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A new method is described for the detection of active catalysts from libraries
generated by combinatorial synthesis. The technique was reliant on bifunctional
substitution of a resin with a common substrate and a library of potential catalysts. Site
proximity effects allowed the interaction between these two species such that catalysis
could occur. The substrate was chosen such that under reaction conditions, catalytic
activity brought about a visual change, and thus allowed the identification of beads which
contained active catalysts. Selection of positive beads, followed by identification of the

supported library compound led to the discovery of novel catalysts.

Using this technique a library of 1000 potential tripeptide catalysts were screened
for Diels Alder catalytic activity. A strong sequence correlation was found in the active
catalysts which led to the synthesis of six arginine based catalysts which were found to

give up to four fold rate accelerations.

A new mass spectrometry based method of peptide sequencing, suitable for single
bead applications has been developed, based on the software extraction of isotopically

labelled fragments.

A new mild acid labile amine protecting group is described.
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Chapter 1. Introduction.

1.1. Combinatorial discovery of catalysts.

Since its introduction, combinatorial chemistry has been extensively applied to the
discovery of new pharmaceutical agents, but it is only recently that the same techniques
have been used for the discovery and development of new catalysts."*** The drive for
high throughput screening has empowered the pharmaceutical industry with the necessary
techniques and equipment to identify biologically active compounds from huge numbers
of potential structures. However, related techniques for use in catalyst discovery have not,
until recently, advanced to the same level of sophistication.

Much of the research done in this field has involved the development of heterogeneous
inorganic catalysts.”® The research described in this thesis relates to the development of
organic homogeneous catalysts and immobilised homogeneous catalysts and as such,
heterogeneous catalysis will not be discussed in this introduction.

In the development of organic and organometallic homogeneous catalysts,” three
approaches have been used, which are depicted in Figure 1.” Traditional organic synthesis
is slow, but allows very accurate screening of compounds for catalytic activity as the exact
structure and purity of the compound tested is known. Split and mix synthesis allows the
very rapid generation of large numbers of compounds, but suffers from the difficulties in
identifying active compounds from the screening of the library. Between the two
extremes, parallel synthesis offers an acceleration in synthesis throughput, whilst still

allowing the accurate identification of active catalysts.

¥ For the purposes of this thesis, and the research described, heterogenised catalysts, i.e. homogeneous
catalysts which have been attached to a solid support making them insoluble in the reaction media, will be

cousidered to be homogeneous in nature.
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Figure 1. Three approaches to catalyst discovery.

When using combinatorial chemistry for the discovery of catalysts, the screening

methodology is of great importance. In this introduction, a distinction will be made

between examples of research where single compounds were screened one by one from a

set synthesised by parallel methods, and examples where libraries are screened en masse.

1.2. Catalyst discovery by parallel synthesis and screening.

Asvmmetric aldehvde alkvlation.

In 1995, Ellman et al. reported the synthesis of a small library of substituted 2-

pyrrolidinemethanol ligands on the solid phase (1.2).* The library was synthesised on

polystyrene substituted with the tetrahydropyranyl (THP) linker” (1.1) in four steps

(Scheme 1).
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Scheme 1. Synthesis of 2-pyrrolidinemethanol ligands.

The compounds were then individually examined as ligands for the enantioselective
addition of diethylzinc to aldehydes, both on the solid phase (1.2) and once cleaved tfrom
the resin (1.3) (Scheme 2). The ligands were found to be active both in solution and on the
solid phase, the solution phase ligands giving the best enantiomeric excesses. The most

efficient ligand gave 100% conversion, with 93% ee, determined by chiral HPLC.

2% ligand
OH

)OL Et,Zn, PhMe pY

R H 0°C, 48h R Et

Scheme 2. Addition of diethylzinc to aldehydes.

Alternative ligands for this reaction have been synthesised in a parallel manner by Gennari
and co-workers using solid supported reagents.'’ C, symmetric diamines (1.4) were
reacted with an excess of sulfonyl chlorides (1.5) (reaction promoted by the addition of
polymer supported DMAP (1.6)). Unreacted (1.5) was removed by the addition of

polymer supported amine to give ligands (1.7) (Scheme 3).
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Scheme 3. Synthesis of C, symmetric ligands.

The compounds were investigated as ligands for the Ti(OiPr)4 catalysed insertion of
diethylzinc onto a variety of aldehydes. Multiple substrates were investigated in one pot
for each ligand, increasing the efficiency of the screening process in a method first
introduced by Kagan.'' Each product was separated by chiral HPLC analysis, allowing fhe

stereoselectivity of each ligand for various substrates to be determined at the same time.

Phosphine containing peptides for catalytic hvdrogenation.

Gilbertson and co-workers synthesised phosphine sulphide containing amino acids (1.8)
and (1.9), and then incorporated these into a peptide which was designed to fold into an «-
helix, with two phosphine groups on the same side (1‘10).12’l3 The phosphine sulfides were

then reduced, and rhodium was coordinated to the peptide (1.11) (Scheme 4).

0 0
Ph %
\:ﬁ//\\]/JL\OPi ﬁ,/\\T/Jl\()H
Ph S NHFmoc S NHFmoc
(1.8) (1.9)
Fmoc
peptide
synthesis i) Raney Ni, H,
——— —_—
ii)RhCI(NBD)*CIO,-

Scheme 4. Rhodium coordinating phosphine containing peptide a-helixes.



A library of 63 similar peptides, all containing two phosphine residues and coordinating
rhodium was synthesised in parallel on polyethylene pins grafted with aminomethyl
p(‘)lystyreneML and examined for the ability to catalyse the asymmetric hydrogenation of
dehydroalanine (1.12) to alanine (1.13) (Scheme 5). The products for the reaction with
each ligand were analysed by chiral GC and several of the peptides were found to catalyse

enantioselective reduction (<20% ee).

Rh* peptide
on support ~
E H,
; o T O + ‘ (6]
AcHN AcHN ACHN/Y
OMe OMe OMe
(1.12) (S)-(1.13) (R)~(1.13)

Scheme 5. Rhodium catalysed hydrogenation.

More recently, the same group have used peptidic B-turns containing the phosphine
residue (1.8) to coordinate palladium. A 96 member library of these compounds was then
screened for enantioselective catalysis of the addition of dimethyl malonate (1.14) to

cyclopentenyl acetate (1.15), resulting in high enantiomeric excesses (up to 80% ee) of the

product (1.16) (Scheme 6). "

: MeO,C MeO,C
Pd-phosphine p-turn 2
MeOwOMi ACO N N+ ) ,,,,, (\
5 & TBAF/BSA  MeO,C meo,c” )
MeCN
{1.14) (1.15) (5)-(1.16) (R)-(1.18)

Scheme 6. Palladium catalysed enantioselective substitution.

Randomly generated polyvmeric catalvsts.

In 1995 Menger and co-workers generated hundreds of samples of ‘randomly’ substituted
polyallylamines by reaction of portions of polyallylamine (1.17) with known mixtures of

functionalised carboxylic acids and a coupling reagent. Each portion therefore contained a
mixture of compounds, with only the relative ratio of the substitutions known in each case
(1.18). For each substituted polymer generated, three different carboxylic acids were used

from eight. To each compound mixture was added a metal salt, and then the complexes



were screened in parallel for phosphatase activity by monitoring at 400 nm the rate of
cleavage of bis-4-nitrophenylphosphate (1.19) to give the chromophoric 4-nitrophenolate
(1.20) (Scheme 7).'% Rate accelerations of up to 3000 fold relative to the uncatalysed

reaction were observed.

R -CO,H mixture
_EDC_

NH, "NH, 'NH, 'NH,

(1.17) R o) R o
(1.18)

polymeric catalyst

metal salt NO
OzN\/\ o NG, buffer 2
}I -O\“ ——— 2 X -+ PO43‘

\/\ /P\ -0
(1.19) {(1.20)

Scheme 7. Generation of polymeric catalysts for phosphate hydrolysis.

Similar methodologies were used by the same group for the discovery of reduction'” and

dehydration'® catalysts.

Enantioselective addition of TMISCN to meso epoxides.

