticeable increase in the yields was
observed when cyclohexanone with small amount of water was used (entries 1 and 5), yields
of 40 and 42% for both peptide catalyst in 48 hours were obtained. The reactions further
afforded much improved enantioselectivity and diastereoselectivity for the TP_Asp catalyst,
whereas with TP_ADLYys an ee of 6% was obtained with moderate diastereoselectivity. There
were some notable results in entries 2, 6, when plain DMSO was used, although the reaction
still proceeded slowly it gave moderate yields. In addition, when small amount of water was
added to DMSO (entries 3 and 7), there was a significant improvement of the yields (up to 31%
ee) and diastereoselectivity (65:45). A further increase in the yields was observed when the
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reaction was performed in a brine solution (entries 4 and 8), with quite reasonable ee (up to
65%) and dr (64:36) values were obtained.

The effect of the pH was also investigated. At neutral pH both peptides (TP_Asp and
TP_ADLYys) have a charge of 2.9 and the calculated isoelectric point (plcaiculated) Which is the
pH where the net charge of the peptide is zero found to be 9.6 when determined using a peptide
calculator.

It is also understood that most enzymatic catalytic reactions are dependent upon the pH of the
reaction medium to function efficiently and for obtaining optimal enantioselectivity.” " Based
on this, we then attempted the aldol reaction in buffered aqueous media, using 100mM
phosphate buffer at pH of 8.0. Although the buffering capacity of the phosphate buffer is
reported to be maximal near 7 and low around 9,’® some reasonable results were observed, a
38% conversion, a stereoselectivity (ee) of 80% and a diastereoselectivity of 57:43. High
stereoselectivity has been previously reported for biocatalysts facilitating asymmetric aldol
reactions in buffer solutions (pH=4.0-8.0).”” A pH of 8 was selected because studies have
shown that for the best results the pH must be kept above the peptide’s pl for better stability.
In this study the use of a buffer solutions beyond a pH of 9 is restricted because the aldol
reaction may become base-catalyzed around this pH.”®8 Thus a pH of 8 was selected as a

compromise

In order to ascertain the influence of the buffer, a reaction with the buffer in the absence of the
peptide (entry 10) was conducted and it only showed trace amount of the product after 120
hours. Thus the activity observed (entry 9) could be attributed to the structural conformation
assumed by the peptide in the buffer. According to the results obtained in Chapter 3 the peptide
assumed a random coil structure in a buffered solution and this may result in an efficient
interaction with the substrate and selectivity. Lower pHs were not investigated because the
lysine residue will be protonated and less nucleophilic. The low yield and longer reaction time
observed for entry 9 can be accounted for by poor dissolution of the substrates, since the

reaction was only carried out in an aqueous buffer.

In summary, these findings prove that catalyst loading plays a vital role in influencing the aldol
reaction yields and selectivities. Thus, the concentration of 8 mol% of the peptide will be

chosen as the optimum for further investigation.

* PepCalc.com - Peptide property calculator

112



4.4.5 Catalyst reusability studies

The catalyst was easily recovered at the end of each reaction, through precipitation by adding
diethyl ether (Et.O) to the combined water layers. The catalyst recovery studies were
performed for the TP_ADLYs peptide selected aldol reactions. The summary of the results,
using p-nitrobenzaldehyde and cyclohexanone as substrates are summarized in Table 4-6. The

reactions were similar to the ones reported in Table 4-5 (entries 1-5 and 9).

Table 4- 6: Recovery and reuse of catalyst TP_ADLYys in aldol reaction?

OH O
H Pep. catalyst
+ H,0O/solvent, rt.
O,N O,N

Entry  Catalyst Solvent Time (h) Yield (%)° ee (%)° dr (anti:syn)
1 TP_DLys DMSO 72 Trace - -
2 DMSO/H.0 72 Trace - -
3 Brine 72 Trace - -
4° Ketone 72 Trace - -
5f Buffer 72 13 81 61:39

8 The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg), cyclohexanone
(0.628 mmol, 70 pL), and dissolved in 0.75 mL (0.5173 mL DMSO and 0.237 mL water) at r.t .°
Isolated yield. ¢ ee values determined by chiral-phase HPLC analysis.? Determined by 1H NMR
analysis of the crude product ¢ The reaction was performed in ketone/water 20:1 (v/v)." The
reaction was performed in phosphate buffer(pH 8.0)

The results indicate that the reusability of catalyst was unsatisfactory in DMSO, brine or
ketone, as only a trace amount of the product was observed after 72 hours (entries 1-2 and 3-
4). This suggests the peptide cannot be efficiently reused as there is loss of catalytic activity.
However, when the reaction was performed in a buffered solution, promising results were
observed as yield of 13% was obtained (entry 5), and as already mentioned above, the buffer
at this pH might have an effect in influencing the favourable structural conformation. Despite
a longer reaction time and low yield when compared to the 38% that was obtained from the
first use (Table 4-5, entry 9), the reaction was still achieved in high selectivities of 81% ee and
dr of 81:19. There was trace amount of the product for the control experiment (entry 6)

performed in a buffered solution in the absence of the peptide.
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4.5 Concluding remarks

Peptides that mimic the fructose-1,6-phosphate aldolase can catalyze the direct aldol reaction
and afford moderate yields and selectivity. Aldol reactions between acetone and aromatic
aldehydes afforded low yields of the product (up to 16%), excellent enantioselectivity (up 93%)
and an increase in the catalyst loading did not significantly improve the yield. Aldol reactions
between cyclohexanone and aromatic aldehydes in organic solvents exhibited poor catalytic
activity (25% yield), enantioselectivity (up to 31% ee) and diastereoselectivity (64/36). The
reaction between aromatic aldehydes bearing electron-withdrawing groups in ketone as a
solvent afforded moderate yields (up to 42%), poor enantioselectivity (up to 20%) and

moderate diastereoselectivity (up to 59/41).

Hence, it can be concluded that aromatic aldehydes bearing a halogen group are inappropriate
substrates for the peptide aldol catalyzed reaction while nitro substituted aromatic aldehydes

are acceptable substrates for the peptide-promoted aldol reaction.

The results clearly indicate that the solvent medium has an influence on the catalytic activity.
The addition of small amount of water accelerated the reaction rate which improved the yields,
thus suggesting that the water is compatible with the peptide catalysts. This also shows the
influence of water on the reaction it stabilizes the transition state through the formation of
hydrogen bonds with the catalyst. The aldol reaction promoted by brine solution, proved that
the salting out effect can accelerate the reaction rate and improve the yield, enantioselectivity
and diastereoselectivity. The 100 mM phosphate buffer (pH of 8.0) solution yielded products
with good enantioselectivity and this was attributed to the structural conformation that the

peptide adopts in the solution.

There are strategies as discussed in Section 1.8.1 that can improve catalytic activity and
enhance the conformation entropy of short and polypeptides. Hence, in an effort to further
improve on the yields, the peptides were immobilized on gold nanoparticles and the results are

reported in the next chapter.
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Chapter 5

Peptide-capped AuNPs as catalyst for direct aldol reaction

5.1 Introduction

Nanoparticles (NPs) have gained a lot of attention in recent years, with wide applications in
sensing, drug discovery, novel therapy, catalysis and in control of protein structure and
activity.X The term nanoparticles refers to a particle of any material having dimensions of 100
nm or less, and properties that can distinguish it from the bulk material based on the size and
surface effects.3° In this study we are interested in gold nanoparticles (AuNPs) because of
their size-and shape-depended properties and also they are easy to synthesize and modify. In
addition, AuNPs can be simply functionalised using biomolecules possessing amines or thiols
and phosphine moieties.?3°

As mentioned in Chapter 4, a high organocatalyst loading of up to 30 mol % is required for
most of the asymmetric reactions in organic synthesis and this often presents challenges such
as; purification of products and difficulties in separation of catalyst recovery from the reaction
mixture.” Hence there is a need to recycle and re-use catalysts to ensure cost and environment
friendly catalytic processes. The immobilization of catalysts onto solid-carriers have shown

some impressive results.3-1

AuNPs conjugates with a monolayer of cysteine-containing peptides are known to have
excellent molecular recognition and catalysis properties.***? Peptides functionalized onto the
surface of the gold nanoparticle have also been shown to form new functional nanoparticle

with enzyme-like structure and properties.t14

Designed peptides which are smaller and more robust than natural proteins make it simpler to
facilitate convenient site-specific incorporation of functional groups for further modification
and direct immobilization. In order to effectively employ NPs for biocatalysis, it is vital to have
an understanding of the interactions of the amino acids with NPs. The conjugation of
polypeptides to NPs has the ability to influence both the function and the structure, and this
effect depends on the sequence of the peptide.® The coupling of peptides to AuNPs could also
lead to more compact or extended structures depending of the amino acids sequence of the
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peptide.*>*" Furthermore, common properties influencing the adsorption behaviour of peptides

includes, their size, net charge, stability of folded domain; and conformation.'8%°

5.2 Affinity of peptides towards gold nanoparticles (AuNPS)

The key factors to consider in the immobilization of peptides onto gold nanoparticles are a
compatible environment or surface for conjugation and an understand of the interaction
between peptide and NPs. Amino acids are regarded as suitable agents for conjugation to gold
nanoparticles. This is as a result of the presence of different functional group such as, -NHa, -
SH that have strong affinity for the gold surface.’®*?' Some of these amino acids are known to
interact with the gold surface specifically through their side chains. They are also thought to
attach to the surface of neighbouring AuNPs through hydrogen bonding leading to the
aggregation of linear structures.'®?° Cysteine is mostly likely to bind to the AuNPs through its
thiol (~SH) group (Figure 5-1), and this bond is formed by the ligand exchange reaction

between cysteine and citrate capped gold nanoparticles.?!??
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Figure 5- 1: Proposed structure of TP_ADLYys peptide bounded to AuNP with its two cysteine

residues.

The surface atoms of gold nanoparticles are known to be electrophilic, and therefore have a
strong affinity for nucleophiles such as sulfur.?® The cysteine sulphurs have a high affinity
towards gold nanoparticles and its assembly effect can be attributed to the zwitterion type
electrostatic interaction between the charged amine and acid group of cysteine molecule.?! The

125



designed peptide sequence in this study takes into account such special features, with cysteine
residues at the end of each) terminus, [C(-COOH) and N(-NH2)] of the peptides. The studied
peptide sequence possesses amino acids with hydrophobic side chains, [Alanine (A) and
glycine (G)]; which are known to also promote self-assembly and stability of peptide in water.?*
These hydrophobic interactions together with hydrogen bonding of the amides backbone, are
thought to provide efficient packing of the molecules on the NPs surface. In addition, such high

molecule density on the NPs reduces molecules mobility thus promoting stability.?*2°

To date, most of the work reported in literature involves immobilization of enzymes onto gold
nanostructures in an attempt to improve enzymatic activity, stability and to change substrate
specificity?®2° or create enzyme mimics.31430 Studies involving conjugation of peptides to
AUNPs have been focused on the detection of heavy metals,"3? and on biomedical applications
for drug delivery and cellular uptake.*3-% However, little has been reported on peptide-AuNPs
regarding organic synthetic reactions,®®3” and not much research has been conducted on

peptide-capped AuNPs as for aldol reactions.*

In this chapter, we investigate the synthesis of gold nanoparticles conjugated to a catalytic
cysteine-containing polypeptide (TP_ADLYys). The catalytic activity and stability of the
peptide-capped AuNPs will also be investigated on asymmetric aldol reaction. We envisage
that the peptide-capped AuNPs, will produce a defined conformational peptide structure to

improve catalytic efficiency, catalyst recovery and reduce the need for high catalyst loading.

5.3 Results and discussions

5.3.1 Synthesis and functionalization of AUNPs

Gold nanoparticles are generally synthesized by the reduction of hydrogen tetrachlorocuprate
(HAUCI4), using a reducing agent such as trisodium citrate or NaBH4.8:3%40 |n this study citrate
was chosen for the preparation of AUNPs. The reduction of gold chloride (I11) using citrate has
few advantages such as: the citrate can be readily replaced allowing easy functionalization of
the particle and also the biomolecules (include peptides or proteins containing thiols amine and
phosphine moieties) can be used for functionalization since the synthesis is performed in an
aqueous medium.**® In addition, citrate stabilized NPs are well-suited for application
involving biomolecules since they are easily dispersed in water.*4#® The gold nanoparticles

were synthesized by addition of various ratios of citrate solution to aqueous solution of
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HAUCIy4, as described in detail in Section 7.2. Different volumes of citrate solution were added
to obtain different sizes of AuNPs and to also investigate the efficiency of the reductant which
mostly depends on its concentration.*” The reduction of gold salt (Au**) to Au® was verified by
the appearance of colour change from pale yellow to pink/red (Figure 5-2), thus indicating the

activation of nucleation and growth. The colour changes during the reaction, are related to the

48,49

reaction kinetics of AUNPs synthesis.

Figure 5- 2: An image of a reaction mixture changing colour, due to the addition of the citrate

solution, from (a) pale yellow to (b) pink/red.

The poor interaction between the surface Au metal and the terminal carboxylic group of citrate
molecule, permits easy postsynthetic treatment and further functionalization by binding to
biomolecules (e.g. peptides).’® Hence, after successful synthesis and characterization of
AUNPs, they were immobilized on the uncyclized polypeptide (TP_DLys) having two free thiol
groups on both ends. The functionalization was performed by varying both the volume of gold
solutions and peptide concentrations, and this was confirmed by colour change from pink/red

to pale pink solution.
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5.3.2. Characterization and instrumentation

5.3.2.1 UV-vis spectrophotometry

Once the stable NPs were generated, they were investigated using various techniques. Initially,
the optical properties of both the gold colloidal solutions and peptide-conjugated gold were
monitored using UV-vis spectrophotometry. The electronic property of AuNPs, localized
surface plasmon resonance (LSPR) confers a convenient preliminary indicator for surface
functionalisation.?® The LSPR observed wavelength (ALspr) mostly depends upon the shape,
size and distance between the adjacent nanoparticle and it is also affected by the changes in the
dielectric environment.>! For every run, the spectra background was corrected using milli-Q
water since both samples were prepared in the same solvent system, so that the observed
absorbance arises only from Au®* nanoparticle and the Au®*/peptide complex. The UV-vis
absorption spectra of AuUNPs and peptide-conjugated AuNPs are presented in Figure 5-3. The
concentration of the peptide used for UV-vis and TEM analysis was 1.5 mol%. The absorption
profile obtained for citrate capped-AuNPs reveal a damped localized LSPR band peaking
around 518, 520 and 523 nm for AuNP-20, AuNP-30 and AuNP-50 respectively, thus
confirming the formation of quasi-spherical AuNPs. T This is due to the effect of collective
oscillations of conducting electrons when interacting with the electromagnetic radiation.>
Furthermore, the magnitude of the shift differs with both the refractive index of the adsorbed
layer and its thickness.>*** The gradual increase in shift of the AuNPs as the citrate volume
increased, further demonstrated the dependence of LSPR on the size of the nanoparticle.