The addition of trimethylsilylcyanide (TMSCN) to epoxides to yield B-cyanohydrins is

catalysed by titanium Schiff base complexes. v Snapper, Hoveyda and co-workers have

developed an asymmetric version of the reaction using a dipeptide modified Schiff base as

a ligand. Ligands of general structure (1.21) were synthesised via solid phase Fmoc

peptide chemistry and capping of the N-terminus with substituted 2-

hydroxybenzaldehydes. The ligands were cleaved from the resin (1.22) and their ability to

catalyse the addition of TMSCN to cyclohexene oxide (1.23) in the presence of Ti(OiPr)s
to give cyanohydrin (1.24) with stercoselectivity was investigated (Scheme 8). The ce for
each ligand was determined by chiral GC analysis of the product from each reaction

: 20
mixture.
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Scheme 8. Dipeptidic Schiff bases as ligands for the addition of TMSCN to meso epoxides.

2080 possible structures existed in the structure space designed by the selection of amino
acids and benzaldehydes, but not all were synthesised. The identity of the most active
compounds was determined by a positional scanning approach,”’ whereby one of the
building blocks (amino acid 1 or 2, benzaldehyde) was modified on its own ( R’ first) to
find the best functionality in that position. The next building block was then modified, and
so on, and the most active ligand defined as that with the combination of the best
individual building blocks. The optimised ligand was found to catalyse the reaction with
as ee of 86%.

In a later paper, the group undertook a similar set of experiments with different epoxides,

and screened the ligands on the solid phase.”

Catalvsts for the asvmmetric Strecker reaction.

The asymmetric hydrocyanation of imines (Strecker reaction) offers one of the most direct
routes to chiral a-amino acids.> Jacobsen and Sigman have used parallel synthesis to
investigate ligands based on known catalyst structures, a tridentate Schiff base complex
(1.25). Catalysts of general structure (1.26) were evaluated as catalysts for the addition of
TMSCN to N-allyl-benzaldimine (1.27). The yield and ee of the product (1.28) were
analysed by chiral GC (Scheme 9).*

9



2 R X R
RG>0 SO /‘\”/N )
ﬁ/\/ %/N N I H

N—
M N
/ =M
0 /
3 (6]
R 4
R
(1.25) (1.26)
0
T i) 2 mol% cat. E CJ\N/\/
| + TBSCN Toluene 3 .
H i TFAA ©)\CN
(1.27) (1.28)

Scheme 9. Catalysts for the asymmetric Strecker reaction.

The ligands were optimised using an iterative positional scanning approach, and a ligand
was identified which catalysed the addition of HCN to imines with greater than 90% ee,
even in the absence of any transition metal.

A later paper described further optimisation of catalysts for this reaction, and identified a
catalyst which allowed the synthesis of an unnatural amino acid via the Strecker reaction
in greater than 99% ee and 84% overall yield after recrystallisation.”

Snapper, Hoveyda and co-workers have also investigated this reaction, using the same
ligand family described earlier for the addition of TMSCN to epoxides (Scheme 8). The
titanium catalysed addition of TMSCN to «,(3-unsaturated imines led to the discovery of

catalysts giving greater than 99 % ee.”®

Alkene epoxidation catalysts.

Jacobsen and Francis investigated transition metal complexes of libraries of ligands with
structures (1.29) — (1.32) for activity as alkene epoxidation catalysts.”’ 192 compounds
were synthesised in parallel, and pools of all the catalysts were complexed with 30
different transition metal sources. These mixtures were then used to catalyse the oxidation
by H,O, of E-B-methylstyrene (1.33) to the epoxides (1.34) (Scheme 10). Following the

identification of FeCl, as the best metal source, using chiral GC, Fe(II) complexes of the

10



192 individual ligands, and a further 96 optimised ligands were evaluated and three

complexes with poor enantioselectivity (ee = 20%) were identified.

@N

(1.33)

H H
N
\ﬂ/NivU\N/\Q
E0H
e) R!
/ﬁ(H) (1.30)
'Bu o
- HO 0 o
:
(H)N N="" (1.32)
(1.34)

Scheme 10. Ligands for alkene epoxidation.

Parallel investigation of catalytic svstems with known ligands.

An alternative use of parallel combinatorial techniques is the identification of more

efficient catalytic systems from mixtures of known ligands, metals and solvents. One

example of such an approach is the optimisation of catalyst systems for the

diastereoselective insertion of carbenes generated by the decomposition of diazocarbonyl

compounds described by Burgess et al..”® Four ligands in conjunction with seven metal

sources and four solvents were used to generate 96 different combinations, and these were

then tested for their ability to catalyse the decomposition of (1.35) to give the tricyclic

compound (1.36) which was oxidised to (1.37) (Scheme 11). HPLC was used to determine

the diastereomeric excess (de) of compound (1.37) formed using each mixture. Ligand

1.38) in combination with AgSbFs in THF was found to give the best results (yield 75%
(1.38) gSbFs g (y :

56% de).

11
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Ph (138 Ph

Scheme 11. Catalytic systems for a carbene insertion reaction.

Another example of this use of parallel techniques to evaluate catalyst systems was
reported by Whiting ef a/., who examined homochiral Lewis acids as asymmetric catalysts
for the aza-Diels Alder reaction.””*® Three C,-symmetric ligands, four metal salts, three
solvents and two additives were used to generate a library of 144 different catalytic
mixtures. The reaction investigated was between N-arylimine (1.39) with Danishefsky’s
diene (1.40), followed by hydrolysis to give compound (1.41) (Scheme 12). The results
were obtained by chiral HPLC, and the most efficient system was identified as a
combination of (R, R)-1,2-diphenylethylenediamine (1.42) and Mgl; in acetonitrile with

2,6-lutidine as an additive, giving an ee of 97%.

(0] OMe
/“\ i} Ligand, metal salt /©/
t, additi
MeOQ ;\ solven additive Y
TFA
OMe
\©\ OTMS o) *

(1.39) (1.40) (1.41)

2

H,N NH,
(1.42)

Scheme 12. Asymmetric Lewis acid catalysed aza Diels Alder reaction.
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In addition to the examples presented here, many groups have reported the use of high
throughput analysis technologies such as capillary array electrophoresis,’’ electrospray

mass spectrometry,’> and CD-HPLC.*® See reference 4 for a review of the use of these

techniques in catalyst discovery.

1.3. Catalyst discovery by direct library screening.

Split and Mix Svnthesis.

The most powerful method of generating large numbers of compounds is the split and mix
synthesis technique first developed by Furka et a/.,** and Lam ez al..” As shown in F igure
2, solid support resin is split, for example, into three equal portions, and each is reacted in
a separate vessel with a different molecule of type A. The resulting product resins are the
mixed together, and divided again into three portions, each now containing some resin
substituted with A", some with A%, and some with A. The coupling of three molecules of
type B, now results in nine total compounds. Since each bead of resin could only have
been in one pot at one time, each bead only contains one compound. Mixing and splitting
of the resin again, followed by coupling with compounds of type C results in 27
compounds. Therefore 27 compounds (3°) have been synthesised in only 9 synthetic steps
(3 x 3). This collection of compounds is often referred to as a library. A general rule
applies, that the total number of compounds formed () is equal to the number of building
blocks used in each reaction step (#), raised to the power of the number of split and mix
rounds (sn2). The number of reaction steps required (R), however, is equal to the number of

building blocks used, multiplied by the number of rounds.

N=n" R=nm

If we consider the split and mix synthesis of a library of peptides each with five residues,
using all 20 naturally occurring amino acids, The number of compounds formed is 3.2

million, requiring 100 synthetic steps.

13



/ l \ > Split
f
J R - l AS j\ React
N }
/ ‘ N > Split
D QD
Q QD !
181 ‘Bz 183 ”  React
B1-A2 BZ-A BS-A2 N
B1-A3 BZ—A3 B3-A3 -

N/

9 Compounds

Figure 2. Split and mix synthesis method.

[n the discovery of catalysts from split and mix libraries, the method used to identity
active catalysts is often more complex than the synthesis of the library. Therefore, the
examples presented in this field will be grouped by the catalysis detection method, rather

than the catalysed reaction.

14



Infra-Red thermographic imaging.