Literature reports that a higher citrate ratio affords nanoparticles with smaller particles size.>®

* AUNP-20—Denotes labelling for AuNPs using 20, 30 or 50ml citrate; AUNP-20P denotes labelling for peptide
coupled to AuNPs using 20 ml citrate volume.
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Figure 5- 3: UV-vis absorption spectra showing LSPR band for citrate-capped AuNP (black
line) and peptide-AuNPs (red line).

When particles were capped with peptides, a broader absorbance shoulder is seen with a strong
plasmon band at 605, 600, 595 nm for AuNP-20P, AuNP-30P and AuNP-50P respectively.
The large LSPR shift observed suggests a strong interparticle interaction, confirming the
conjugation of peptide to AuNPs. Additionally, this shift is due to the change in refractive index
in the vicinity of the particle surface during the immobilization of the peptide.*® The broader
surface plasmon also indicates the change in dielectric constant which is attributed to the
agglomeration of the nanoparticles. A change in dielectric environment close to the particles
surface is thought to cause changes in the resonance conditions, which consequently gives rise
to a shift both in the intensity and LSPR peak. Agglomeration is often caused by the
intermolecular forces between the nanoparticles and peptide. These results further suggest the

formation of more anisotropic nanoparticles due to broader size distribution.5®%
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5.3.2.2 Transmission electron microscopy

TEM imaging and analysis is a technique used to determine the nanoparticle size formation
and morphology such as changes in shape and diameter. Figure 5-4 shows the TEM images of
citrate capped-AuNPs and peptide functionalized AuNPs. The images of the citrate capped-
NPs shown in Figure 5-4 (a)-(c) reveal roughly quasi-spherical particles in shape with a fairly
narrow size distribution. Furthermore, the results also indicate that the particles are
polycrystalline in nature. It can be observed that upon functionalization of the peptide, the
particles are fairly dispersed because of the ionic nature of the peptide surface, causing a slight
electrostatic repulson of the individual particles (Figure 5-4 (d)-(f)).

7 -. 4
: J - "
: ;
. "'.‘9‘. . "
NP-20P ’ ' AlNP-30P °
u L ,J o AlNP-30P

Figure 5- 4: TEM images for citrate-AuNPs and peptide-capped AuNPs (a) AuNP-20, (b)
AUNP-20P, (c) AuNP-30, (d) AuNP-30P, (e) AuNP-50 and (f) AuUNP-50P.

Figure 5-5 below depicts, the particle size distribution histograms of the citrate-AuNPs (a)-(c)

and peptide functionalized AuNPs (d)-(f), used to measure the average diameter.
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Figure 5- 5: Particle size distribution of citrate capped AuNPs and peptide-functionalised

AUNPs obtained from TEM images.
of the average size of the particles and how they differ. The summary of average particle size

The particle size distribution was obtained by measuring the average of at least 100
nanoparticles per image, using Image J software. Histograms provide a visual representation
and diameter are given in Table 5-1 below. The nanomaterials produced using 0.04 M of 20-,
30- and 50-mL of citrate has an average diameter (+ one standard deviation) of 16+2.8, 16+4.74
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and 13.5+2.9 nm, respectively. A relationship between the surface to volume ratio can be seen,
as there is infinitesimal decrease in the average size as the citrate ratio increases. This effect
can be attributed to a slight agglomeration of nanoparticles (Figure 5-3) prior to
functionalization which can results in slow substitution reaction of the citrate.>® One of the
contributing factors leading to aggregation is high surface area to volume ratio which leads to
thermodynamically unstable small Au clusters, as reported in literature.**>° Moreover, other
studies postulate that aggregation is due to van der Waals forces and the tendency of Au(lll)

complexes to attract metallic Au surfaces.3%6061

It is reported that large-surface to volume ratio of small-sized AuNPs facilitates the basis for
the high adsorption capacity for peptides.® There was an interesting change in trend on the
average particle size upon the conjugation of peptide, Table 5-1), as it can be seen that there
was a decrease in average diameter from 13.5+3.15-11.9+2.47. The observed results were
consistent with what is reported in previous studies. This observation suggests that the binding
affinity plays a vital role in governing the interactions between peptide and growing particles.
The mechanism can also be explained in terms of the effect called “bridging flocculation, and
this describes the binding of a peptide molecule to more than one particle at a time.%? The
chelate formed between the sulfhydryl group of the cysteine residue of the peptide and Au3*
can also restrict growth of AuNPs by prohibit further nucleation of the free remaining gold

i0n3.47'63’64

Table 5- 1: The average size and standard deviation for produced nanoparticles

Sample Name  Average diameter (nm)

AuNP-20mlI 16+3
AuNP-Pp-20ml  15.8+2.8
AuNP-30mlI 16+4.75
AuNP-Pp-30ml  15+3.75
AuNP-50ml 13.5+£3.15
AuNP-Pp-50mI  11.9+2.1
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5.3.3 Peptide-capped AuNPs as asymmetric aldol reaction catalyst

5.3.3.1 Catalyst screening

In this section, the catalytic activity of the previously synthesized Peptide capped-AuNPs is
investigated. The advantages of using water as solvent has been mentioned before in Section
4.2.

Literature reports that factors such as pH solution, ionic strength and composition of buffers
can influence the interaction between peptides molecules and gold nanoparticles leading to
irreversible aggregation when subject to centrifugation. This occurrence is explained in terms
of the net charge and isoelectric point of the peptide.*>6255-88 Studies have also shown that
when the pH of the solution is kept below the isoelectric point (pl) of the peptide it will induce
the irreversible particle aggregation but, when the solution pH is kept above its pl, it will enable
controlled particle stability.526%¢7 As discussed, in Section 4.4.3, at neutral pH the peptide has
net charge of 2.9 and calculated isoelectric point of 9.6. The use of buffer solutions beyond a
pH of 9 is restricted because as indicated in Chapter 4 the aldol reaction may become base-

catalyzed around this pH. Thus a pH of 8 was selected.

The peptide was immobilized to AuNPs in deionized water and aldol reactions were performed
using the same aqueous solution in which the peptide capped-AuNPs were suspended in. The
advantages of water-based strategies for the synthesis of AuNPs include; the possibility of
immobilizing AuNPs in a variety of biomolecules (proteins, peptide, Abs(antibodies), etc.). In
contrast, albeit in organic based synthetic methods NPs can be produced with better size control
with quality nano-crystals but the functionalization of NPs to biomolecules is not possible in
this medium. This is attributed to poor stability and dispersion of nanoparticles in this
medium.%%-"2 In addition, synthesis of AuNPs in this medium is often followed by stabilization
with phosphine ligands,”" organoamines’’® and alkanethiols,””:’® which might hamper the
application in this study since peptides will be used as conjugates. Thus, the synthesis of
peptide-supported AuNPs in this study was conducted in aqueous solutions. The centrifuged
solution of AuNPs was divided into 3 aliquots of 10 mL. Each aliquot was further divided into
fractions of 1.5, 1.0 and 0.5 mL and added to different peptide concentration of 1.5, 2.8, 4.0
and 6 mol% and stirred for 3 hours at room temperature to allow the complete exchange of

citrate with thiols on the particle surface. The ruby-red colour changed to a pale red colour and
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the excess non-immobilized peptide was decanted with supernatant after centrifugation at 1500

rpm for 15 min.

The activity of the functionalized peptide-AuNPs was investigated using the benchmark
reaction between p-nitrobenzaldehyde and cyclohexanone and the results are summarized in
Table 5-2.

Table 5- 2: Aldol reactions screening of p-nitrobenzaldehyde and cyclohexanone catalyzed by

peptide-supported AuNPs?

Pep. catalyst

" + AuNPs Sol, r.t. =
O,N O,N
Entry Citrate vol. Vol of Pep.catalyst ~ Time (h)  Yield (%) ee (%)
(ml) AUNPs (mL) (mol%)

1 15 15 96 NR -
2 10 1.0 2.8 96 NR -
3 0.5 4.0 96 NR -
4 15 15 96 NR -
5 20 1.0 2.8 96 NR -
6 0.5 4.0 96 NR -
7 15 1.5 96 NR -
8 30 1.0 2.8 96 Trace -
9 0.5 4.0 96 Trace -
10 1.5 1.5 96 Trace -
11 50 1.0 2.8 96 Trace -
12 0.5 4.0 96 Trace -

The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg),

cyclohexanone (0.628 mmol, 70 pL), dissolved in 1.5 mL, 1.0 mL and 0.5 ml of AuNPs

solution
Repeated centrifugation of the mixture allowed for the removal of excess non-immobilized
peptide. The catalytic activities were initially investigated with AuNP-20, AuNP-30, AuNP-50
mL and different peptide concentration. Regrettably, due to aggregation of AuNP-peptide
conjugates at this concentration as seen in Figure 5-3d, no product was observed after 96 hours,
when using 10- and 20-ml citrate-gold ratio (entries 1-6).
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Subsequently, when reactions were performed in 30-and 50-ml citrate-gold ratio, trace amount
of the product was observed (entries 8 to 12). Since an increase in citrate-gold ratio results in
small nanoparticles size that interacts with the peptide to form conjugates (Figure 5-3f) that
evenly disperse and can efficiently interact with the substrates. Due to poor solubility of the
substrates which was assumed to contribute to the unfavourable results, further optimization of
the reaction conditions will be discussed next. Different solvent media were used and the

peptide concentration was increased.

5.3.3.2 Optimization of reactions conditions

The use of a ketone (cyclohexanone) as a solvent has been shown to promote aldol reactions
more efficiently than organic solvents in this study and elsewhere (this has been discussed in
detail in Section 4.4.2, Table 4-2 and 4-5). Importantly, DMSO as solvent has also been shown
to be an effective solvent in the catalytic aldol reaction as already discussed (see Section 4.4.2,
Table 4-3 and 4-5). Thus, for a better comparison of the results between unsupported and
supported peptide catalyst, the aldol reaction between p-nitrobenzaldehyde and cyclohexanone
were carried out in DMSO and cyclohexanone as solvents. The results obtained are

summarized below in Table 5-3.
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Table 5- 3: Aldol reactions between p-nitrobenzaldehyde and cyclohexanone catalyzed by

peptide-supported AuNPs?

0] 0]
Pep. catalyst
H >
+ solvent/AuNPs, r.t.

Entry  Citrate  Solvent Peptide.cat Time Yield ee (%)° dr (anti:syn)
vol. (ml) (mol%)  (h) (%)°
1 4 96 Trace — —
30
2 6 96 Trace — —
Ketone?
3 4 96 Trace — —
50
4 6 96 15 26 26:74
5 4 96 Trace — —
30
6 6 96 16 51 62:38
DMSO®
7 50 4 96 15 48 46:54
8 6 96 17 20 44:56
9 20 6 72 21 72 57:43
10 30 Buffer' 6 72 39 94 59:41
11 50 6 72 44 78 56:44

®The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg), 0.5 mL of
cyclohexanone/AuNPs solution. ° Isolated yield. ¢ ee values determined by chiral-phase
HPLC analysis.? Determined by 1 H NMR analysis of the crude product. © the reaction was
performed using ketone (cyclohexanone) (0.628 mmol, 70 pL) in 1 mL DMSO, "reactions
were performed using buffer solution in AuNPs solution (1:1) at r.t.

When the reactions were performed in a cyclohexanone/AuNPs system, only a trace amount of
the product was observed, Table 5-3, entries 1 and 2. This outcome could be attributed to the
low solubility of cyclohexanone in agueous AuNPs solution, creating a biphasic system thus
compromising the catalytic efficiency. Although poor yields were obtained when the reactions
were performed with AuNP-Pp-50ml (entry 4) in cyclohexanone, the effect of AuNPs size on
the selectivity of the reaction is notable. In the absence of a supported catalyst (Table 4-2 entry
5), lower ee of less than 7% were obtained whereas with the peptide-AuNPs the
enantioselectivity has improved and the ee of up to 26% were obtained. Moreover, there was

an improvement in yields when wet DMSO was used, Entries 6, 7 and 8. These findings further
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demonstrate that increasing the peptide concentration and modifying the solvent system can

lead to an improvement in catalytic efficiency, albeit longer reaction time.

The biocatalytic performance for the AuNPs-peptide catalyzed aldol reactions was further
evaluated in a buffered solution (entries 9-11). There was a significant improvement of both
the yields (up to 42), enantioselectivity and moderate improvement of the diastereoselectivity
(59:41) for the aldol reactions in buffered solutions. The influence of the solution is known to
influence the controlled stability of the AUNPs and particles. >®56%7°80 Fyrthermore, in Chapter
3 it was demonstrated that the peptide adopts a different conformation in a buffer solution and
therefore the improvement in selectivity was attributed to the slight conformational change of
the peptide resulting in proficient interaction of the substrate or stabilization of the reaction
intermediates.?”?281Studies have also shown that the gold to thiol bond (Au-S) changes from

coordinate to a covalent bond in alkaline pH.?3#2

In general, aldol reaction catalyzed by peptide-capped AuNPs produced aldol products with
enhanced enantioselectivity and diastereoselectivity compared to the unsupported peptide
catalysts in Chapter 4. These results were inconsistent with what is reported in literature by
Soti et al.,® where unsupported proline catalyst yielded high selectivity compared to the
proline-supported AuNPs. Although there was an improvement in selectivity of the aldol
product, it was unfortunate that the conjugation of peptide to AuNPs did not significantly
improve the catalytic activity of the peptide even after an increase in the catalyst loading.
Literature reports that, the polypeptide with a defined confirmation may lose structure as a

consequence of its interaction with the metal surface.’®

The synthesized peptides exist in approximately four conformations as reported in chapter 2
and it is possible that the conjugation of the peptide caused a change in structure of the more
active conformation. The newly formed conjugated conformation has a more defined shape
which results in better selectivity. Multiple interactions formed between the peptide and the
interface, are thought to have a significant influence on the conformation of the peptide
backbone. 183

5.3.3.3 Catalyst recyclability studies

In order to investigate the reusability of the peptide-capped AuNPs, Et.O and C2HsOH were
added to the filtered aqueous layers obtained after extracting the crude product. The mixture

was further centrifuged smoothly at 500 rpm once for 10 min and the AuNPs were recovered
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after decantation. Table 5-4 gives a summary of the results obtained from the recovered
catalyst. These results suggest that AUNPs were not effective in facilitating the recovery of the
catalyst as there was still mass loss; about 4-5 mg was recovered from 11.5 and 16.4 mg of the
peptide initially used. Studies have shown that the decrease or loss of activity when recycling
AUNPs supported catalyst be attributed to the irreversible aggregation of the nanoparticles

during to extraction step.”?’

Table 5- 4: Recovery and reuse of peptide capped AuNPs?

rec. catalyst

>
+ solvent/AuNPs, r.t.
02N O2N
Entry Citrate Solvent  Time (h) Yield (%) ee (%) dr (%)
conc.(ml)

1 50 Ketone 96 traces - -
2 30 DMSO 96 traces - -
3 50 DMSO 96 traces - -
4 DMSO 96 traces - -

®The reaction was performed using p-nitrobenzaldehyde (0.157 mmol, 24 mg), 0.5 mL of
cyclohexanone/AuNPs solution. ® The reaction was performed using cyclohexanone
(0.628 mmol, 70 pL) in 0.75 mL DMSO/AuUNPs solution at r.t.

5.4. Concluding remarks

In summary, the synthesis, characterization and catalytic activity of peptide-capped AuNPs
was demonstrated. The nanomaterials were generated using a simple reduction approach while
varying the gold-citrate ratio. It was observed that the nanoparticles were quasi-spherical in
nature with a relatively narrow size distribution. Small size nanoparticles of approximately 12
nm (50 mL citrate), could serve as promising candidates for efficient peptide-conjugation. In
comparison to the unsupported peptide catalyzed aldol reaction between p-nitrobenzaldehyde
and cyclohexanone (Table 4-5), peptide-capped AuNPs afforded aldol products with improved
enantioselectivity (up to 51%) and moderate diastereoselectivity (62:38). The use of buffered
solution proved to enhance both the catalytic activity and selectivity of the peptide-AuNPs
catalyzed aldol reaction. This was explained in terms of the slight change in conformation of
the peptide-AuNPs resulting in efficient interaction with the substrates. When reactions were

performed in cyclohexanone and DMSO as solvent there was no improvement of both the
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catalytic activity and reusability of the catalyst. This outcome was attributed to the random coil

structure of the peptide which could have caused weak interactions with gold surface

As previously mentioned, a lot of reported work on aldol reaction catalyzed AuNPs supported-
catalysts have been mostly on proline and this therefore limited the amount of comparable
available data to provide plausible mechanisms. Due to time constraints and challenges
mentioned on the reproducibility of the peptide catalyst, no further modifications on the

peptide-capped AuNPs and the aldol reactions conditions could be performed.
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Chapter 6

Conclusion and recommendations

The main aim of this study was to design and synthesize aldol reaction catalyzing peptides
based on the sequence, structural conformation and activity of the Fructose-1,6-bisphosphate

aldolase enzyme.

Novel catalyst peptides were successfully designed, synthesized, and characterized. The
synthesis of peptide catalysts consisting of all D-AAs presented some challenges during
synthesis, cyclization and purification, thus they were obtained in low yields. This was
attributed to the possible folding of the growing peptide chains, thus compromising the
coupling efficiency. Therefore, for future studies it is recommended that computational studies
and full NMR elucidation of the peptide in this study be obtained to determine the 3D
conformation and structure activity relationship before the design of new peptides and synthetic
routes. Once the 3D conformation is known, the regions with high folding can be synthesized

as separate short peptides to avoid deletion sequences.

With the aid of NMR and CD the possible conformations and secondary structural features of
TP_Asp and TP_ADLYys were successfully elucidated. The folding patterns of TP_Asp and
TP_ADLYys were influenced by the solvent used as revealed by CD experiments. CD studies
further demonstrated that TP_ADLYys and TP_Asp peptides exist as random coils that deviate
to beta-sheet and a-helical conformations in solution, respectively. Long- medium- range
NOEs were used to determine structural conformations. Currently the information that was
obtained for the HMBC and HSQC spectra from a 500 MHz instrument provided limited
complementary information for secondary structural elucidation. For future NMR studies, an
advanced NMR instrument such as 600 or 700 MHz should be used to acquire good quality 2D
spectra to provide a conclusive secondary structure of peptides. Molecular dynamics (MD)
simulation protocol should also be incorporated to obtain a complementary information

regarding the folding of the peptides.

The catalytic peptides were tested for asymmetric aldol reaction catalytic activity and they
showed activity towards a selected range of substrates including aliphatic and aromatic

ketone/aldehydes. Reaction between acetone and aromatic aldehydes afforded aldol products
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with low yields and good enantioselectivities (85-93%). Aldol products between aromatic
aldehydes with cyclohexanone were obtained with low yields and selectivities. Selected
organic solvents were found to be acceptable, offering aldol products with low yields, poor
enantioselectivities and moderate diastereoselectivities. The addition of water proved to
significantly improve the reaction rate and selectivities, and it was further demonstrated that
the buffered solution achieved aldol products with very high ee and moderate
diastereoselectivity. It is also worth highlighting that there was no significant difference
observed in the catalytic activity between the aspartic acid containing peptide (TP_Asp) and

glutamic acid containing peptide (TP_ADLYys).

The synthesis, immobilization and catalytic performance of peptide capped AuNPs with a
range of sizes (16, 15 and 12 nm in diameter) obtained by varying citrate ratio was
demonstrated. AuNPs with quasi-spherical shape and narrow size distribution as suggested by
TEM were obtained. Aldol reaction between p-nitrobenzaldehyde and cyclohexanone
catalyzed by peptide-capped AuNPs was evaluated. Conjugating the catalyst onto peptide
AuNPs did not enhance activity and reusability. However, a significant improvement in the
selectivity was observed. These findings were associated with the change in peptide structure

caused by the interaction of the peptide with AuNPs.

Smaller particles were observed to yield better results therefore a new approach utilizing
stronger reducing agents such NaBH4 that can produce monodisperse particles with smaller
particle size should be investigated. Protocols which use stabilizing molecules in the synthesis
of peptide-support AuNPs such as the Brust-Schiffrin (BS) synthesis should also be considered.

We have demonstrated the application of novel peptides in the catalysis of the commonly used
benchmark aldol reaction between acetone and p-nitrobenzaldehyde with low yields but good
enantioselectivities. The synthesized peptide had lower activity and selectivity when compared
to the previously reported proline-based catalysts, but our findings provide information on the
structural/conformational design and properties of the peptide catalysts. This information will

be used in the design of peptidomimetic catalysts with an activated lysine.

Future work should involve computational studies to determine a plausible mechanism,
structure of the transition state and the most active structural conformation of the peptide

catalysts. This will assist in the optimization of the reaction conditions for future reactions.
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Chapter 7

Experimental Procedures

7.1 Materials and methods

All solvents and reagents were obtained from commercial sources. Reagent used in the peptide
synthesis such as diisopropylethylamine (DIPEA), piperidine, triisopropylsilane (TI1S), formic
acid, trifluoroacetic acid (TFA), 1,2-ethanedithiol (EDT) were purchased from Sigma-Aldrich
South Africa, while Fmoc protected amino acids, (2-(1H-benzotriazol-1-yl-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), 1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HBTU), Rink amide MBHA
were purchased from DLD scientific. Organic solvents such as dimethyl formamide (DMF),
methanol, acetonitrile, hexane, dimethyl sulfoxide and diethyl ether were supplied by Radchem
and Pyramid Scientific. Solvents for column chromatography (ethyl acetate and hexanes) were
purchased from Protea Chemicals (South Africa) and distilled before use to remove non-

volatile components.

7.2. Instrumentation and general techniques

Peptide synthesis: peptides were synthesized on an automated Protein Technologies, Inc PS-

3TM peptide synthesizer.

Purification of the peptides was achieved via an Agilent 1260 Infinity semi-preparative HPLC
system with a UV/VIS detector and an automated fraction collector on a Kinetix® 5 um B-
C18, 100 A (250 x230 nm) column. A two-buffer system was employed; Buffer A consisted
of 0.1% formic acid in H20O and buffer B consisted of 0.1% formic acid in CH3CN. A flow rate

of 20 ml/min or 15 ml/min and UV wavelengths of 215 and 254 nm were utilized.

Analytical LC-MS analysis was carried out on an Ultra High Performance Liquid
Chromatography (Thermo Scientific Ultimate 3000, RS diode array detectors)-High
Resolution Mass Spectrometer (Bruker Compact quadruple time of-flight) coupled to Diode
Array (215 and 254 nm). A two-buffer system was employed with a flow rate of 0.3 ml/min on

a C18 column (5 pm, 100 A, 4.60 mm x 150 mm). The buffer system utilized formic acid as
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the ion-pairing agent, solvents-A (water with 0.1% formic acid) and solvent-B (acetonitrile

with 0.1% formic acid acid).

Analytical thin layer chromatography (TLC) plates (0.2 mm silica gel 60 with fluorescent
indicator UV2s4) were obtained from Sigma-Aldrich. Aldol reactions were monitored using
TLC and further visualization was done by staining with potassium permanganate (KMnOa)
solution followed by heating. The compounds were purified using column chromatography on
normal silica gel (particle size 0.063-0.200 mm) and flash silica gel (particle size 0.040-0.063)
purchased from Merck. Ethyl acetate and hexane were used as eluting solvents. Solvent ratios

are reported as (30/70; volume by volume)

The enantiomeric excess (ee), was determined by chiral high performance liquid
chromatography (HPLC) analysis on a Dionex HPLC Ultimate 3000 instrument
(CHROMELEON version 6.80 software); coupled to a pump and photodiode array detector. A
Lux 5u cellulose-2 column was used for the analysis with hexane and isopropy! alcohol (IPA)

as the mobile phase. Detailed solvent ratios are outlined in the experimental section below.

H-NMR spectra were recorded on a Bruker Avance 300 MHz, Bruker Avance 400 MHz and
on Bruker 111 500 MHz spectrometer. The chemical shifts (3) values are reported in parts per
million (ppm) relative to deuterated chloroform (CDClIs, 7.26 ppm) and dimethyl sulfoxide
(DMSO-gs, 2.49 ppm) and referenced against the internal standard, tetramethylsilane (TMS,
0.00 ppm). The spectra were analyzed as first order and the values of the coupling constant (J)
are reported as Hertz (Hz). Multiplicity of signals are expressed as: s=singlet, br s=broad

singlet, d=doublet, dd=double doublet, t=triplet, q=quartet, m=multiplet.

13C-NMR spectra were recorded on Bruker Avance 300 MHz, Bruker Avance 400 MHz and
on Bruker 111 500 MHz spectrometer. The chemical shifts values are reported in (ppm) relative
to deuterated chloroform (CDCls, 77.2 ppm), (DMSO-¢s, 39.52 ppm) and TMS as an internal
standard.

2D NMR spectra which include COSY, *C-HSQC, TOCSY, NOESY and ROESY
experiments, were recorded at 293, 300, and 308 K on a 500 MHz NMR Bruker 111 500 MHz
spectrometer. All 2D spectra were recorded at the phase sensitive mode using time proportional
phase increment (TPPI). The residual water peak of DMSO-d6 was suppressed by a
presaturation pulse of 2 s duration. The first NOESY experiments were recorded with mixing
time of 150, 200 and 250 ms; ROESY spectrum were recorded with mixing times of 100, 150,
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200, 250 and 300 ms; while TOCSY was recorded with mixing times of 48, 64, 70, 80 and 100
ms; each increment was the sum of 32 scans with a relaxation delay of 2.0 s; 2048 data point

were collected per experiment.

CD spectra were recorded on a JASCO J-18 spectropolarimeter between the range of 190 to
250 nm in the specified solvents (water and phosphate buffer), with 10 scans at 20°C. The
quartz cuvette used had a pathlength of 0.2 cm with a resolution of 0,2 mm, a bandwidth of 1.0
nm and a sensitivity of 10-20 mdeg. The peptides (0, 00061 mol L) were prepared in water
and a 20mM phosphate buffer (pH 8). The value of absorption was measured as molar
ellipticity per residue deg.cm?. dmol™). The signals obtained were converted to mean residue
ellipticity, [0] using the equation below:

_ (MRW x 0)

deg.cm?.dmol?
10xdxc

[6]

where MWR is the mean residue weight, 0 the observed ellipticity in degrees, c is peptide
concentration in g/ml and d is the pathlength in cm.?

Transmission electron microscopy (TEM) analysis was done using FEI Tecnai-12
microscopy at an electron acceleration voltage of 200 KV and beam size of 10-100 nm. Sample
analysis was carried out by placing a drop of the gold colloidal on carbon-coated copper TEM
grids. The sample was transferred on the grid and allowed to dry in air for few minutes before

analysis.

UV-vis was used to monitor optical properties of gold colloidal solution. The analysis was
conducted using a Varian Cary Eclipse (Cary 50) UV-vis spectrophotometer; with a Quartz

cuvette of 1cm optical length.

7.3 General procedure for the synthesis of peptides

7.3.1 General procedure for the automated and manual SPPS synthesis

Swelling, activation and coupling of the first amino acid

The Fmoc-rink amide resin, 600 mg, (0, 160 mmol/g) was swelled in DMF (10.0 mL) for 20
minutes in a 70 mL glass reaction vessel with fritted filters. The DMF was removed by suction
and a 20% piperidine solution in DMF (5 mL) was added and mixed by bubbling for 5 minutes
with inert nitrogen gas (N2). The piperidine solution was then filtered out and the resin was

washed with DMF (5x5 mL) for 30 sec second per each wash.
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The first amino acid cysteine (1.20 mmol, 0.2 M), and coupling reagent HBTU (1.14 mmol,
0.19 M) were dissolved in a solution of 1.0 M DIPEA in DMF (6 mL) and added into the
reaction vessel. An additional 6 mL of DMF was also added. The reaction mixture was allowed
to react for 45 minutes while a gentle flow of N2 was bubbled into the reaction. For double
coupling, the resin was washed with (3x5 mL) DMF, and the coupling was repeated using the
same mixture for 60 minutes. The resin was then washed with (3x5 mL) DMF, and (2x5mL.)
DCM. The resin was then dried by suction for 30 minutes. This was followed by the
determination of resin loading capacity and the procedure is described below.?

The loading capacity was performed in order to calculate the exact moles of the amino acid
attached to the resin.