Recent advances in photovoltaic infra red imaging, using cameras equipped with focal
plane array detectors, have allowed the development of an ingenious method for the
detection of active catalysts by thermographic imaging. Originally reported by Moates et
al. for the investigation of ignition temperatures of a small library of metal doped
aluminas,”® the technique was used by Morken and Taylor as a technique for the detection
of catalysis from a split and mix library.37 A library of acyl transfer catalysts were
synthesised by split and mix synthesis. Bromoacetyl resin (1.43) was substituted with 15
amines to give resin (1.44) which was then coupled with 14 amino acids (and a skip
codon)" and deprotected to give resin (1.45). A collection of 14 carboxylic acids (and a
skip codon) were then coupled to the N-terminus to give a final library of compounds with
general structure (1.46) (Scheme 13). The use of 15 monomers in each position gave a
theoretical library size of 3150 distinct compounds. The library was encoded with Still’s

tagging technique.®®

1
O R @)
Br\/U\N“@ w Hl\[l\/U\N
H H /

(1.43) (1.44)

i) Amino acid coupling
ii) Deprotection

o R 51 0 R? Fl?1 o
3.
RSJJ\N)\[rN\/[kN R<—COZH H NJ\H/N\)J\N/\@
H H = H
o} o}

(1.48) (1.45)

Scheme 13. Synthesis of a trimeric acyl transfer catalyst library.

A portion of the library (~7000 beads) was added to a mixture of ethanol, acetic anhydride
and triethylamine in chloroform, and observed through an IR camera. The ability of the
compounds to catalyse the acyl transfer reaction between acetic anhydride and ethanol was
evaluated by thermal imaging. The reaction between these reagents is exothermic,

therefore if a bead is functioning as a catalyst, faster reaction will be taking place and the

" A skip codon represents the omission of this synthetic step to a portion of the library.

15



amount of heat produced in the vicinity of that bead will be increased. The observed result
was that catalytically active beads appeared as ‘hot spots’ in the thermal image recorded
by the camera. These beads were picked from the reaction medium and the structure of the
catalysts supported on them determined from the tags present. Out of 23 beads selected, 21
contained either compound (1.46) or (1.47). These were then resynthesised and their
activity for the acyl transfer reaction analysed in greater detail. Both compounds were
found to be active acyl transfer catalysts, compound (1.46) resulting in the highest

increase in reaction rate (Scheme 14).
! 2
QX Sl
AN N .

— — 0
S (1.46) N (1.47)
N : N '

catalyst o

/[(i j\ Et,N, CHCl, 9
. - A
0 ~"0oH o OH

Scheme 14. Active acyl transfer catalysts identified by thermographic screening.

Reetz and co-workers described a method whereby this technology could be adapted to the
investigation of catalytic chiral resolution.”” The catalytic system investigated was the
ring-opening hydrolysis of chiral epoxides (1.48) to give 1,2-diols (1.49). The use of
transition metal containing salen (N, N -bis(salicylidene)ethylenediamine) catalysts (1.50)
induces kinetic resolution of racemic epoxides by enantioselective ring-opening reactions,

originally reported by Jacobsen ef al. (Scheme 15).**!

16
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Scheme 15. Kinetic resolution of chiral epoxides.

The stereochemistry of the cyclohexyl ring in (1.50), and the nature of the metal centre
have profound effects on the efficiency and stereochemical outcome of the resolution. LR.
thermography was used to rapidly screen catalyst-metal combinations with a variety of
chiral epoxides. For each combination three wells of a 96 well plate were used. In one well
was placed the catalyst mixture and the racemic epoxide, in the other two wells the two
enantiopure stereoisomers of the epoxides were added. The reaction was monitored
through an L.LR. camera. Due to the relative rates of reaction, different amounts of heat
were evolved for each well. The well containing the isomer which was hydrolysed fastest
by the ligand-metal combination evolved the most heat and was thus observed to be
hottest by L.R. thermography. The well with the other enantiomer was observed to be
coolest, and the well containing the racemate appeared to be between the other two. Thus
the selectivity could be determined for each catalyst by which well was observed to be
hottest, and the difference in temperature between the hottest and coolest well gave a
representation of the level of selectivity. After the investigation of several catalyst-
substrate mixtures, the results were found to be in line with those previously determined
by bulk analysis.*

The same group later reported an interesting alternative use of I.LR. thermography for
catalyst discovery, the monitoring of endothermic reactions.” The ring-closing metathesis
(RCM) reaction is known to be catalysed by ruthenium carbene complexes, such as the
Grubbs precatalysts (1.51) and (1.52).44 It was not known at the start of the investigation

whether the reaction was exothermic or endothermic, but I.R thermography determined
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the latter to be the case. The ring-closing metathesis of 1,7-octadiene (1.53) to
cyclohexene (1.54) and ethylene (1.55) was investigated with four ruthenium carbene

catalysts in a 96 well plate, and the reactions monitored using an I.R. camera (Scheme

16).

PCy PCy Ph
Cl. 1 % Ph Cl, 1773 e
PNe” =
cr cr Ph

PCy, PCy,

(1.51) {(1.52)

Ru-carbene
= 32°C
i
(1.54) (1.55)

(1.53)

Scheme 16. Ring closing metathesis reaction.

All of the wells were observed to become cooler during the reaction, by comparison with a
control well which contained octane in place of the diene. The level of cooling was found
to be representative of the efficiency of the catalyst observed, by comparison with batch
synthesis of the same reactions. It was not clear, however, how much the cooling was due
to the endothermic nature of the reaction, and how much due to the cooling generated by
the liberation of ethylene gas from the reaction mixture. The technique however gave a
proportional indication of catalyst activity. Reactions with a variety of diene substrates

were undertaken, and similar results observed.

An alternative to LR. thermography was reported by Connolly and Sutherland. The use of
a 96 well plate in conjunction with a 96 position array of thermistors allowed a more
flexible method of reaction temperature monitoring, without the need to use L.R.
transparent materials.*’ The transition metal-salen complex catalysed chiral resolution of
epoxides, as described above, was again investigated using this technique, and the

protocol was found to be a reliable method for monitoring catalysis.
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Fluorogenic Assays.

A fluorescent assay for high throughput catalyst analysis was first described by Hartwig et
al. in 1999. The properties of a wide variety of phosphine ligands were investigated with
application to the Heck reaction for activated and unactivated aryl halides.*® The method
of reaction monitoring was by Heck coupling of a fluorescent acrylate (1.56) to a solid
supported aryl halide (1.57) resulting in the fluorescent compound bound to the solid
phase (1.58) (Scheme 17). Samples of resin (1.57) were therefore reacted with the acrylate
in the presence of Pd(dba); and the ligand for examination. After a fixed reaction time the
resin was washed and the efficiency of the reaction judged by the fluorescence observed
due to the coupling of the fluorophore to the beads. Comparisons of the observed results
with GC based analysis of the same reactions were favourable. 45 ligands were examined
using the technique, and different ligands were identified as giving the best activity for the

aryl chloride or bromide.

ligand
0~ 0o (1.56) Pd(dba),

NaOAC
* O
DMF (1.58) \

Scheme 17. Heck coupling with a fluorescent acrylate.

The same group later used a fluorescence resonance energy transfer (FRET) approach to
the screening of Heck reaction ligands.*” FRET relies on the fact that when the emission
band of a fluorescent molecule overlaps with the absorption band of another, and when the
two chromophores are located within close proximity to each other (20-80 A), the emitted
photons from the fluorophore are immediately absorbed by the other chromophore
(quencher). Thus when the fluorophore and quencher are bonded together, no fluorescence
1s observed. Therefore, dansyl styrene (1.59), a molecule which exhibits strong
fluorescence was reacted through a palladium catalysed Heck reaction with an

arylbromide azo dye (1.60), an efficient fluorescence quencher. The product molecule
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(1.61) exhibits very low fluorescence when compared with the starting material (Scheme

18).

O N
\3:0\©\/ Ligand
> Pd(dbay},
OO Et,N “
“ (1.59) OMF N
+ I Boc

Scheme 18. Heck reaction monitoring by FRET.

96 Phosphine ligands were evaluated in a 96 well plate by monitoring the disappearance of
fluorescent activity as the reaction progressed. The best catalysts were then re-examined

with a variety of different substrates.