7.3.2 General procedure for the determining loading capacity

Duplicates of the dried resin beads (5-10 mg) were weighed into two 2 mL plastic Eppendorf
tubes. A solution of 20% piperidine in DMF (1.0 mL) was added to each Eppendorf tube and
left to shake for 20 minutes at 90 rpm on the orbital shaker. The samples were then centrifuged
for 2 minutes and 100 uL of the supernatant was transferred into a plastic centrifuge tube
containing 10 mL of DMF. From this solution 1 mL was then transferred into a cuvette. The
samples contained in a cuvette were checked for absorbance at a wavelength of 301 nm on a
UV/Vis spectrometer three times (reading were obtained in a triplicates). DMF was ran as a
blank to zero the background. The Loading Capacity was calculated using the following

equation below.?

101 X Absorbace
7.8 Xw

mmol

Loading capacity = ( )of resin = (

Where; A= Average absorbance and W=mg of resin.

7.3.3 General procedure for the synthesis of peptides

After the first coupling, the resin-bound amino acid was then treated with 2x5 mL 20 %
piperidine in DMF for 10 minutes to remove the Fmoc protecting group from cysteine. The
resin was washed with DMF (5x5 mL) before the second amino acid was coupled. A solution
containing 6 mL of 1.0 M DIPEA, (1.14 mmol, 0.19 M) HBTU, and (1.02 mmol, 0.2 M)

arginine was added to the resin. The reaction mixture was mixed gently by bubbling nitrogen
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gas for 45 minutes. The remaining amino acids in the sequence were also coupled using the

same procedure until the full peptide was synthesized.

7.3.4 General procedure for cleaving peptides from the resin

The resin bound peptide was washed with (3 x5 mL) DMF and then (3x5 mL) DCM and dried
by suction. A cleavage cocktail (10 mL) containing 94% TFA: 2.5%EDT:2.5%H20:1%TIS
was then reacted with the resin bound peptide for 3 hrs. The cleavage solution was filtered off,
and the resin was washed with 5 mL of TFA and the filtrated was divided into portions in and
poured into 50 ml centrifuged tubes. Cold diethyl ether was added to the filtered solution upon
which a white precipitate of the crude peptide was formed. The two samples were centrifuged
at 5000 rpm for 10 minutes. The step was repeated 3 times with cold diethyl ether. The obtained
white precipitate was then dissolved in 10 mL (60/40; H.O/MeCN) for further analysis and

purification.

7.3.5 Cyclisation of peptides

The cyclization of the peptide was performed when the peptide was still attached to the resin.
lodine (10 equivalence, moles determined using the resin loading capacity), was dissolved in
DMF/H20 (4:1) solution (10 mL). The resin bound peptide was transferred into the solution
and left to react for 4 hours. Upon completion, the resin was washed with (3x10 mL) DMF,
(2x10 mL) 2 % ascorbic acid/DMF, (3x10mL) DMF and (3x10 mL) DCM.

7.4 Typical procedures for Aldol reaction

7.4.1 Preliminary aldol reaction investigation using Fructose-1,6-bisphosphate aldolase
(FBPA)-RAMA

To a 2mL Eppendorf vial containing a solution of a 0.2M triethanolamine (TEA) 1mL buffer
(pH 7.0), DMSO (0.4 mL) and DHAP (8.5 mg, 0.05 mmol), the RAMA enzyme (4.5x107° and
9.5%10° mol%) was added and stirred for 20 minutes in an orbital shaker. The corresponding
acceptor aldehyde (0.2 mmol) was then added and the resulting mixture was left to react for 48

hours at room temperature. The reaction progress was monitored using TLC.

7.4.2 General procedure for the aldol reaction preliminary test using acetone

To a solution of 0.75 mL (acetone/water,3:1) in a 2 mL Eppendorf tube, a catalyst (4 mol%)

was added and the reaction was stirred for 15 min. An aldehyde (0.25 mmol, 38mg) was then
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added and the reaction was stirred for 24 hours at room temperature. The reaction was
monitored using TLC and LC-MS at of 30 minutes, 3, 7 and 24 hours. To monitor the reaction
progress using LC-MS, 30uL of the reaction mixture was added into a 2 mL HPLC vial

containing 1.5 mL of acetonitrile and analyzed.

7.4.3 General procedure for the aldol reaction preliminary test using cyclic ketone

In a 2 mL Eppendorf tube containing a ketone (0.45 mL), 4 mol % of the catalyst was added,
followed by 40uL of water and the reaction was stirred for 15 minutes. This was followed by
the addition of the acceptor aldehyde (0.25 mmol, 38mg) and the reaction mixture was left to
stir for 24 hours at room temperature. The reaction was monitored by LC-MS; 30uL of the

reaction mixture was added into a2 mL HPLC vial containing 1.5 mL acetonitrile and analyzed

7.4.4 Aldol reactions in acetone in the presence of water

A peptide catalyst (0.0064 mmol, 4 mol%) was added to a vial containing 0.75 mL of 3:1
acetone/water and the mixture was stirred for 15 min. An acceptor aldehyde (0.157 mmol, 24
mg) was then added and the resulting reaction mixture was stirred vigorously at room
temperature for 24-72 hours. The reaction was stopped upon completion as indicated by TLC
and acetone was evaporated under reduced pressure. The crude product was extracted using (3
x10 mL) ethyl acetate (EtOAc) and 2 mL water. The combined organic phases were dried over
Na>SOs4, and concentrated under reduced pressure. The crude product was then purified by
flash silica gel column chromatography using ethyl acetate/hexane (1:3). The pure product was
then subjected to chiral-phase HPLC analysis to determine the ee.

7.5 Procedures for the aldol reactions between aromatic aldehydes and cyclohexanone
7.5.1 Aldol reaction between cyclohexanone and aromatic aldehydes (homogenous)

A peptide catalyst (0.0064 mmol, 4 mol%) was added to the ketone (0.45 mL) in water (40uL)
and stirred for 15 minutes. An acceptor aldehyde was then added and the resulting reaction
mixture was left to stir for 24-72 hours at room temperature. The reaction was stopped upon
completion as indicated by TLC. The reaction was quenched by extraction with (3x10 mL)
EtOAc and brine solution (2 mL). The combined organic extract was washed with brine and
dried with NaxSOg, filtered and concentrated in vacuo. Diastereomeric ratio of the crude

product was determined by *H NMR analysis. The crude aldol product was purified by flash
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silica-gel column chromatography using EtOAc/Hexane (1:3) and the desired aldol product

was subjected to chiral-phase HPLC analysis to determine the ee.

7.5.2 Aldol reaction between cyclohexanone and aromatic aldehydes (heterogenous)

A peptide catalyst (0.0064 mmol, 4 mol%) was added to a solution of a ketone (0.450 mL) and
60 uL of water and stirred for 15 minutes. An acceptor aldehyde (0.157 mmol, 24 mg) was
then added to reaction mixture which was stirred for 24-72 hours. The reaction was monitored
by TLC and the reaction was quenched by extraction with (3x10 mL) EtOAc and (1x2 mL)
brine solution. The combined organic layers were dried with Na2SOs, filtered and concentrated
in vacuo. The crude product was purified by flash chromatography on silica gel using EtOAc:
hexane (1:3).

7.5.3 General procedure for aldol reaction between cyclohexanone and aromatic
aldehydes in organic solvent

A peptide catalyst (0.0064 mmol, 4 mol%) was added to a vial containing a 0.75 mL solvent
mixture (0.5173 mL solvent and 0.237 mL water) and cyclohexanone (0.628 mmol, 70 uL) and
the mixture was stirred for 15 minutes. An acceptor aldehyde (0.157 mmol, 24 mg) was then
added to the reaction mixture which was stirred for 24 -72 hours. The reaction progress was
monitored by TLC and was extracted with EtOAc (3x10 mL) and brine solution (1x2.0 mL).
The combined organic layers were dried over NaxSO; and concentrated in vacuo.
Diastereomeric ratio of the crude product was determined by *H NMR analysis. The crude
product was purified by flash chromatography on silica-gel with hexane/ethyl acetate (3:1).

The pure products were then analyzed by the chiral HPLC and the ee values were determined.
7.6 General procedure for the synthesis of gold nanoparticle (AuNPs)

The synthesis of citrate capped AuNPs was conducted according to the procedures developed
by Turkevich et al.* All glassware used were thoroughly cleaned with aqua regia(HCI/HNO3)
and rinsed with Millipore-Q water before use. An aqueous solution of tetrachloroauric acid
(HAUCls) (1 mM, 250mL) was heated at 100 °C with vigorous mechanical stirring for 20
minutes. Once the solution started boiling an aqueous solution of trisodium citrate dihydrate
(0.04 M, 10 mL) was then added dropwise while the reaction was stirred vigorously. The
solution was allowed to boil for an additional 10 minutes to ensure complete reduction of
HAUCI4. A colour change from colourless to deep ruby-red indicating the formation of AUNPs

was observed. The solution was gradually cooled down at room temperature for 3 hours.
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To obtain different sizes of AuNPs various volumes of 10, 20, 30 and 50 mL aqueous tri-
sodium citrate were added to the mixture. After cooling, the colloidal solutions of AuNPs were
washed with water by centrifuging at 1500 rpm for 15 minutes using an Universal 320R
centrifuge in order eliminate excess unreacted ions and the starting material in the supernatant.
The concentrated dispersed AuNPs particles at the bottom of the centrifuge tube free of excess
salts were diluted back to the original concentration with Millipore-Q water. The AuNPs
solutions were transferred into glass vials wrapped with aluminium foil to avoid interactions
with light which may cause in aggregation of the particles. The vials were stored in the fridge

and could be used for over 6 months without aggregation.

7.7 Typical procedure for the functionalization of TP_ADLYys peptide to AUNPs

The centrifuged solution of AuNPs was divided into 3 aliquots of 10 mL. This was further
divided into fractions of 1.5 1.0 and 0.5 mL and were added to different peptide concentrations
of (1.5, 2.8, 4 and 6 mol%) and stirred for 3 hours at room temperature to allow the complete
exchange of citrate with thiols on the particle surface. The ruby-red colour changed to a pale
red colour and excess non-immobilized peptide was removed by centrifugation at 1500 rpm

for 15 min in a Universal 320R centrifuge.

7.8 General procedure for aldol reaction using peptide-capped AuNPs

The corresponding ketone (0.628 mmol, 70 uL) was added to a 2mL Eppendorf vial containing
1 mL of the DMSO/AuUNP-pep solution (0.5:0.5 mL, v: v) and the mixture was stirred for 15
minutes. This was followed by the addition of the acceptor aldehyde (0.157 mmol, 24 mg) and
the resulting mixture was stirred for 24-72 hours. Conversion of the product was monitored by
TLC, upon which the reaction mixture was extracted with (3x5 mL) EtOAc and the combine
organic phases were dried over Na.SO4 and concentrated in vacuo. Diastereomeric ratio of the
crude product was determined by *H NMR analysis. The crude aldol product was purified using
flash silica-gel column chromatography and EtOAc/Hexane (1:3) and the desired aldol product
was subjected to chiral-phase HPLC analysis to determine the ee

7.9.1 Catalyst recyclability for peptide catalyzed aldol reaction

The filtered aqueous layers obtained after extraction of the crude product, were combined and
washed with Et,O (3 mL) and C2HsO (4 mL). The peptide was catalyst obtained was after
drying and decantation of the resuspended mixture. The recycled peptide was added to a vial
containing a 0.75 mL solvent mixture (0.5173 mL solvent and 0.237 mL water) and
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cyclohexanone (0.628 mmol, 70 uL) and the mixture was stirred for 15 minutes. An acceptor
aldehyde (0.157 mmol, 24 mg) was then added to the reaction mixture which was stirred for

24 -72 hours. The reaction progress was monitored by TLC.

7.9.1 Catalyst recyclability for peptide-AuNPs catalyzed aldol reactions

The filtered aqueous layers obtained after extraction of the crude product, were combined and
washed with Et,O (3 mL) and C2HsO (4 mL). The mixture was centrifuged at 500 rpm for 10
min and resuspended at 0°C. After decantation, the supported catalyst was dried and used in
the next cycle. The recovered catalyst was added to the corresponding ketone (0.628 mmol, 70
uL) and 0.5 mL of DMSO in a 2 mL Eppendorf vial and the mixture was stirred for 15 minutes.
This was followed by the addition of the acceptor aldehyde (0.157 mmol, 24 mg) and the
resulting mixture was stirred for 24-96 hours.

7.10 Characterization of Aldol Products

O,N

4-Hydroxy-4-(4'-nitrophenyl)-butan-2-one (TP_A1N4ACE)

Yellow solid: Rs = 0.27 (30% ethyl acetate/hexane). IR (Vmax/cm™): 3459 (O-H), 3118 (=C-
H), 3068 (C-H), 1574 (C=C), 1706(C=0), 1323(C-0). 'H NMR (500 MHz, CDCl3) §: 8.22
(d, 2H, H-7& H-7°), 7.54 (d, 2H, H-6 and H-6'), 5.30 — 5.21 (m, 1H, H-4), 3.55 (brs, J = 3.3
Hz, 1H, OH), 2.87 — 2.77 (m, 2H, H-3), 2.23 (s, 3H, H-1).13C NMR (126 MHz, CDCls) &:
208.44(C-2), 126.45(C-6), 126.34(C-6"), 123.80(C-7) , 123.72(C-7") , 68.62(C-4) , 50.83(C-
3), 30.77(C-1).HRMS (ESI) m/z: Calculated for C1oH11 NO4:209.068 found:
232.0910[M+23]"

4-Hydroxy-4-(2'-nitrophenyl)-butan-2-one (TP_A2N2ACE)
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colourless solid: Rf = 0.32 (30% ethyl acetate/nexane). IR (Vmax/cm™): 3461 (O-H), 3068(=C-
H), 2922 (C-H), 1609 (C=0), 1518 (C=C), 1333(C-0). *H NMR (500 MHz, CDCI3) & 8.04 —
7.80 (m, 2H, H-9 and H-8), 7.77 — 7.58 (m, 1H, H-6), 7.50 — 7.38 (m, 1H, H-7), 5.68 (dd, 1H,
H-4), 3.79 (brs, 1H, OH), 3.11 (d, 1H, H-3), 2.74 (dd, J = 17.8, 9.4 Hz, 1H, H-3), 2.24 (s, 2H
H-1).13C NMR (126 MHz, CDCls) &: 208.76 (C-2), 147.12(C-10), 138.47(C-5), 133.82(C-7),
128.28(C-6), 128.19(C-9), 124.43(C-8), 65.60(C-4), 51.12(C-3), 30.43(C-1). HRMS (ESI)
m/z: Calculated for C10H11NO4:209.07, found: 232.0583 [M+23]"

4-Hydroxy-4-(4’-chloropheny)-butan-2-one (TP_A3CIACE)

Colourless oil: Rf = 0.28 (30% ethyl acetate/hexane). IR (Vmax/cm™): 3421 (O-H), 3117(=C-
H), 2967 (C-H), 1701 (C=0), 1519 (C=C), 1315(C-0). *H NMR (500 MHz, CDCls) &: 7.33 —
7.26 (m, 4H, Ar-H), 5.12 (d, J = 9.0, 3.4 Hz, 1H, H-4), 3.47 (brs, 1H, OH), 2.89 — 2.72 (m,
2H, H-3), 2.19 (s, 3H, H-1). ¥3C NMR (126 MHz,) 5: 208.86, 141.25, 133.30, 128.65, 127.03,
69.16, 51.82, 30.76. HRMS (ESI) m/z: Calculated for C10H11Cl04:198.0488, found: 221.0334
[M+23]*

g
O,N™ 11 l
10

2-(Hydroxy(4-nitrophenyl)methyl)cyclohexanone (TP_A4N4CY)

OH (0]
4

Yellowish solid: Rf = 0.26 (30% ethyl acetate/hexane). IR (Vmax/cm™): 3426(0-H), 3077(=C-
H), 2949 (C-H), 1698 (C=0), 1524 (C=C), 1024(C-0). 'H NMR (500 MHz, CDCls) &: 8.21
(d, J=8.9, 2.3 Hz, 2H,H-10 and H-10"), 7.50 (d, J = 7.5 Hz, 2H, H-9 and H-9"), 4.90 (d, J =
8.3, 3.0 Hz, 1H, H-7), 4.07 (brs, 1H, OH), 2.63 — 2.55 (m, 1H, H-6), 2.54 — 2.45 (m, 1H, H-
2a), 2.41 —2.31 (m, 1H, H-2b), 2.16 — 2.08 (m, 1H-H-3a), 1.72 — 1.64 (m, 1H-H-3b), 1.63 -
1.48 (m, 4H, H-4 and H-3). C NMR (126 MHz, CDCls) &: 214.73 (C-1), 147.96 (C-11),
127.87 (C-8), 126.59 (C-9 and C-9°), 123.52 (C-10 and C-10’), 74.05 (C-7), 70.14 (C-6),
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57.20 (C-2), 42.69 (C-5), 30.77 (, 27.64 , 24.75 HRMS (ESI) m/z: Calculated for C13HisNO4
:249.1001, found 272.0890 [M+23]".

2-Hydroxy(2-nitrophenyl)methyl)cyclohexanone (TP_A5N2CY)

Yellow oil: Rf = 0.29 (30% ethyl acetate/hexane). IR (Vmax/cm™): 3454(0-H), 2922 (=C-H),
2853 (C-H), 1693 (C=0), 1512 (C=C), 1199(C-0)."H NMR (500 MHz, CDCl3) §: 7.94 —
7.72 (m, 2H), 7.64 (t, J = 7.7 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 5.45 (d, J = 7.0 Hz, 1H), 4.07
(d, J = 37.1 Hz, OH), 2.82 — 2.68 (m, 1H), 2.51 — 2.28 (m, 2H), 1.92 — 1.52 (m, 5H), 1.26 (d,
2H).3C NMR (126 MHz, CDCls) & 214.96 (C-1), 148.73 (C-13), 136.63 (C-8), 133.07 (C-
10), 129.00 (C-9), 128.40 (C-12), 124.10 (C-11), 69.81 (C-7), 57.31 (C-6), 42.85 (C-2), 31.14
(C-5), 27.77 (C-3), 25.00 (C-4). Calculated for C13H1sNO4:249.1001 found 272.0890
[M+23]".
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Appendix | - Supplementary information for Chapter 2

LC-MS spectra for selected compounds
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Figure S.2-1: LC-MS spectrum of TP_Asp conformation 1 (peak 1)
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Figure S.2-2: LC-MS spectrum of TP_Asp conformation 2 (peak 2)
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Figure S.2-3: LC-MS spectrum of TP_Asp conformation 3 (peak 3)
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Figure S.2-4: LC-MS spectrum of TP_Asp conformation 4 (peak 4)
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Figure S.2-5: LC-MS spectrum of TP_ADLYys conformation 1 (peak 1)
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Figure S.2-6: LC-MS spectrum of TP_ADLYs conformation 2 (peak 2)
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Figure S.2-7: LC-MS spectrum of TP_ADLYs conformation 3 (peak 3)
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Figure S.2-8: LC-MS spectrum of TP_ADLYs conformation 3 (peak 3)
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Figure S.2-9: LC-MS spectrum of TP_Glu conformation 1 (peak 1)
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Figure S.2-10: LC-MS spectrum of TP_GIlu conformation 2 (peak 2)
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Figure S.2-11: LC-MS spectrum of TP_GIlu conformation 3 (peak 3)
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Figure S.2-12: LC-MS spectrum of TP_Glu conformation 4 (peak 4)
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Figure S.2-13: LC-MS spectrum of TP_GDLYys conformation 1 (peak 1)
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Figure S.2-14: LC-MS spectrum of TP_GDLys conformation 2 (peak 2)
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Figure S.2-15: LC-MS spectrum of TP_GDLYys conformation 3 (peak 3)
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Figure S.2-16: LC-MS spectrum of TP_GDLys conformation 4 (peak 4)
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Figure S.2-17: LC-MS spectrum of TP_GDA conformation 1 (peak 1)
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Figure S.2-18: LC-MS spectrum of TP_GDA conformation 2 (peak 2)
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Figure S.2-19: LC-MS spectrum of TP_GDA conformation 3 (peak 3)
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Figure S.2-20: LC-MS spectrum of TP_GDA conformation 4 (peak 4)
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Figure S.21: LC-MS spectrum of TP_GLYysC conformation 1 (peak 1)
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Figure S.2-22: LC-MS spectrum of TP_GLysC conformation 2 (peak 2)
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Figure S.2-23: LC-MS spectrum of TP_GLysC conformation 3 (peak 3)
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Figure S.2-25: LC-MS spectrum of TP_GLysC conformation 4 (peak 4)
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Figure S.2-26: LC-MS spectrum of TP_ADA conformation 1 (peak 1)
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Figure S.2-27: LC-MS spectrum of TP_ADA conformation 2 (peak 2)
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Figure S.2-28: LC-MS spectrum of TP_ADAC conformation 2 (peak 2)
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Appendix I1- Supplementary information for Chapter 3

NMR spectra for peptide structures
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Figure S.3-2: 3C NMR spectrum of TP_Asp peptide
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Figure S.3-6: 2D *H TOCSY NMR spectrum of TP_Asp peptide
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Figure S.3-10: *H NMR spectrum of TP_ADLYys peptide
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Figure S.3-14: HSQC NMR spectrum of TP_ADLYys peptide
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Figure S.3-18: 2D *H ROESY NMR spectrum of TP_ADLYys peptide
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Figure-S.3-22: 2D H ROESY spectrum of TP_ADLYys peptide at 308K
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Appendix Il - Supplementary information for Chapter 4

Selected NMR spectra for aldol products

TP-A5N4ACE.2.fid F190000
Thabo: TP-ASN4ACE :CDCI3:300K :1H:MMM 500MHz
[ 180000
‘ [ ; | 170000

[
| ! 160000

150000

! 140000
130000
120000
oH O 110000
CHs 100000
O + 90000
- 80000
70000
60000
50000
40000
30000

20000

{ 10000

o

2.00= —

1.04=x

sk
= = +-10000
= i

~ ]2.05=
w [K
f
{
L
.‘
>
|
L

100 95 9.0 85 8.0 7.0 6.5 6.0 5.5 45 4.0

5.0
f1 (ppm)

TP-ASN4ACE.1.fid — Thabo: TP-ASN4ACE :CDCI3:300K :1H:MMM 500MHz
B 7500
O ¢

22.23
68.83
—51.45
30.70
0.00

12
~12

7000

—208.44
_-149.82
—-147.34

6500
6000
OH O 5500

CHg -5000
4500
0 4000
3500
3000
2500
2000
500
1000

| 500

500

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 111]f %Uﬂ ) 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm

Figure S.4-1: H and **C NMR spectra of the aldol product TP_A1N4ACE
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Figure S.4-2: *H and *C NMR spectra of the aldol product TP_A2N2ACE
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Figure S.4-3: H and *C NMR spectra of the aldol product TP_A3CI4ACE

206



TP-A48HR-1-F1.fid
Thabo: TP-A48HR-1-F: CDCL3: 07/10/19/300K: 1H,13C, DEPT135:MMM: 500MHz

Tl0.89=

1,01\{
I

ML

’—

A

1.09% =—=

1.11-

uw Mool

90000

80000

70000

60000

50000

40000

30000

20000

10000

!
HH19l= ——
L
|
|
|
i
;:;.—_

5.0
f1 (ppm)

T
10.0 9.5

A48HR-1-F.2.fid —
bo: TP-A48HR-1-F: CDCL3: 07/10/19/300inH 13C, D £9

T

MM: 500MHz

§58

N —c

=
!

12

.

4.5

s |0.76=

—74.04
—70.14

—57.69

n 71.09

—42.63

1.321
= 14.091

5

30.77

29.71
27.64

24.71

7
™~
A\

65000

60000

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

F-5000

T
100
f1 (ppm)

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110

90

80

70

Figure S.4-4: *H and **C NMR spectra of the aldol product TP_A4N4CY
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TP-N2CY-DL1.1.fid
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Figure S.4-5: H and **C NMR spectra of the aldol product TP_A5N2CY
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Selected chiral HPLC chromatograms for aldol products

Using Acetone as a solvent and substrate (Table 4-1)

1600 Thabo Chi-2020 #122 [modified by Administrator] Uv_VIS_1
’ JmAU WVL:254 nm
B 1.25.065
1,250-]
1.000-] oH 0
] f.-""ﬂ:*:h\ = T T
750 T
] N7 T
500
250
] min
200~ —_ e —————
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 25.06 n.a. 1417.902  931.038 _ 100.00 n.a. BMB*
Total: 1417.902 931.038 100.00 0.000

Figure S.4-S: Chiral HPLC chromatogram of TP_A1N4ACE —standard

1.400 Thabo Chi-2020 #123 [modified by Administrator] Uv_VIS_1
! JmAU WVL:254 nm
i 1-23.382
1,000
i OH 0O
750 Jfﬁ%ﬁlr}lm'“'f”\m
] 0
500
250—_ 2-30.422
0 ] _j\f_____n/\ ; 1
-200-}— T . L
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 23.38 n.a. 1170.390 720.822 84.85 n.a. BMB*
2 30.42 n.a. 206.183  128.699 15.15 n.a. BMB
Total: 1376.573 849.521 100.00 0.000

Figure S.4-6: Chiral HPLC chromatogram of TP_A1.1N4ACE (entryl)

209




100 Thabo Chi-2020 #137 [medified by Administrator] uv_Vis_1
mAU 1-19.348 WVL:254 nm
: 2.-22.290
80—
7 NCI: OH 8
60— ,L l J-l
| [.- '-:‘.:‘-:Q o -
4 . #_;J
40 =
20—
L e S S R ""I"'I""I“min
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 19.35 n.a. 94.329 40.831 49.99 n.a. BMB*
2 22.29 n.a. 84.722 40.849 50.01 n.a. BMB*
Total: 179.051 81.680 100.00 0.000

Figure S.4-S2: Chiral HPLC chromatogram of racemate TP_A2N2ACE-S2

120

Thabo Chi-2020 #59 [maodified by Administrator]

Uv_viIs 1

JmAU

Mk  OH
..-"'-""I\-\.‘.:h\-\._\_L .-"'-' "-Hh_._i-
()

1-19.538

2 -21.555

WWVL:254 nm

5 -28.385

20— L DL AL L R T U T 7 T 7 e
0.0 5.0 10.0 15.0 20.0 250 30.0 35.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 19.54 n.a. 105.908 59.370 39.25 n.a. BM *
2 21.56 n.a. 101.309 77.648 51.34 n.a. MB*
3 24.63 n.a. 2.125 1.156 0.76 n.a. BMB*
4 25.74 n.a. 1.280 0.417 0.28 n.a. BMB*
5 28.39 n.a. 19.739 12.653 8.37 n.a. BMB*
Total: 230.360 151.244 100.00 0.000

Figure S.4-7: Chiral HPLC chromatogram of TP_A2.1N2ACE (entry 2)
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900 Thabo Chi-2020 #125 [moedified by Administrator] Uv_vis_1
mAU 1.24513 WVL:254 nm
600—
i OoH O
, A
400 J’l N )
| O N7
200+
B 2 - 32.065
AN | |
min
-0+ — —— —
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 24.51 n.a. 846.014 515.043 91.14 n.a. BMB*
2 32.07 n.a. 78.442 50.053 8.86 n.a. BMB™
Total: 924 456 565.095 100.00 0.000

Figure S.4-8: Chiral HPLC chromatogram of TP_AL1.2N4ACE (entry 4)

70.0 Thabo Chi-2020 #143 [modified by Administrator] Uv VIS 1
T mAU 2 _16.787 WWL:254 nm|
50.0 OH O
i ____.-f-".\;h%-____.-' H-LH___.-' .
37.5- ﬂ\ J
] o R
25.04
125
J 1-14768
P0o — min
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 1477 n.a. 8.036 2.462 7.43 n.a. BMB*
2 16.79 n.a. 65.744 30.679 9257 n.a. BMB*
Total: 73.780 33.142 100.00 0.000

Figure S.4-9: Chiral HPLC chromatogram of TP_A3CI4ACE (entry 5)
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Using 8 mol% for reaction between Acetone and p-nitrobenzaldehyde (Table 4-4)

300 Thabo Chi-2020 #147 [modified by Administrator] Uv_VIS_1
_mAU WWVL:254 nm)
250 2 - 27.880
] OH 0O
S
1004
50
:J‘—J\ 1-22.365
O; AN 4_1./\‘ -
-50 T T T 1 o
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %,
1 22.37 n.a. 15.513 6.386 3.37 n.a. BMB*
2 27.88 n.a. 247.796 _ 182.974 96.63 n.a. BMB*
Total: 263.309 189.360 100.00 0.000
Figure S.4-10: Chiral HPLC chromatogram of TP_A1.3N4ACE (entry 1)
100 Thabo Chi-2020 #1398 [modified by Administrator] uUv_ VIS 1
mAU WWVL:254 nm|