Aminomethylanthracenes (1.62) are pH sensitive fluorophores which undergo
photoinduced electron transfer in the free amine form (1.62a), but fluoresce when
protonated (1.62b).48 Copeland and Miller proposed the use of such indicators to detect
the acid formed during catalytic acyl transfer using an anhydride.*’ Resin was thus
partially substituted with an aminomethylanthracene moiety and the remaining resin sites
were used to build one of four B-turn peptides (1.63) known to catalyse certain acyl
transfer kinetic resolutions, such as the selective acylation of racemic frans-1,2-
acetamidocyclohexanol (1.64) with acetic anhydride to give one enantiomer preferentially

of the diacylated product (1.65) (Scheme 19).”°
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Scheme 19. A fluorescent assay for acyl transfer catalysts.

ontaining resin samples were mixed with control beads containing the

identified by their pronounced fluorescence as a result of the acetic acid produced as a
reaction by-product, whilst the control beads remained dark. The authors suggest that this
method may be suitable for the screening of split and mix libraries using either

fluorescence microscopy or fluorescence activated bead sorting.

The same sensor system was later incorporated into the matrix of a polymeric gel, and
used for the investigation of a split and mix library of peptidic acyl transfer catalysts.’

The beads were incorporated into the gel during its setting, and on addition of the acyl
transfer reagents, active beads showed fluorescence, again as a result of the acetic acid
produced. The rate of diffusion of the acetic acid was slow enough so that the fluorescence
remained located within the active beads for considerable time. Beads showing high levels

of fluorescence were picked and sequenced by the Edman method. The active hits were all

n-methylhistidine residue at the N-terminus, a feature already known to

the researchers as being important for catalytic activity.”
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Visual Assays.

The first example of a colourimetric assay for the combinatorial investigation of catalysis
was reported in 1998 by Crabiree and co-workers.” Four ferrocenyl dyes of general
structure (1.66) or (1.67) were used to monitor the activity of twelve hydrosilation
catalysts. The dyes were dispensed into a 96 well plate, and one of the catalysts added to
each solution. The addition of Ph,SiH, caused the hydrosilation of the dyes in wells
containing an active catalyst, resulting in loss of conjugation between the ferrocene and
pyridine moieties, to compounds of structure (1.68), resulting in disappearance of the dye

colour (Scheme 20).

X ; X
)

(1.66 (1.67)
X=CHorN
Ph._H_Ph
Catalyst i
atalys
X ; X
7N\ —&y PrSiH, /7 &
== fe THF — fre
(1.68) @

Scheme 20. Hydrosilation of ferrocene dyes.

Wilkinson’s catalyst (RhCI(PPhs);), which was already known as a hydrosilation
catalyst,5 3 and Pd(Ar,PCsH4CH;)(OAC),, a known catalyst for the Heck reaction,” were

found to be the most active for this reaction.

The application of colourimetric catalyst screening to a split and mix library of peptide-
zirconium complexes for phosphate hydrolysis was reported by Berkessel and Hérault.”> A
library of 625 peptides of general structure (1.69) were synthesised on TentaGel using the
split and mix methodology. The library beads were then complexed with a variety of metal
salts, and added to a solution of hydroxyindoly! phosphate (1.70) in buffer, Phosphate

cleavage released the indoxyl derivative (1.71) which was oxidised in air to the highly
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coloured and insoluble indigo dye (1.72) (Scheme 21). The dye precipitates inside beads

containing an active catalytic species.

-AAL-GIV-GIV-AA3-GIV-Glv-AA2-Glv-GlV-AAT-Phe— 3
H-AA%-Gly-Gly-AA3-Gly-Gly-AA2-Gly-Gly-AA'-Phe H

AA = Arg, His, Tyr, Trp, Ser

(1.69)
¢ orol o o ¢ o
Br peptide-metal g, o Br H
N\ complex oxidation O O
——s
N water N
(1.70) (1.71) Cl
insoluble purple
dye
(1.72)

Scheme 21. Phosphate hydrolysis catalysts.

Activity was found with the peptides in conjunction with Zr*", and the beads which
exhibited the greatest colour change were selected and the peptide structure determined by
Edman sequencing. The peptide H-Ser-Gly-Gly-His-Gly-Gly-Arg-Gly-Gly-His-Phe-OH
was identified as the most active species, and from solution phase kinetic analysis was

tound to give five fold rate acceleration against the uncatalysed reaction.

Lavastre and Morken used a colourimetric assay to examine metal-ligand combinations as
allylic alkylation catalysts.>® Catalytic transfer of an allyl group from 1-napthyl allyl
carbonate (1.73) to a malonate (1.74) to give compound (1.75) released 1-napthol (1.76).
Reaction of (1.76) with Fast Red diazonium salt (1.77)°’ generated an azo dye (1.78)
resulting in a highly coloured solution (Scheme 22). 12 transition metals, and 8 ligands
were mixed in a 96 well plate, and compounds (1.73), (1.74) and (1.77) were added. The
reaction was monitored by the observed colour change caused by the synthesis of dye

(1.78).
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Scheme 22. Colourimetric detection of allyl transfer.

4

Several ligand-metal combinations led to active catalysis and therefore dye generation,
including previously known palladium complexes for this reaction.’ ¥ Two new complexes
of iridium however were identified, and subsequent batch screening confirmed their

activity.

A similar strategy was recently employed by the same group for the discovery of synthetic
phosphatases from a solid supported split and mix library.”’ 3360 Dipeptidic Schiff base
ligands of general structure (1.79), incorporating 9 heteroaromatic unnatural amino acids
in position 1, 22 natural and unnatural amino acids in position 2, and 46 benzaldehydes in
position 3, were generated using split and mix synthesis on TentaGel resin, with Still’s
tagging strategy.”® These were complexed with gadolinium (III) and investigated for
phosphatase activity with phosphate (1.80) as the substrate. The addition of Fast Red
(1.77) again allowed the detection of catalysis by reaction with the produced napthol

(1.81) to generate azo dye (1.82) (Scheme 23).
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Scheme 23. Colourimetric assay for a synthetic phosphatase.

Two compounds were identified from the screen, which on further analysis were found to

give 4 and 10 fold rate accelerations compared with the uncatalysed reaction.

One possible problem with some of the colourimetric strategies described above is the
diffusion of the coloured species tfrom the active bead, leading to loss of signal. The use of
insoluble dyes which precipitate inside the bead is one solution, as described in the work
of Berkessel and Hérault above.>® An alternative strategy has been described by Davis and
co-workers, relying on the isolation of the catalyst beads in a semi-solid gel.60 The use of a
low melting agarose gel containing an indicator for catalytic activity prevents the diffusion
of the colour from active beads. The potential of the technique for the discovery of
catalysts was examined by layering a mixture of enzyme substituted resin beads (1.84)
(generated by the ring opening of epoxide resin (1.83) (Scheme 24)°') and control beads

onto the surface of an agarose gel containing a colour changing substrate for the catalyst.

H,N-Enzyme
D/\O/\‘ ——— Enz me—N/\/\O
o & Phosphate buffer ¥ H Q
(1.83) pH 7.5-8.0 OH
(1.84)

Scheme 24. Immobilisation of enzymes to the solid phase.
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Two enzymes were used for the test screens. Firstly, immobilised galactosidase was used

in conjunction with an agarose gel containing o-nitrophenyl-3-D-galactopyranoside (1.85).

Cleavage by the enzyme released the nitrophenolate (1.86) which labelled the enzyme

containing beads with a yellow colour (Scheme 25). No diffusion of the colour away from

the active beads was observed.

O,N
(1.85)

Scheme 25. Enzymatic hydrolysis of a galactopyranose.

In similar experiments, a resin immobilised esterase was used in two screening models.

Firstly, the hydrolysis of 4-nitrophenyl acetate (1.87), to yield the yellow nitrophenolate

(1.88), and secondly, the detection of a general ester hydrolysis by incorporating a pH

indicator (1.89) into the agarose, allowing the detection of protons formed during the

hydrolysis (Scheme 26).
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Scheme 26. Screens for esterase activity.

Powers, Murphy and co-workers at Symyx Technologies have developed an intriguing
visual assay for the discovery of olefin polymerisation catalysts.®* 48 Solid supported
diimines (1.9i) were prepared in parallel by the addition of various aromatic amines to
diketone resin (1.90), and complexed with Ni'™ or pd™ to generate 96 solid supported
catalysts of general structure (1.92) these were screened for activity as ethylene
polymerisation catalysts in a specially designed 96 well reactor block, and the produced

polymers analysed by GPC (Scheme 27). An observation made during the experiments

was that the beads containing the most active catalysts grew in size due to the build up of

polymer on the beads surface (1.93). The researchers realised that this made an excellent

opportunity to develop a visual assay. Thus, the catalysts were resynthesised,

incorporating secondary amine tags, for analysis using Gallop’s dansylated amine tagging

s‘rrategy,64 mixed, and screened by reaction with ethylene en masse. Five beads which had

grown the most in size were selected and the structure obtained by identification of the

tags. They were found to be catalysts which had given some of the best results in the firs

GPC based screen.

t
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Scheme 27. Ethylene polymerisation catalysts.