7 2-28.803

40— O~ TF
20
: 1-23.128
1A AN
A"}
0.0 50 10.0 15.0 20.0 25.0 30.0 35.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 23.13 n.a. 7.962 3.480 4.71 n.a. BMB*
2 28.80 n.a. 85.803 70.346 95.29 n.a. BMB*
Total: 93.765 73.825 100.00 0.000

Figure S.4-11: Chiral HPLC chromatogram of TP-A1.4N4ACE (entry 2)
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Effect of substrate: Reaction between cyclohexanone and aromatic aldehydes (Table 4-2)

100 Thabo Chi-2020 #150 [medified by Administrator] uv VIS 1
mAU WWVL:254 nm)|
1 4-40.710
80
1 OH o 5 - 46.883
60 .a"%b"j’d’flh'ﬁ .-""J-Lm
b e e \[ -]
40 QN7 T T
20
0
1 1-39.980:2326.313 ‘
-20 ; ‘ — 7 —
0.0 10.0 20.0 30.0 40.0 50.0 62.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 30.98 n.a. 0.011 0.002 0.00 n.a. BMB*
2 33.23 n.a. 0.010 0.011 0.01 n.a. BMB*
3 36.31 n.a. 0.008 0.046 0.02 n.a. BMB*
4 40.71 n.a. 110.867 99.050 4914 n.a. BMB*
5 46.88 n.a. 90.970 102.454  50.83 n.a. BMB
Total: 201.866 201.564 100.00 0.000
Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R1
180. Thabo Chi-2020 #76 [modified by Administrator] UVv_VIS_1
mAU WVL:254 nm|
7 1 - 39.090
1 2 - 44.167
125+
100
1 oH O
75] - U
i J\,_-"" "-"\."\:L-.;_J___..-' H"w-"’”’ H.H\|
50—: b - "“‘m_-:::: “'“‘m__v__x‘
25]
20— A T \ T 0
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 39.09 n.a. 144.164 191.099  46.64 n.a. BMB*
2 4417 n.a. 132.215  218.650 53.36 n.a. BMB*
Total: 276.380 409.750 100.00 0.000

Figure S.4-12: Chiral HPLC chromatogram of TP_A4.1N4CY (entry 4)
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140_Thabo Chi-2020 #153 [modified by Administrator] uv_VIS_1
mAU WVWL:254 nm|
] 3 - 38.588
: 4 -44.093
100
] OH 0
75 . l ”\
] o 'HQ.1;’ S
59; .-'"'A""" .a"'.:‘-; I .-'"J
i D)N e "\-\\_\_'__
25|
o] 1-20,560 33369 |
20— e — e — — min
0.0 10.0 20.0 30.0 40.0 55.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 29.56 n.a. 0.181 0.089 0.03 n.a. BMB*
2 33.37 n.a. 2.682 1.999 0.90 n.a. BMB*
3 38.59 n.a. 131.271  109.853 49.38 n.a. BMB*
4 44.09 n.a. 108.542  110.528 49.69 n.a. BMB*
Total: 242676 222450 100.00 0.000
Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R4
80.0 Thabo Chi-2020 #73 [modified by Administrator] uv_WviIs_1
7 ImaAU WVL:254 nm
] 2 - 43.595
62.5-]
] OoH O
50.0—: .___.-"'-“c;:;z. .___..-J\HM.__,.-'MH.H
ﬁ I J ]
375 o T T 3 -45.203
25.0-
12.5]
-10.04———— T T " T _ " T " T _ " T T T " T T T s
0.0 10.0 20.0 30.0 40.0 50.0 58.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 38.63 n.a. 64.448 62.770 36.38 n.a. BMB*
2 43.60 n.a. 68.545 70.791 41.03 n.a. BM *
3 45.20 n.a. 33.626 38.975 22.59 n.a. M *
Total: 166.619 172.535 100.00 0.000

Figure S.4-13: Chiral HPLC chromatogram of TP_A4.2N4CY (entry 9)
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140 Thabo Chi-2020 #153 [modified by Administrator] uv_ VIS 1
|mAU WWVL:254 nm
i 3 - 38.583
] 4-44.093
100
] MO,  OH 8
75; [_;J’AQQT.-" Hm[’i“\‘"-]
50_’ H‘m,_-;.’-'-"'{" S
25 ]
o] 1- 29,56 33369 )
20— SE— — —  min
0.0 10.0 20.0 30.0 40.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 29.56 n.a. 0.181 0.069 0.03 n.a. BMB*
2 33.37 n.a. 2,682 1.999 0.90 n.a. BMB*
3 38.59 n.a. 131.271  109.853  49.38 n.a. BMB*
4 44.09 n.a. 108.542  110.528  49.69 n.a. BMB*
Total: 242676 222450 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A5N2CY-RA5

220 Thabo Chi-2020 #81 [modified by Administrator] Uv_VvIs_1
mAU WWVL:254 nm
— 4-44.152
7 3 -39.27
7 MO, O (8]
150 [;L:‘:. f’lh_x’l&
b 'HJ,Z-"' E H____.-'J
100
20— — | . | — . | —min
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 28.85 n.a. 0.923 0.717 0.13 n.a. BMB
2 34.87 n.a. 0.962 0.630 0.12 n.a. BMB*
3 39.28 n.a. 182.083 232.316  43.02 n.a. BM *
4 4415 n.a. 194.427  306.341 56.73 n.a. MB*
Total: 378.395 540.004 100.00 0.000

Figure S.4-14: Chiral HPLC chromatogram of TP_A5.1N2CY (entry 10)
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Effect of solvents -Reaction between cyclohexanone and p-nitrobenzaldehyde (Table 4-3)

250 Thabo Chi-2020 #99 [modified by Administrator] UV VIS 1
mAU WWVL:254 nm
300 3 -37.180
B 4 -42.468
200 CIH i
: ,x"ﬂt{h‘*—‘['ﬁ*lhh z’”\x
- o I .-]
1004 QM T T
oA L1 2281982 - 33,073
1 1L
0.0 10.0 200 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %o
1 28.19 n.a. 1.891 1.030 0.18 n.a. BMB™
2 33.07 n.a. 1.428 1.464 0.26 n.a. BMB*
3 37.18 n.a. 301.322 280.012 49.20 n.a. BMB™
4 42.47 n.a. 242.824 286.638 50.36 n.a. BMB~
Total: 547.464 589.144 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R5

mAL WWVL:254 nm
2-37.912

600 Thabo Chi-2020 #60 [modified by Administrator] Uv_VIS_1

500

-10.0 — - 1 - - I+ - T 1 v T 1T T P
0.0 10.0 20.0 30.0 40.0 55.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min Yo
1 32.88 n.a. 3.885 5.043 3.48 n.a. BMB™
2 37.91 n.a. 54.689 65.290 45.11 n.a. BMB™
3 42.57 n.a. 46.283 72.571 50.14 n.a. BMB*
4 43.79 n.a. 1.556 1.823 1.26 n.a. Rd
Total: 106.413 144727 100.00 0.000

Figure S.4-15: Chiral HPLC chromatogram of TP_A4.3N4CY (entry 4)
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140_Thabo Chi-2020 #153 [modified by Administrator] Uv_VIS_1
ImAU WVL:254 nm)|
] 3 -38.588
1 4-44.093
100 O O
7&: s"ﬁt-\_\lf’f H"'\-\[.-""'“\H]
: .-'"'A""‘-\.\_ .-"'.::; - o
] ON7T T -
50
25 ]
o] A 129,58 -aa.seg_ |
20 T T T \ T T T T T .
0.0 10.0 20.0 30.0 40.0 55.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 29.56 n.a. 0.181 0.069 0.03 n.a. BMB*
2 33.37 n.a. 2.682 1.999 0.90 n.a. BMB*
3 38.59 n.a. 131.271 109.853  49.38 n.a. BMB*
4 44.09 n.a. 108.542  110.528  49.69 n.a. BMB*
Total: 242,676 222450 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R6

1-28.9272 - 34.892

Thabo Chi-2020 #119 [modified by Administrator Uv_VIS_1
50 Y
mAU WVL:254 nm
| 3-39.193
40
| 4 - 45.055
. oH O
20| l u
B .-""'F:‘H*-l‘;\_. T T T
- JJ .-"J e ]
o 0l e “‘v’;
20

-40 T T [ e e A B S S
0.0 10.0 20.0 30.0 40.0 50.0 63.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %,
1 29.93 n.a. 2726 1.960 1.32 n.a. BMB*
2 34.89 n.a. 2.718 2275 1.54 n.a. BMB*
3 39.19 n.a. 88.765 82.427 55.70 n.a. BMB*
4 45.06 n.a. 66.283 61.318 41.44 n.a. BMB*
Total: 160.492 147.979 100.00 0.000

Figure S.4-16: Chiral HPLC chromatogram of TP_A4.4N4CY (entry 6)
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140_Thabo Chi-2020 #153 [modified by Administrator] uv_VIS 1
JmAU WWL:254 nm|
] 3 -38.588
1 4-44.093
100
] OH 0
75 ,x"ﬁu‘:\-\_\[;"lhﬂ f’”\m]
: p. .-"'A""‘H .-"'.::; \|;"\-; -~
50 QN = -
25|
o] 1-205 33389 )
-20 - 1 _ ' T - 1 T T I T T T 1. T 0
0.0 10.0 20.0 30.0 40.0 55.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 29.56 n.a. 0.181 0.069 0.03 n.a. BMB*
2 33.37 n.a. 2.682 1.999 0.90 n.a. BMB*
3 38.59 n.a. 131.271  109.853  49.38 n.a. BMB*
4 44.09 n.a. 108.542  110.528  49.69 n.a. BMB*
Total: 242676 222450 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R7

20.0 Thabo Chi-2020 #74 [modified by Administrator] Uv_VIS_1
" ImAU WWVL:254 nm
1 3 -45.610
15.04
. oH O
10.01 l u
B "'--'1&‘1' - \.H‘w____.-' *-».H]
| =l !#J‘HH:.-’:::J HH‘*—»\.-"";
5.0 =
-2.0 —————
0.0 10.0 20.0 30.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 39.08 n.a. 7.925 7.582 20.41 n.a. BM *
2 44 .17 n.a. 8.280 7.602 20.486 n.a. BM *
3 45.61 n.a. 18.812 21.974 59.14 n.a. MB*
Total: 35.017 37.158 100.00 0.000

Figure S.4-17: Chiral HPLC chromatogram of TP_A4.5N4CY (entry 9)
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300 Thabe Chi-2020 #94 [modified by Administrator] Uv_VvIsS 1
JmAU WVL:254 nm
250 3 - 42.388
200 OH ] 4-48578
] Pl NPt f’“\a
150 \J I ]
: .a'"'A"""«.\_ .-"'.::; .-'"-'
E C')N e e
100
50
O_"AJL ) 1;32.34 2-37.927
-50 - 1 - - 1 - 1 T T I_ T T T 1 0
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min Yo
1 32.35 n.a. 1.387 0.998 0.20 n.a. BMB*
2 37.93 n.a. 0.032 0.182 0.04 n.a. BMB*
3 42.39 n.a. 249.159 251603  50.91 n.a. BMB*
4 48.58 n.a. 198.169 241.383  48.85 n.a. BMB*
Total: 448746 494.165 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R8

50.0 Thabo Chi-2020 #62 [modified by Administrator] Uv_ VIS 1
T mAU WWVL:254 nm|
) 2 -43.198
1 3 - 48.478
40.0—
il ____.-""-‘o-az_ - *-w--"'-' e,
[ J < )
4 - "'\-\.,\_\_\.:::.-" . -
QM e 4 - 50.280

No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %,
1 35.93 n.a. 0.625 0.676 0.48 n.a. BMB*
2 43.20 n.a. 46.566 61.847  44.33 n.a. BMB*
3 48.48 n.a. 41.579 72.831 52.20 n.a. BMB*
4 50.28 n.a. 4533 4.162 2.98 n.a. Rd
Total: 93.304 139.516 100.00 0.000

Figure S.4-18: Chiral HPLC chromatogram of TP_A4.6N4CY (entry 13)
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400_Thabo Chi-2020 #46 [modified by Administrator] uv_Vvis_1

mAU

OH

WVL:2584 nm
3 -28.143

4 -32.428

.

50— . I ——— e I . I . min
0.0 5.‘0 10I 0 15‘. 0 2[‘.:.0 25‘.‘0 36.0 35|.0 40.0 45.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 18.19 n.a. 49.255 25.866 3.44 n.a. BM *
2 20.00 n.a. 40.366 20.758 2.76 n.a. MB*
3 28.14 n.a 350.081 350.136 46.53 n.a. M >
4 32.43 n.a. 288.095 355.814 47.28 n.a. MB*
Total: 727.798 752.574 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R10

70.0 Thabo Chi-2020 #70 [modified by Administrator] uv_VvIS_1
T mAU WWL:254 nm
] 2 - 26.185 29418
sooi OH O
E .___.-""-‘c;_:,:. .___..-"\HH.__,.-'I'I'H.H
el 1) i)
i ":In.N - H"‘-n._'.-"'f "'\-\.v.d'"-'
] 5 - 40.008
25.0-
12.5]
0.0 wk
-10.0 — | — . — — 1N
0.0 10.0 20.0 30.0 40.0 50.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 0.06 n.a. 0.005 0.000 0.00 n.a. BMB
2 26.19 n.a. 54.929 38.662 29.15 n.a. BEMB*
3 29.42 n.a. 55.175 64.604  48.70 n.a. BMB*
4 36.15 n.a. 4.826 3.142 2.37 n.a. BEMB*
5 40.01 n.a. 25.817 26.244 19.78 n.a. EMB*
Total: 140.752 132.652 100.00 0.000

Figure S.4-19: Chiral HPLC chromatogram of TP_A4.7N4CY (entry 15)
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Aldo products using 8 mol% between cyclohexanone and p-nitrobenzaldehyde (Table 4-5)

180 Thabo Chi-2020 #104 [modified by Administrator] Uv VIS 1
mAU 3.a5285 VVLi254 nm
150
: 4-52.018
100
50+
4 1-34.580 2 _40.583
-20 —— 71— —
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 34.58 n.a. 0.066 0.017 0.00 n.a. BMB™*
2 40.58 n.a. 0.008 0.001 0.00 n.a. BMB*
3 45.26 n.a. 185.230 193.103 49.21 n.a. BMB*
4 52.02 n.a. 146.419  199.321 50.79 n.a. BMB™*
Total: 331.723 392.442 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R13

55.0 Thabo Chi-2020 #118 [modified by Administrator] uv vis 1
 mAU WVL:254 nm|
n 3 -44.498 4 51202
40.0-
30'% 5 - 53.283
20.04
10.0
1 13388 403
5.0 — - 1 T - T T T _T_ T T T T1_ T T T T T 0
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 33.89 n.a. 2.422 1.802 1.26 n.a. BMB*
2 36.40 n.a. 1.243 0.933 0.65 n.a. BMB*
3 44 .50 n.a. 49.1486 49.059  34.41 n.a. BMB*
4 51.20 n.a. 47.979 56.946  39.94 n.a. BM
5 53.28 n.a. 27.664 33.849 23.74 n.a. MB*
Total: 128.454 142589 100.00 0.000

Figure S.4-20: Chiral HPLC chromatogram of TP_A4.10N4CY (entry 5)
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Thabo Chi-2020 #107 [modified by Administrator]

uv_VviIs_1

mAU WWVL:254 nm)|
) 3 -43.287
150
i OH 0 4-49.935
100 ,ff‘#*::-h\r” H'H\[—-'"'”\M]
T .a'"'A"""«.\_ .-"'.::; 0
i Q4N s o
50+
—\__,n___k | 1-33.152 2 - 38.593
T
o . min
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 33.15 n.a. 0.855 0.598 0.18 n.a. BM *
2 38.69 n.a. 0.010 0.003 0.00 n.a. BMB*
3 43.29 n.a. 156.876 167.356 49.27 n.a. BMB*
4 49.94 n.a. 123.206  171.693 50.55 n.a. BMB
Total: 280.947 339.650 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R12

450 Thabo Chi-2020 #72 [modified by Administrator] uv_vIsS_1
mAU WVL:254 nm
- 2 - 38.647
] 1 -34.490
1 oH O
300 l u
i _#,f"-i:::_ - H,H?___,.-" e
b JJ r‘J . J 3 -39.998
200 M T R
100
,JJ‘_MM — ..
B e —————————————————————_;
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 34.49 n.a. 356.697 372.865 31.78 n.a. BM *
2 38.65 n.a. 383.506 603.075 51.40 n.a. MB*
3 40.00 n.a. 66.234 53.515 4.56 n.a. Rd
4 53.91 n.a. 91.311 143.847 12.26 n.a. BMB*
Total: 897.748 1173.302 100.00 0.000

Figure S.4-21: Chiral HPLC chromatogram of TP_A4.9N4CY (entry 1)
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180 Thabo Chi-2020 #104 [modified by Administrator] Uv VIS 1
mAU 3.45.0285 VVVLi254 nm
150
: 4 -52.018
J CH 8
100+ .____.-'"73\"‘;‘.‘-\[___--"' - HI_.-"-'”\"-\.\,]
b ‘-:','N -‘#AH"‘-J:::-’ H"H-"".#
50
J 1-34.580 o _40.583
-20 |  E e ‘ |
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 34.58 n.a. 0.066 0.017 0.00 n.a. BMB™
2 40.58 n.a. 0.008 0.001 0.00 n.a. BMB*
3 45.26 n.a. 185.230 193.103 49.21 n.a. BMB*
4 52.02 n.a. 146.419  199.321 50.79 n.a. BMB*
Total: 331.723 392.442 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R15

50.0 Thabo Chi-2020 #116 [modified by Administrator] uUv_VvIS_1
’ 7mAU WVIg 234 i
40.0+
i oH O
B _'__.-'"-i*;;\;_ . H"*w-"'-fuh"*
30.0 JJ J : ]
: N T
0.0 3 -45.785
| 52.765
10.0—
: 1-34.997 2-40.7
5.0 T T T T T min
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min Y%
1 35.00 n.a. 2.391 1.759 1.73 n.a. BMB*
2 40.78 n.a. 2.615 1.975 1.95 n.a. BMB*
3 4579 n.a. 20.731 20.635 20.34 n.a. BMB*
4 52.77 n.a. 17.529 19.034 18.77 n.a. BM *
5 54 .67 n.a. 47.354 58.025 57.21 n.a. MB*
Total: 90.620 101.428 100.00 0.000

Figure S.4-22: Chiral HPLC chromatogram of TP_A4.13N4CY (entry 4)
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180 Thabo Chi-2020 #107 [modified by Administrator] Uv_ VIS 1
mAU WWL:254 nm
] 3 -43.287
150
i 4 -49.935
i OH 0
100 J l_L
i ,-'"'ﬁi-‘_\[.-""' T m]
] P I -~
i C'/N e e
50+
7\_,JL____J\_ |_1-33.152 2 - 38.693
T
'20"\"'I"'\“‘\"'I“'mm
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 33.15 n.a. 0.855 0.598 0.18 n.a. BM *
2 38.69 n.a. 0.010 0.003 0.00 n.a. BMB*
3 43.29 n.a. 156.876 167.356 49.27 n.a. BMB*
4 49.94 n.a. 123.206  171.693 50.55 n.a. BMB
Total: 280.947 339.650 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R14

180 Thabo Chi-2020 #145 [modified by Administrator] uv_WVvIs_1
mAU WWL:254 nm)|
7 5 - 43.660
150
] 7 - 50.822
_ oH O
100 J\____.-"'-‘Q::_J.____.-lhwf,- '\-\..H\|
| 0N~ e
50
] 4} 42133
| - 45.550
; . | ZT'GﬁE - 32.078, 3 - 38125
20— | . — — — — s
0.0 10.0 20.0 30.0 40.0 50.0 62.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 27.68 n.a. 3.954 2.686 0.69 n.a. BMB*
2 32.08 n.a. 0.008 0.003 0.00 n.a. BMB*
3 38.13 n.a. 0.484 0.284 0.07 n.a. BMB*
4 4213 n.a. 27.400 20.285 518 n.a. Ru
5 43.66 n.a. 165.417 168.513 43.02 n.a. BMB*
6 49.55 n.a. 12.085 8.313 2.12 n.a. Ru
7 50.82 n.a. 133.210  191.609 48.92 n.a. BMB*
Total: 342558 391.692 100.00 0.000

Figure S.4-23: Chiral HPLC chromatogram of TP_A4.14N4CY (entry 6)
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14p_Thabo Chi-2020 #153 [modified by Administrator] uv_VvIs_1
|mAU WWVL:254 nm|
_ 3-38.588
4-44.093
100 o4 0
] .-""f:“cl' .-""-'J.\“"'L .-"‘J‘L*-H
75-] ] I ]
1 P i -~
1 N F ~
50
25
o] 129,55 3336
20— — — — —— i
0.0 10.0 20.0 30.0 40.0 55.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 29.56 n.a. 0.181 0.069 0.03 n.a. BMB*
2 33.37 n.a. 2.682 1.999 0.90 n.a. BMB*
3 38.59 n.a. 131.271 109.853  49.38 n.a. BMB*
4 44.09 n.a. 108.542  110.528  49.69 n.a. BMB*
Total: 242676 222450 100.00 0.000
Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-15
140—Thabo Chi-2020 #155 [modified by Administrator] uv_VvIS_1
{mAU WWVL:254 nm|
i 5-44.232
] oH O
100 l u
: ..-"'-'F:r"‘:‘;- - "‘ww-\.,-""f H"\-\.] 3 - 37.050
7&: QN7 Lw’:"j J T
50|
i 698
1 1-25.052; 59938
25
o
20— — -——— —min
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 25.05 n.a. 27.625 16.077 5.92 n.a. BMB*
2 29.94 n.a. 24.568 17.622 6.48 n.a. BMB*
3 37.05 n.a. 89.999 77.484  28.51 n.a. BMB*
4 42.70 n.a. 33.210 0.000 0.00 n.a. BMb*
5 44.23 n.a. 127.454 160.584  59.09 n.a. bMB*
Total: 302.857 271.747 100.00 0.000

Figure S.4-24: Chiral HPLC chromatogram of TP_A4.15N4CY (entry 7)
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500_1habo Chi-2020 #157 [modified by Administrator] uv_VIsS_1
mAU WWL:254 nm
] 2 - 50.460
400+ o4 0
: ,s’*ﬁi; ._.--"'J""H ’,#LLH 3 .58.758
300 \[ I ]
i o o e
i C'/N - e
200
100
oA LAt
-50 — —— —— — — . ———min
0.0 10.0 20.0 30.0 40.0 50.0 65.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 41.45 n.a. 2.604 2.643 0.25 n.a. BMB*
2 50.46 n.a. 435305 517.082 48.38 n.a. BMB
3 58.76 n.a. 336.497  549.047  51.37 n.a. BMB*
Total: 774406 1068.772 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R16

a0 Thabo Chi-2020 #56 [modified by Administrator] UV VIS 1
mAU WWL:254 nm|
4 - 55.538
’ oH O
60— l u
: _#,f"-‘@:_ o "‘-H]
407 -l JRJ‘H""‘-'::::J HH'“H-..-""’-'
20
-10 —_—y — — UL
0.0 10.0 20.0 30.0 40.0 50.0 65.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 38.21 n.a. 4.138 5.849 4.16 n.a. BMB*
2 48.57 n.a. 9.164 21.210 15.08 n.a. BMB*
3 48.59 n.a. 0.036 0.496 0.35 n.a. Rd
4 55.54 n.a. 75124 113.102 80.41 n.a. MB*
Total: 88.461 140.657 100.00 0.000

Figure S.4-25: Chiral HPLC chromatogram of TP_A4.16N4CY (entry 8)
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180 Thabo Chi-2020 #107 [modified by Administrator] Uv_vis_1
mAU WVL:254 nm|
) 3 -43.287
150+
| 4 -49.935
CHH {0
100+ .__.-""?u‘:‘a_‘-\[.___.-'l"*.,_\ ____.a-l‘LH]
o I -
] ONT e
50—
7\_M____)L | 1-33.152 2 - 38.693
T
-20 — — — — i
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 33.15 n.a. 0.855 0.598 0.18 n.a. BM *
2 38.69 n.a. 0.010 0.003 0.00 n.a. BMB*
3 43.29 n.a. 156.876  167.356 49.27 n.a. BMB*
4 49.94 n.a. 123.206  171.693 50.55 n.a. BMB
Total: 280.947 339.650 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R17

160 Thabo Chi-2020 #149 [modified by Administrator] uv_vIS_ 1
JmAU WWVL:254 nm
] 5. 50.397
125
1 OH ©
100 1 u
] _.-""1‘“;;: T T
o] L J ]
] oM e, "'\-\.v.-"-'
50
25]
7] 3-42.083 4/-43.865
_’__R_NJI\_J\A__ﬂN\_” | 1-29.998 2 -36.05
4 T T T T
-20 | — — — . | min
0.0 10.0 20.0 30.0 40.0 50.0 62.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 30.00 n.a. 0.908 0.784 0.46 n.a. BMB*
2 36.05 n.a. 1.048 0.807 0.48 n.a. BMB*
3 42.08 n.a. 12.788 11.323 6.68 n.a. BMB*
4 48.87 n.a. 11.390 9.960 5.87 n.a. BM *
5 50.40 n.a. 133.447  148.715 86.51 n.a. MB*
Total: 159.581 169.589 100.00 0.000

Figure S.4-26: Chiral HPLC chromatogram of TP_A4.17N4CY (entry 9)
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Catalyst Recycling: Reaction between cyclohexanone and p-nitrobenzaldehyde (Table 4-6)

300_Thabo Chi-2020 #94 [modified by Administrator] Uv VIS 1
JmAU WVL:254 nm
250 3-42.388
] CH {0
200-] l l_L 4-48.578
] P N
150 \[ I ]
] - .-".-'-':; S
] N7 T ~
100
50
0_: / \ | 1-32.348 2-37.927
I
o /min
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU __ mAU*min %
1 32.35 n.a. 1.387 0.998 0.20 n.a. BMB*
2 37.93 n.a. 0.032 0.182 0.04 n.a. BMB*
3 42.39 n.a. 249.159 251.603 50.91 n.a. BMB*
4 48.58 n.a. 198.169 241.383  48.85 n.a. BMB*
Total: 448.746 494.165 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R18

400 Thabo Chi-2020 #133 [moadified by Administrator] Uv_Vvis_ 1
mAU WWL:254 nm
1 5 - 48.718
300+
7] oH O
7 .#.__,a-:‘:\::. _.--"'l""‘%.-'"-'uh -
200 JJ J : ]
: o T
100+
TN A
-50 — - I1_ T - T I_ " T I T T I1_ T T T 1. ar
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 31.47 n.a. 3.412 3.731 0.86 na. BMB*
2 40.92 n.a. 25.122 21.977 5.07 na. BMB*
3 43.89 n.a. 3.977 3.971 0.92 na. BMB*
4 47.29 n.a. 21.839 17.770 4.10 n.a. BM *
5 48.72 n.a. 340.588  386.386 _ 89.06 n.a. MB*
Total: 394937 433.835 100.00 0.000

Figure S.4-27: Chiral HPLC chromatogram of TP_A4.18N4CY (entry 5)
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Chiral chromatograms for aldol products obtained by Peptide-AuNPs (Table 5-3)

180 Thabo Chi-2020 #104 [modified by Administrator] Uv VIS 1
mAU 3.45255 YWVLi254 nm
150
i 4-52.018
1 OH 8
1007, ,#;ﬁi-1fle'H .-""'”\‘*-\-..]
J -"-lALH'\-\. #__:__-'.'- I L
] ONT T -
50+
4 1-34.580 540583
-20 —— [ —————
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 34.58 n.a. 0.066 0.017 0.00 n.a. BMB*
2 40.58 n.a. 0.008 0.001 0.00 n.a. BMB*
3 45.26 n.a. 185.230 193.103 49.21 n.a. BMB*
4 52.02 n.a. 146.419  199.321 50.79 n.a. BMB*
Total: 331.723 392.442 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R19

Thabo Chi-2020 #108 [modified by Administrator] uv_VIS_1
mAU WWVL:254 nm
5 - 53.930

_op ‘ ‘ i i i ‘ i i i ‘ i i ‘ i i i ‘ i min|
1 1 1 1 1
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 34.70 n.a. 0.901 0.655 0.23 n.a. BMB*
2 39.21 n.a. 3.332 3.340 1.20 n.a. BM*
3 45.08 n.a. 81.827 87.279 31.28 n.a. BMB*
4 52.14 n.a. 26.870 27.948 10.02 n.a. Ru*
5 53.93 n.a. 123.245 159.804 57.27 n.a. BMB*
Total: 236.176 279.025 100.00 0.000