Biologically based selection assays.

RNA based catalysts (artificial ribozymes) for the Diels Alder reaction have been the
subject of extensive investigations by two groups over the last 5 years. Eaton et al., of
NeXstar Pharmaceuticals attached a diene via a PEG spacer to the 5’ end of a library of
~10" 100 nucleotide RNA molecules (1.94).% It was previously reported by Jischke and
Seelig of the University of Berlin that diene modified RNA strands could be labelled with
maleimides using the Diels Alder reaction.’® The library of RNA contained the pyridyl
modified uridine nucleotide (1.95), and this moiety aided the binding of the RNA strand to
a variety of metal ions. These RNA-metal conjugates were reacted with biotinylated
maleimide (1.96), to give the product molecules (1.97) (Scheme 28). It was found that
certain RNA sequences self-catalysed the reaction, leading to reaction with the maleimide.
Streptavidin binding of the biotin moiety was used to separate reacted RNA from the
unrcacted library members, and these were amplified by PCR and re-entered into the
screening process. After 12 rounds of selection, the products were amplified and
sequenced. 6 families of related RNAs were found in the selected strands, and one family

was found to be present in 59% of the samples, giving a consensus sequence



(UUCUAACGCQG). The catalytic activity was found to be copper (II) dependant, and also

dependant on the presence of the modified uridine.

o)
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Scheme 28. Streptavidin binding assay for Diels Alder catalyst activity.

Jaschke and Seelig reported the discovery, using similar screening methodologies, of an
RNA motif which catalysed the Diels Alder reaction using unmodified nucleosides in the
absence of transition metals, and found that the selected RNA oligomer was able to
catalyse the reaction of the two substrates when not bound to the RNA.%

Both groups have continued to contribute to this field of catalyst development, Eaton et al.
investigated alternative modified uridine nucleosides,” and investigated secondary
structures and substrate specificities of the active sequences.” Whilst Jischke et al.

. . e s )
investigated the stereospecificity and substrate dependence.”””!

The use of an immunoassay for the detection of enantioselective catalytic activity has been
reported by Wagner et «l. A competitive enzyme immunoassaj,f73 was used to identity

ligand-metal combinations leading to high yields and enantioselectivities for the reduction



of 2-oxo-phenylacetic acid (1.98) by hydrogen transfer into mandelic acid (1.99) (Scheme

29).

~ metal
i .
il ligand
= H, source
DMF *
0 COCH HO COOH
(1.98) (1.99)

Scheme 29. Enantioselective reduction of an a-keto acid.

88 ligand-metal combinations were examined, and the reaction products of each split into
two portions. These were added to two microtitre plates, containing a specific antibody to
the product. In one plate the antibody was selected to bind the racemate of (1.99), the
other plate one specific enantiomer. Before the addition of the reaction mixtures, an
enzyme linked to compound (1.99) was added to each plate such that all the antibody
binding sites in both plates were fully occupied. Addition of the product mixtures caused
displacement of the enzyme from the antibody, such that it could be washed away. In the
plate containing the racemate selective antibody, both enantiomers of the product caused
enzyme displacement, whilst in the enantioselective plate, only one enantiomer displaced
it. After washing the plates, a substrate for the enzyme was added, chosen because enzyme
activity led to a colour change. Measuring the level of colour change allowed
determination of the amount of enzyme present in each well, and therefore the amount of
(1.99) that had displaced it. The yield of each reaction could therefore be determined from
the racemic plate, and the ee from the difference between the two (Figure 3). The authors
state that since antibodies can be raised to almost any compound, this assay has wide

ranging applications in catalyst discovery.
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Figure 3. Competitive enzyme immunoassay.

The field of combinatorial catalysis is therefore a fast growing one, with many new

developments and techniques being reported. The research reported is of great interest to

both industry and academia and promises to be a rich seam of novel catalysts in the future.
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Chapter 2. The discovery of Diels Alder catalysts from

combinatorial peptide libraries.

2.1. The Diels Alder reaction.

The Diels Alder reaction is the most famous, and one of the most useful pericyclic
reactions. It was discovered in 1928 by Otto Diels and Kurt Alder,™ work for which they
were jointly awarded the Nobel Prize in 1950. The reaction is the cycloaddition of a diene
(2.1) and a dienophile (2.2) to form a cyclohexene (2.3) (Scheme 30), and is promoted by
the use of an electron rich cisoid diene and a dienophile with an electron poor double bond
(often due to a conjugated carbonyl group), or more rarely, by an electron poor diene and

an electron rich dienophile.”

r ly }j
e — |0 — ¢
(21 (2.2) 2.3)

R = electron withdrawing group

Scheme 30. Diels Alder reaction.

The reaction is one of the most powerful methods for making cyclohexene and
cyclohexane containing compounds and has been employed in numerous important
syntheses, for example the synthesis of the fungicide captan (2.6) from 1,3-butadiene (2.4)

and maleic anhydride (2.5) (Scheme 31).7°

= 7 - 9
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Scheme 31, Synthesis of captan.
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Generally Diels Alder reactions are accomplished by heating the reagents together either
neat or in a solvent, but the reaction can also be catalysed by the addition of a Lewis
acid.”” Catalysis is achieved by coordination of the electron withdrawing group of the
dienophile, increasing its electropositivity and therefore lowering the energy of the LUMO
of the dienophile’s double bond. The effect of the catalyst on the frontier orbitals is

depicted in Figure 4.7%

LA+
0 o
7 o
\\\ tf DN I
\Il:‘ lya
/ ¥, LUMO
/’ ¥, LUMO
/T ﬁ“"%
/ T
1
HOMO W, “ﬁ_l HOMO ¥,/
- )

Diene  Dienophile Diene  Dienophile
Lewis acid
complex

non-catalysed reaction catalysed reaction

Figure 4. Effect of Lewis acid catalysis on the {rontier orbitals of a Diels Alder reaction.

In Scheme 32 the Lewis acid SnCly coordinates the carbonyl group of methyl vinyl ketone
(2.7) activating the double bond and allowing it to react with 2-methyl-1,3-butadiene (2.8)

. . . . L 79
at room temperature, a reaction which otherwise would require heating in a sealed tube.

‘b/“SnCl . o
0 I
’i/”\ ,\ /< SnCl, (ca)
|
@2.7) (2.8)

Scheme 32. Lewis acid catalysis of the Diels Alder reaction.
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2.2. Same bead substrate-catalyst libraries.

The aim of this research was to develop a technique which would allow the generation and
screening of on-bead catalyst libraries using combinatorial techniques. The key
component of this strategy was to find a method that would allow the evaluation of
catalytic efficiency of compounds attached to single beads in the presence of the rest of
the library. This would allow a single screen to show which compounds were active and
which were not, without the need to spatially separate the beads and test them
mdividually.

TentaGel resin consists of polystyrene beads cross-linked (1-2%) with divinylbenzene,
which have been modified by anionic graft polymerisation of ethylene oxide onto the resin

and have the general structure shown in Figure 5.5

X/\/O\(\/\O

n~50
X =NH,, OH, SH, or Br

Figure 5. Structure of TentaGel resin.

The resin was originally developed for use in continuous flow synthesis as it has relatively
uniform swelling properties in a variety of solvents, but it has other uses, for example it
swells in polar solvents, and thus is often used instead of standard polystyrene resins
where solvents such as methanol or water are required to carry out chemistries.

It has been shown by *C-NMR relaxation time studies conducted by Bayer,” that the
mobility of compounds attached to TentaGel is similar to their mobility if attached to PEG
chains in solution.