Figure S.4-28: Chiral HPLC chromatogram of TP_A4.19N4CY (entry 4)
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180 Thabo Chi-2020 #104 [modified by Administrator] Uv_VIs_1
mAU 3_a45285 WVL:254 nm
150
: 4 - 52.018
g OH (
100 _i_.-fﬁt_j-__,.-" . ,3”\‘]
] AN I -
1 0N ~~
50—
4 1-34.580 5 _40.583
-20 ——————— 11—
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 34.58 n.a. 0.066 0.017 0.00 n.a. BMB*
2 40.58 n.a. 0.008 0.001 0.00 n.a. BMB*
3 45.26 n.a. 185.230 193.103 49.21 n.a. BMB*
4 52.02 n.a. 146.419  199.321 50.79 n.a. BMB*
Total: 331.723 392.442 100.00 0.000
Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R20
250_Thabo Chi-2020 #102 [modified by Administrator] UV_VIS_1
mAU ngsLé235145 nm|

4 -44.333

‘min
60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 32.50 n.a. 1.778 1.933 0.44 n.a. BMB*
2 35.71 n.a. 0.008 0.045 0.01 n.a. BMB*
3 39.05 n.a. 6.032 5.823 1.34 n.a. BMB
4 44.33 n.a. g95.083 93.130  21.41 n.a. BMB*
5 51.14 n.a. 26.761 21.448 4.93 n.a. Ru
8 52.82 n.a. 232.944  312.643 71.87 n.a. BMB*
Total: 362.587 435.023 100.00 0.000

Figure S.4-29: Chiral HPLC chromatogram of TP_A4.20N4CY (entry 6)
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Thabeo Chi-2020 #104 [modified by Administrator]

Uv VIS 1

180 mAU 3.45255 VWVL:254 nm
150
i 0OH 0 4 -52.018
| PPN
100 \[ I ]
i .-'"'A“""H .-"'.:; - o
: N7 T -
50+
B 1-34.580 5 ._40.583
-20 | T | L
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min Yo
1 34.58 n.a. 0.066 0.017 0.00 n.a. BMB*
2 40.58 n.a. 0.008 0.001 0.00 n.a. BMB*
3 45.26 n.a. 185.230 193.103  49.21 n.a. BMB*
4 52.02 n.a. 146.419  199.321 50.79 n.a. BMB*
Total: 331.723 392442 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY-R21

3g0_Thabo Chi-2020 #111 [modified by Administrator] Uv VIS 1
JmAU WVL:254 nm
] 5 - 52.955
250
200-|
il oH O
150 .__,.-"F:\.:-\-H:. -___.-l"\-\.\_hr.__,-"u"\-.k
] I <)
100 o T~ ~ 3-44.443
50-|
ol . 1-34.068 2-39.
50— — — — —— i
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU  mAU*min %
1 34.07 n.a. 1.720 2.175 0.41 na. BMB*
2 39.61 n.a. 1.567 2.126 0.40 na. BMB*
3 44.44 n.a. 89.782 95.791 17.89 na. BMB*
4 51.10 n.a. 76.011 85.149 1591 n.a. M *
5 52.96 n.a. 252425 350.115  65.40 n.a. MB*
Total: 421505 535.356 100.00 0.000

Figure S.4-30: Chiral HPLC chromatogram of TP_A4.21N4CY (entry 7)
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1BCFThab° Chi-2020 #104 [modified by Administrator] Uv_VIS_1
mAU 3.45285 WWVLi254 nm
150
: 4 -52.018
1 O {
100 *’fﬁ%‘[’flm“[f”\“]
| O 'J#AH“-J";; e
50—
J 1-34.580 5 _40.583
20— e B T e S ML E————
0.0 10.0 20.0 30.0 40.0 50.0 60.0
No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 34.58 n.a. 0.066 0.017 0.00 n.a. BMB*
2 40.58 n.a. 0.008 0.001 0.00 n.a. BMB*
3 45.26 n.a. 185.230 193.103 49.21 n.a. BMB*
4 52.02 n.a. 146.419  199.321 50.79 na. BMB*
Total: 331.723 392.442 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY2-R22

Thabo Chi-2020 #91 [modified by Administrator] uv_wiIs_1
_mAU WVL:254 nm
6-51.992

No Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min Yo
1 0.12 n.a. 0.109 0.002 0.00 n.a. BMB
2 33.00 n.a. 1.236 0.834 0.27 n.a. BMB™
3 37.06 n.a. 2.392 1.807 0.58 n.a. BMB*
4 43.48 n.a. 87.290 85.243 27.30 n.a. BMB*
5 50.06 n.a. 68.346 77.060 24.68 n.a. BM *
6 51.99 n.a. 121.829  147.322 47.18 n.a. MB
Total: 281.202 312.269 100.00 0.000

Figure S.4-31: Chiral HPLC chromatogram of TP_A4.22N4CY (entry 8)
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500 Thabo Chi-2020 #157 [modified by Administrator]

Uv viIs 1

mAU

1-

WWVL:254 nm

2 -50.460

3 - 58.758

41.445

50 T 1 T T T T L I | in
0.0 10.0 20.0 30.0 40.0 50.0 65.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 41.45 n.a. 2.604 2.643 0.25 n.a. BMB*
2 50.46 n.a. 435.305 517.082 48.38 n.a. BMB
3 58.76 n.a. 336.497 549.047 51.37 n.a. BMB*
Total: 774.406 1068.772 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY2-R23

700 Thabo Chi-2020 #166 [modified by Administrator]

UV _VIS_1

mAU

WWVL:254 nm

5-54.183

A00——— — —————
0.0 10.0 20.0 30.0 40.0 50.0 63.0
No. Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 36.41 n.a. 7.606 6.670 0.70 n.a. BMB*
2 42.91 n.a. 22.219 42.629 4.49 n.a. BMB*
3 48.75 n.a. 88.286  103.361 10.88 n.a. BMB*
4 50.76 n.a. 14.477 12.671 1.33 n.a. Rd
5 54.18 n.a. 585.602 785.073  82.60 n.a. BMB*
Total: 718.191 950.404 100.00 0.000

Figure S.4-32: Chiral HPLC chromatogram of TP_A4.23N4CY (entry 9)
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5001 habo Chi-2020 #157 [modified by Administrator] Uv_VIS 1

mAU WVL:254 nm
b 2 - 50.460
400+
b 3 - 58.758
300
200
100+

1-41.445

-50 L B B B R L | o
0.0 10.0 20.0 30.0 40.0 50.0 65.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU mAU*min %
1 41.45 n.a. 2.604 2.643 0.25 n.a. BMB*
2 50.46 n.a. 435305 517.082 48.38 n.a. BMB
3 58.76 n.a. 336.497 549.047  51.37 n.a. BMB*
Total: 774.406 1068.772 100.00 0.000

Figure S.4-R: Chiral HPLC chromatogram of racemate TP_A4N4CY2-R24

1.000 Thabo Chi-2020 #170 [modified by Administrator] Uv VIS 1
! mAU WWL:254 nm|
b 2 -55.570
800+
600+
4004

200
. ] min
-100 - 1 - - - 1 - - T 1 T 1 T T T 1 T T T
0.0 10.0 200 30.0 40.0 50.0 63.0
No. | Ret.Time Peak Name Height Area Rel.Area Amount Type
min mAU _ mAU*min %
1 49.28 n.a. 41.384 44.974 2.89 na. BMB*
2 55.57 n.a. 913.659 1508.723  97.11 na. __ BMB"
Total: 955.043 1553.696 100.00 0.000

Figure S.4-33: Chiral HPLC chromatogram of TP_A4.24N4CY (entry 10)
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Table A: Analytical data and Chiral-phase HPLC spectra analysis for selected aldol products using Lux 5um Cellulose-1 chiral column

Structure Aldol product Eluent; %oratio Flow rate; Retention time (min)
Wavelength (nm)
OH O TP_AL1.IN4ACE Hexane/IPA; 85/15 | 0.6 mL; 254 trmajor = 23.38; trminor = 30.42
TP_AL.2N4ACE Hexane/IPA; 85/15 | 0.6 mL; 254 trmajor = 24.52; trminor = 32.07
TP_A1.3N4ACE Hexane/IPA; 85/15 | 0.6 mL;254 trminor = 22.37; trmajor = 27.88
O,N TP_A1.4N4ACE Hexane/IPA,; 85/15 | 0.6 mL; 254 trminor = 23.13; trmajor = 28.80
NO, OH O
TP_A2.1N2ACE Hexane/IPA; 90/10 | 0.6 mL; 254 trmajor = 22.75; trmajor = 26.31
TP_A2.2N2ACE Hexane/IPA; 90/10 | 0.6 mL; 254 trmajor =19.31; trminor = 22.29
OH (0]
TP_A3CI4ACE Hexane/IPA,; 85/15 | 0.7 mL; 254 trminor = 14.77; trRmajor = 16.79
Cl
Using cyclohexanone as solvent for reaction between cyclohexanone and aromatic aldehydes (Table 4-2)
OH )
TP_A4.1IN4CY Hexane/IPA; 94/6 | 0.6 mL; 254 trminor = 39.09; trmajor = 44.17
TP_A4.2N4CY Hexane/IPA; 94/6 | 0.6 mL; 254 trmajor = 38.63; trminor= 43.60
TP_A5.1IN4CY Hexane/IPA; 95/5 | 0.5 mL;254 trmajor = 39.28; trminor = 44.15
TP-A5.2N4CY Hexane/IPA; 95/5 | 0.5 mL; 254 trmajor =38.63; trminor=43.60
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Selected Aldol products using organic solvents (Table 4-3)

TP_A4.3N4CY Hexane/IPA,; 95/5 | 0.7mL, 254 trmajor = 37.91; trminor = 42.57
TP_A4.4N4ACY Hexane/IPA; 95/5 | 0.6mL, 254 trmajor = 39.19 trminor = 45.06
TP_A4.5N4CY Hexane/IPA; 94/6 0.7mL; 254 trminor = 39.08; trmajor = 45.61
TP_A4.6N4CY Hexane/IPA,; 95/5 | 0.6mL; 254 trminor = 43.19; trmajor = 48.48
TP_A4.7TN4CY Hexane/IPA; 96/4 | 0.8mL; 254 trmajor = 29.42; trminor = 26.19
Using 8 mol% catalyst loading (Table 4-5)
TP_A4.10N4CY Hexane/IPA, 94/6 0.6mL; 254 trmajor = 44.50; trminor = 51.20
TP_A4.9N4CY Hexane/IPA, 94/6 0.7mL; 254 trminor = 34.49; tRmajor = 38.65
TP_A4.13N4CY Hexane/IPA; 95/5 0.6mL; 254 trminor = 45.79; trmajor = 54.67
TP_A4.14N4CY Hexane/IPA, 95/5 0.6mL; 254 trminor = 43.66; trmajor = 50.82
TP_A4.15N4CY Hexane/IPA, 94/6 0.6mL; 254 trmajor = 37.05; trmajor = 44.23
TP A4.16NACY Hexane/IPA; 95/5 0.7mL; 254 trminor = 48.57; trmajor = 55.54
TP_A4.17NACY Hexane/IPA,; 95/5 0.8mL; 254 trminor =42.08; trmajor = 50.40

Aldol products obtained using peptide-capped AuNPs (Table 5-3)

TP_A4.19N4ACY Hexane/IPA; 95/5 | 0.8mL; 254 trminor = 45.08; trmajor = 53.93
TP_A4.20N4CY Hexane/IPA; 95/5 | 0.8mL; 254 trminor = 44.33; trRmajor = 52.82
TP_A4.21N4CY Hexane/IPA; 95/5 | 0.8mL; 254 trminor = 44.44; trmajor = 52.96
TP_A4.22N4ACY Hexane/IPA; 95/5 | 0.8mL; 254 trminor = 43.48; trmajor = 51.99
TP_A4.23N4CY Hexane/IPA; 90/10 | 0.8mL; 254 trminor = 49.14; trmajor = 54.59
TP_A4.24N4CY Hexane/IPA; 90/10 | 0.8mL; 254 trminor = 49.45; trmajor = 55.57
TP_A4.25N4CY Hexane/IPA; 90/10 | 0.8mL; 254 trminor = 48.75; trmajor = 54.18

Catalyst reusability (Table 4-6)

TP_A4.18N4CY

Hexane/IPA: 95/5 | 0.8mL; 254

| trminor = 40.92; trmsior = 48.72
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Selected NMR spectra for determination of the syn/anti (dr) for aldol products by *H

NMR
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Figure S.4-34: *H NMR spectrum of the crude product of TP_A4.2N4CY
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Figure S.4-35: 'H NMR spectrum of the crude product of TP_A4.3N4CY
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TP_N4CY-2B.10.fid
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Figure S.4-36: *H NMR spectrum of the crude product of TP_A4.4N4CY
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Figure S.4-37: *H NMR spectrum of the crude product TP_A4.5N4CY
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Figure S.4-38: *H NMR spectrum of the crude product of TP_A4.6N4CY
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Figure S.4-39: 'H NMR spectrum of the crude product of TP_A4.8N4CY
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Figure S.4-40: *H NMR spectrum of the crude product of TP_A5.1IN2CY
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Figure S.4-41:'H NMR spectrum of the crude product of TP_A5.2N2CY
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Figure S.4-42: *H NMR spectrum of the crude product TP_A4.9N4CY
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Figure S.4-43: *H NMR spectrum of the crude product TP_A4.10N4CY
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Figure S.4-44: *H NMR spectrum of the crude product TP_A4.12N4CY
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Figure S.4-45: 'H NMR spectrum of the crude product of TP_A4.14N4CY
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Figure S.4-46: *H NMR spectrum of the crude product of TP_A4.16N4CY
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Figure S.4-47: *H NMR spectrum of the crude product TP_A4.17N4CY
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Figure S.4-48: *H NMR spectrum of the crude product TP_A4.19N4CY
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Figure S.4-49: 'H NMR spectrum of the crude product TP_A4.20N4CY
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Figure S.4-50: *H NMR spectrum of the crude product TP_A4.21N4CY
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Figure S.4-51:'H NMR spectrum of the crude product TP_A4.22N4CY
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Figure S.4-52:'H NMR spectrum of the crude product TP_A4.23N4CY
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Figure S.4-53:'H NMR spectrum of the crude product TP_A4.24N4CY
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Figure S.4-54:'H NMR spectrum of the crude product TP_A4.25N4CY
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