The catalysis detection technique proposed, relies on the ability of compounds bonded to
the ends of the PEG chains on TentaGel to interact with each other within the same bead.
By partially substituting aminoethyl TentaGel with a substrate for a catalytic reaction, and
then using the remaining free sites on this resin to generate a library of catalysts, any
catalytically active library members would be able to promote the reaction of substrate
molecules mounted on the same bead by a site to site catalysis interaction (Scheme 33). If

the reaction being investigated was chosen such that the modification of the substrate
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under catalysed conditions leads to a colour change, then beads containing active catalysts

would display this colour change, allowing them to be selected from the library.

0}
A~ <1 eq. substrate Substrate o7,
H,N \6/\0 . - A~
coupling conditions H,N *~"o7,

catalyst
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© o}
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¢} ) -~ °

\(/\o n for catalysis Q_/ \(/\O n

Active catalyst bead interaction in
active beads

Scheme 33. Proposed method for the detection of catalytic activity.

2.3. A screen for the detection of Diels Alder catalyst activity from a

library of peptides.

It has already been shown that RNA strands can be used to catalyse the Diels Alder
reaction (Chapter 1 page 28), in the presence of transition metals. It was hoped that a
library of peptides might offer an alternative source of Diels Alder catalysts. Amino acids
offer a wide variety of functionalities, such as basic, acidic, hydrophilic and hydrophobic
sites, aromatic rings and hydrogen bond donors and acceptors which allow enzymes to
catalyse an almost limitless range of reactions, far beyond the scope of human efforts in
catalysis. Shorter peptide chains lack the detailed three dimensional structure of enzymes,
but carry the same functional groups and therefore may be capable of catalysing the same
reactions. In the case of the Diels Alder reaction, catalysis is generally by activation of the
dienophile by a Lewis acid, a role that could perhaps be replaced by a hydrogen bond
acceptor, which is in effect a weak Lewis acid. Several amino acid side chains have
hydrogen bond acceptor functionalities, for example lysine (amine), serine (alcohol),

glutamine (carboxamide) and others. These functionalities, together with other binding
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interactions such as van der Waals forces, 7 stacking interactions and polar attractions
could help to promote the reaction between the diene and dienophile, and lead to reaction
catalysis. Therefore a method for screening a library of small peptides as Diels Alder

catalysts was devised.

2.4. Substrates for combinatorial catalyst screening.

In order to obtain colourimetric detection of the Diels Alder reaction on resin, it seemed
that one of the substrates (diene or dienophile) should be attached to the resin, and the
other labelled with a dye. On reaction therefore, the dye would become covalently
attached to the resin allowing product formation (and therefore the efficiency of the
catalyst) to be observed. In both the work of Eaton et a/. and Jdaschke et al. described
above, the diene was attached to the RNA strand, and the dienophile to the labelling
moiety. It was therefore decided to use a similar arrangement. £, £-2,4-Hexadien-1-ol (2.9)
was chosen as the diene, with the alcohol as the point of attachment to the resin. Two
methods of resin attachment were possible. Firstly, the opening of succinic anhydride with
the amino group of the TentaGel resin to give acid functionalised resin (2.10), followed by
esterification of the alcohol to give the diene functionalised resin (2.11). Secondly, The
activation of the alcohol as an active carbonate (2.12), followed by displacement of the

leaving group by the resin amine to give the diene functionalised resin (2.13) (Scheme

34).
/WOH O
\n/\/u\ (29) WONNW
DCM /\. ch DMAP & H
(2-10) peu (2.11)
1,
NN o T NN DCM

(2.9) 2.12) (2 13)

Scheme 34. Possible syntheses of diene substituted TentaGel resins.
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The carbamate moiety in the second example was considered to be more suitable.
Formation of the chloroformate (2.14) by the reaction of the alcohol with triphosgene and
triethylamine in DCM, with the addition of a drop DMF as a catalyst was found to be
messy, and purification of the product difficult due to the instability of the chloroformate
to silica based chromatography. Reaction of an excess of the crude reaction mixture with
TentaGel S NH; gave 100 % substituted resin (2.13) (Scheme 35), however, in order to
use this system for catalyst detection, it was necessary to obtain resin which was partially
substituted with the diene. The inability to purify the chloroformate therefore meant that it
would not be possible to know the amount of compound present in order to calculate the
substitution of the resin. Therefore this method was not suitable for the synthesis of

TentaGel partially substituted with diene.

Triphosgene 0 H N/\® 10)
ELN N N J\ ) S /U\
oo | Taw NN WG
(2.9) (2.14) DCM (2.13) '

crude mixture

Scheme 35. Synthesis of diene substituted TentaGel via chloroformate.

An alternative to the chloroformate for the synthesis of carbamates is the 4-nitrophenyl
carbonate (2.16). This was readily synthesised by treatment of the alcohol with 4-
nitrophenylchloroformate (2.15) with DIPEA as the base. The compound was found to be
substantially more stable to chromatography on silica gel than the chloroformate (2.14)
and was therefore successfully purified. Reaction of an excess of the compound with
TentaGel S NH, in the presence of triethylamine again successfully resulted in 100 %

substituted resin (2.13) (Scheme 36).
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Scheme 36. Synthesis of diene substituted TentaGel via 4-nitrophenylorthoformate.

Having successfully identified a suitable diene for the reaction and developed a method

for the attachment to the solid phase, a dienophile needed to be found which met the
requirements for catalyst detection, i.e. that it was coloured. Maleimides generally make
excellent dienophiles for the Diels Alder reaction due to the electron withdrawing nature
of the two carbonyl groups conjugated to the double bond, so it seemed that the coloured
maleimide 4-phenylazomaleinanil (2.17) would be a suitable compound to use as the
labelling dienophile. Its reaction with compound (2.9) was investigated (Scheme 37)¥, and
the half life of the reaction at ~5 mM concentration was determined by HPLC to be
approximately 12 hours. This made the reaction suitable for catalyst discovery as with

such a slow reaction, any catalysis should be easily observable.

s
GO O
N
(0]
HO
(2.9) (2.17) (2.18)

Scheme 37. Solution phase Diels Alder reaction.

Therefore, resin (2.13) was heated at 60 °C with compound (2.17) in THF for 16 hours,

and washed repeatedly with a wide variety of solvents. The resin remained orange in

¥ The stereochemistry of (2.18) could not be assigned, and so has been assumed to be the normally observed

endo product.
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colour, suggesting that the dye had indeed been covalently bound to the resin through a

Diels Alder reaction (Scheme 38).

0
NS
N N
+
O O
0

Scheme 38. Solid phase Diels Alder reaction.

2.5. Synthesis of peptide libraries for screening as Diels Alder

catalysts.

Two types of library were investigated for the discovery of Diels Alder catalysts. In the
first the resin was partially substituted with diene, and then the remaining free resin sites
were used to generate the peptide library. In the second library, the unsubstituted resin was
used for the library generation, and then the N-termini of the peptides were capped with

the diene (Scheme 39).

0.25 equivalents 75% H,N Library 75% (Peptide libra u @
compound (2.16 rati Q
mNA@ mp (2.16) )J\ generation J\
WO /WO N
25% H

25%

Library 0.25 equivalents 75% (Peptide librar H @

HZN generation (Beriide library N compatie (2151
4 (o) H Peptide libraryj—N
NN \”/ H
e}

25%

Scheme 39. Design of two catalyst libraries.
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TentaGel S NH; resin was therefore reacted with 0.25 equivalents of compound (2.16) in
the presence of triethylamine, and the reaction monitored by TLC to confirm that all the
available reagent had reacted with the resin, such that the resin was 25 % substituted with
diene. The remaining free sites on resin (2.19) were then used for the generation of split
and mix library of pentapeptides by Fmoc peptide synthesis. Ten Fmoc amino acids were
used for the generation of the library, these were: Fmoc-Phe-OH, Fmoc-Ala-OH, Fmoc-
Ser(O'Bu) -OH, Fmoc-Gly-OH, Fmoc-Arg(Pbf) -OH, Fmoc-Trp-OH, Fmoc-Val-OH,
Fmoc-Glu(O'Bu) -OH, Fmoc-Leu-OH, Fmoc-Gln-OH. The amino acids were chosen to
represent a variety of acidic, basic, polar and hydrophobic residues in order to generate
structurally varied peptides to evaluate as catalysts. Lysine and cysteine were excluded
from the selection to avoid possible Michael additions to the maleimide, giving rise to
false positive catalyst identification. The library contained a possible 100,000 different
peptides, and was synthesised on a scale such that a 20 fold excess of resin beads was used
(~ 2 million), and therefore all possible structures should be present. After completion of
the library synthesis (2.20), the side chain protecting groups were removed by treatment
with TFA/H,0O/PhOH/ TIPS,* and the Fmoc group was removed from the N-terminus to
give library (IL.2.1) (Scheme 40).

0.25 equiv Compound (2.16) 75% H,N

HzN Et,N, DCM
N .

25%
(2.19) H :
Split and mix
Fmoc peptide
y synthesis
i) TFA, H,0,
75% PhOH, TIPS protectmg groups J 750,
H,N-AASAA+AASAAZ AAT— A? (1820 FMOC-AASAA*AASAAZAAT— A?
ii) 20% Piperidine
Aol |
25% H 25%
(L2.1) (2.20)

Scheme 40. Synthesis of library (L2.1).

A second pentapeptide library was synthesised directly onto TentaGel S NH; resin
following an identical protocol to that used for the synthesis of library (I.2.1). After the
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completion of the synthesis (2.21), the Fmoc group was removed from the N-terminus and
the resulting amino groups were 25 % capped with diene by reaction with compound
(2.16) to give resin (2.22). The side chain protecting groups were then removed as before
to give library (L2.2) (Scheme 41). All the terminal amines were not capped for two
reasons. Firstly, so that each bead in library (L.2.2) would contain as much diene as a bead
from library (L2.1), and thus should pick up an equal amount of dye if equally active.
Secondly, so that active beads could be picked and analysed by Edman sequencing, a
protocol which requires a free N-terminus. Edman sequencing is discussed in greater detail

later in this thesis (Chapter 4, page 73).

Split and mix

Fmo;\: pz_eptide protecting groups

synthesis 5 CAAG AAL——
HZN/\‘ bbb Fmoc- ARSAASAR-ARFAAL—N’

(2.21)

i) 0.25 equiv compound (16)

l i) 20% piperidine/DMF
Et,N, DCM

TFA, H,0, protecting groups

PhOH, TIPS H,N-ARS AAFAAT AAZ AAT— N @
H &

75% H,N-AASAA+AATAAZAAL N
16:2:1:1 75%

H

protecting groups

N-AASAA-AATAAZAAL— N-AASAA+AASAAZAAL—
\/\/\/O\“/H AR AAAN AN AL A~ O N N
25% ¢ 25% 5 (2.22)
(L2.2)

Scheme 41. Synthesis of library (L2.2).

Following the synthesis of the libraries, experiments to determine suitable conditions for
the catalyst screening experiments were carried out. Diene substituted TentaGel resin
(2.13) was reacted with 0.5 equivalents of 4-phenylazomaleinanil (2.17) in DMF, DCM,
THF and benzene. The reactions were monitored under a microscope and the uptake of the
dye by the resin beads assessed. The reaction in DCM was found to be the fastest,
resulting in the greatest uptake of dye by the beads after a set period of time. The sample
reacted in DMF also showed significant uptake, with the other two solvents giving much

slower reaction.
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2.6. Screening of the peptide libraries.

10 mg samples of each of libraries (L.2.1) and (L.2.2) were swollen in DCM and 0.1
equivalents of 4-phenylazomaleinanil (relative to diene loading) were added to each
reaction. Samples of resin (2.13) and unsubstituted TentaGel S NH, resin were treated

under the same conditions to act as controls for the screening experiment (Scheme 42).

g 4-phenylazomaleinanil
75% HN-AASAACAATAAZAAL—N m PRemaans Coloured beads?

Ho & DCM

25% /\/\/\O/U\N
H
(L2.1)

75% H,N-AASAAAAAAZAAL N @

H ——
-, 5- 4- 3- 2 Fhos
\N\/OY” AASAATAATAAZAA H
25%
° 0 (L2.2)
X
RN =
N
(2.13)

HN"N1g S

TentaGel S NH,

Scheme 42. Screening of peptide libraries.

After 24 hours no uptake of the dye was observed for the unsubstituted TentaGel or either
of the library samples. Resin (2.13) however showed uptake of the dye as had been
observed previously. The observed result that neither of the library samples showed any
dye uptake was rather a puzzling one, as even if the pentapeptides were inactive as Diels
Alder catalysts, some uptake should have occurred due to the uncatalysed background
reaction as observed for the diene substituted resin sample. One possible explanation to
the observed result was that the diene was not present in the library samples. It had been

considered that the diene carbamate functionality would be stable to all the reaction

42



conditions, as it had similar structure to the Aloc protecting group which is stable to the

conditions used in the library synthesis (Figure 6).

(0] O
P Ve YN /U\ R AN /U\ R
(0] N O N
H H
Diene-carbamate Aloc group

Figure 6. Structure of diene carbamate vs. Aloc group.

It was decided however to confirm that the group would not be removed by any of the
reagents used during the library synthesis. Samples of diene substituted resin (2.13) were
treated with 20% piperidine in DMF, DIC and HOBt in DMF/DCM and
TFA/H,O/PhOH/TIPS, and then tested for free amine groups using the ninhydrin test.”
The functionality appeared to be stable to piperidine, and to the coupling conditions, but
treatment with TFA resulted in the removal of the group liberating the free amine

(Scheme 43).

P TFA, H,0
NN —_—
0 'Ni oS HzN

(2.13)

Scheme 43. Cleavage of the diene by treatment with TFA.

Further experiments showed that the functionality was particularly sensitive to acidic
conditions, for example treatment with 1% TFA in DCM was sufficient to remove the
group. More detailed examinations of the stability and lability of this functionality,
hereafter named the £, £-2,4-hexadienyloxycarbonyl group, and investigations into its use

as a amine protecting group can be found in Chapter 5 of this thesis.
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2.7. Resynthesis and screening of pentapeptide libraries.

Following the discovery of the lability of the hexadienyloxycarbonyl group, an alternative
library synthesis strategy was devised. For the first library, TentaGel S NH, resin was 25%
capped with a Boc group, then library synthesis was carried out using the split and mix
methodology. Removal of the side chain protecting groups by treatment with
TFA/H,O/PhOH/TIPS as before also removed the Boc group, releasing the remaining
amino groups on the resin, which were then capped with diene by treatment with
compound (2.16). Finally, removal of the N-terminal Fmoc group gave library (L2.3).
Library (L.2.4) was synthesised in a manner similar to library (I.2.2), but with the removal

of side chain protection taking place before the addition of the diene (Scheme 44).

0.25 equiv Boc,0 75% H,N
G
HzN ELN, DCM (2.24)

Fmoc peptide Fmoc peptide
synthesis synthesis

Boc—N 25%

protecting groups protecting groups 75%
Fmoc-AA5-AA4~AA3-AA2-AA1—N/\@ Fmoc—AA5-AA4—AA3-AA2-AAL—H
H
(2.23) (2.25)

Boc—N 259

i) TFA, H,0, PhOH, TIPS

i) TFA, H,0, PhOH, TIPS
(16:2:1:1) B (16:2:1:1)
ii) 20% piperidine/DMF ii) Compund (2.16), Et;N, DCM
iii) 0.25 equiv Compund (2.16), Et;N, DCM i) 20% piperidine/DMF
75%

75% HyN-AAS-AA-AAS-AAZ-AAL—N HQN-AA5-AA4—AA3—AA2-AA1—H
H

_AAS_AASAAIAAZAAL__
W\/OwAA AAL-AAS-AAZ-AA H
25%
(L2.4)

Scheme 44. Synthesis of libraries (L.2.3) and (L.2.4).
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Libraries (L2.3) and (IL2.4) were then screened for activity, again with resin (2.13), and
unsubstituted TentaGel as controls. The uptake of the dye by the library beads was
monitored under a microscope, and photographs were taken at intervals for subsequent
analysis. After 24 hours significant colour change was observed for some of the resin
beads. Figure 7 is a photograph taken during the screen of a bead considered to have a
high uptake of the dye. It can be seen that the dye has caused colouration to all the beads
and to the solution in which they are suspended, but that the bead encircled has a darker

hue, indicating that more dye has been absorbed.

Figure 7. Active bead photographed from the screening of library (L.2.3) (x40).

Several beads from both samples displayed similar levels of dye uptake, indicating that
both libraries were equally useful for catalyst uptake. The control samples of resin (2.13),
and unsubstituted TentaGel showed no increased uptake, the level of colouration was
uniform across the samples due to the diffusion of the dissolved dye into the beads.
Following the success of this initial screen, the experiment was repeated several times, and
for each library sample, the best two or three beads were photographed for later analysis
and picked from the suspension. Figure 8 shows examples of beads which were judged to

be active and picked from both libraries.
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Figure 8. Examples of active beads from libraries (L.2.3) and (L.2.4) (x 100).

In total ten beads were picked from each library and the best three from each were sent
away for Edman sequencing. Unfortunately the organisation used was unable to sequence
the beads, and no other facility was at this time available at reasonable cost. Therefore an

alternative method for the sequencing of active beads was needed.

2.8. Synthesis of libraries incorporating isotopically labelled capped
ladders for peptide sequencing.

Chapter 4 of this thesis describes the development of a new method for the sequencing of
peptides selected from combinatorial libraries. The method is mass spectrometry based,
and relies on the partial capping of the peptide library after each coupling with a 1:1
mixture of acetic acid and D3 acetic acid, and requires the use of a linker-spacer construct
between the resin and the peptide library. Therefore new libraries incorporating a
methionine residue as the linker, and two 6-aminohexanoic acid residues as spacer units
were synthesised. The libraries consisted of only tripeptides this time, to ease the
sequencing of any active beads, and the ratio of library to diene was changed to 1:1.
Libraries (L2.5) and (L2.6) were therefore synthesised in a similar manner to that used for

the previous libraries, incorporating the linker-spacer construct, and isotopic labelling

(Scheme 45).
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Scheme 45. Synthesis of libraries (1.2.5) and (L2.6) incorporating isotopic labelled capping.

2.9. Screening of Diels Alder catalyst libraries with a fluorescent

dienophile.

It was felt that the differentiation between active and inactive beads observed during the
earlier screening experiments was not as good as had been hoped, and therefore an
alternative dye should be used. The use of a fluorescent dye should offer a more sensitive

screen, resulting in better differentiation between active and inactive beads.
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N-(1-pyrenyl)maleimide (2.31) is a commercially available fluorescent maleimide with an

adsorption maximum at ~340 nm, and emission at ~390-420 nm.

N-(1-Pyrenyl)maleimide (2.31)

Samples from libraries (L2.5) and (L2.6) were therefore screened replacing the dye used
with compound (2.31). The reaction was monitored through a microscope, with
illumination through a type A fluorescence filter, which allows excitation between 340
and 360 nm, and suppresses emission below 420 nm. Unfortunately some beads in the
samples were found to be fluorescent at the observed wavelengths in the absence of the
dye. Figure 9 shows photographs of fluorescent samples from library (L2.5), both in the

presence and absence of the pyrene dye (2.31).

Figure 9. (a) “Active” bead observed in screening of library (L2.5). (b) Control (no dye) sample of library

(L2.5) under identical viewing conditions (x 100).

The library was examined at other wavelengths in the absence of dye, and was found not
to fluoresce when observed through an I3 filter. This filter allows excitation between 450
and 490 nm, and suppresses emission below 515 nm. This makes it suitable for use with
fluorescein based dyes, which are excited at ~490 nm, and emit at ~520 nm. Thus attempts

were made to synthesise a fluorescein based maleimide.
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S-Aminofluorescein (2.32) was therefore reacted with maleic anhydride in diethyl ether to
give 3-(fluorescien-5-ylcarbamoyl)-acrylic acid (2.33) in good yield. The ring closing of
the maleimide was found to be difficult however. Treatment with DCC was unsuccessful,
as was a commonly used dehydration with NaOAc in acetic anhydride.®® The cyclisation
was eventually achieved by the use of the Lewis acid ZnBr,, and HMDS in refluxing

benzene to give the required N-fluorescein-5-yl maleimide (2.34) (Scheme 46).%

e L
U O ZnBr, HVMDS

—_— —
Et,0 o) Benzene DMF 0)
0,
e [T, A, L O
OH HO o) OH HO
(2.33) (2-34)

Scheme 46. Synthesis of N-fluorescein-5-yl maleimide.

Libraries (L2.5) and (L2.6) were again screened for Diels Alder catalytic activity by
treatment of a sample from each library with 0.01 equivalents of compound (2.34) in
DMF. Almost immediately several beads from each library were observed to be

significantly fluorescent. Figure 10 shows an active bead under both fluorescent and

normal viewing conditions. It can be clearly seen that the bead has taken up the dye to a

0

far greater level than its neighbours.

Figure 10. (a) Active bead from library (L.2.6) viewed under U.V. light through an I3 filter cube. (b) the

same bead viewed under normal light conditions (x 100).
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Diene substituted TentaGel and unsubstituted TentaGel were again used as controls for the
reaction. The unsubstituted TentaGel showed no uptake of the dye, while the diene
substituted resin showed no fluorescence under the library screening conditions, but a low
level of fluorescence was observed after 24 hour treatment with 0.1 equivalents of

compound (2.34) as shown in Figure 11.

Figure 11. (a) Diene substituted resin (2.13), treated with 0.01 equivalents (2.34) for 2 hours. (b) After 24
hours with 0.1 equivalents of compound (2.34) (x 100).

In addition to the two controls used previously, a sample of resin (2.35) (resin (2.29) after
side chain protecting group removal) was used as a third control to ensure that the uptake
of the dye was due to a Diels Alder reaction with the resin supported diene, and not merely
a binding interaction between the dye and the peptides in the libraries. No fluorescence
was observed for this control under the library screening conditions. Treatment of resin
(2.35) with piperidine to remove the Fmoc group and give a free N terminus (2.36)
(Scheme 47) and re-examination under the screening conditions, however, led to the
development of a low level of fluorescence by some of the beads in the sample, as can be

seen in Figure 12(b).

FmOC_AAa_AAa_AA1_EAhx_gAhx_Met__”A@ piperidine HZN-AA3-AA2-AA‘-eAhx-sAhx-Met—H

DMF
(2.35) (2.36)

Scheme 47. Peptide library resins used as diene free controls.
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Figure 12. (a) Resin (2.35) under library screening conditions. (b) Resin (2.36) under library screening

conditions (x 100).

What was the cause of this dye uptake? Did it suggest that the observed uptake for
libraries (L2.5) and (I.2.6) were not due to a Diels Alder reaction after all? It was first
postulated that amino groups at the N-terminus of the peptides had reacted with the
maleimide via a Michael addition, although the uptake was limited to some beads, and all
the beads had free amino residues. In order to confirm that this was not the reason
however, resin (2.36) was exhaustively acetylated by treatment with and excess of acetic

anhydride and triethylamine to give resin (2.37) (Scheme 48).

Ac,0, Et,N
H2N-AA3-AA2-AA‘-eAhx-eAhx-Met——”/\® " AcHN-AAAAZ-AAT-cAhx-eAhx-Met—N G

DCM
(2.36) (2.37)

Scheme 48. Acetylation of control resin (2.43).

Examination of this resin under the screening conditions gave identical results to those
observed for resin (2.36). In comparison with the results observed for the screening of
libraries (L2.5) and (L.2.6), the level of fluorescence was low, but it was felt to be
important to identify the cause of the change in dye uptake from resin (2.35) (no uptake)
to resins (2.36) and (2.37). One possible answer was protonation of basic sites in the
peptide structure. Resin (2.35) had been treated with TFA in order to remove the side
chain protecting groups prior to its use as a screening control, whilst resin (2.36) had been
treated with a base (piperidine) prior to its use. In order to confirm this theory, resins
(2.36) and (2.37) were treated with TFA, washed and then reacted for two hours with 0.01

equivalents of dye (2.34). Examination of the resins under U.V. illumination led to no
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observed fluorescence. Base was then added to both resins to ensure that any dye present

was in the fluorescent (dianionic) form®** (Scheme 49) and again no fluorescence was

observed.
R R
7
[ Mt
CO,H
poes o O O
OH HO
Cation (non-fluorescent) Neutral (non fluorescent) Monoanion (fluorescent) Dianion (fluorescent)

Quantum yield ~ 0.37 Quantum yield ~ 0.93

Scheme 49. [onic equilibria of fluorescein derivatives.

Having shown that non Diels Alder binding of the dye could be prevented by treatment of
the resin with TFA prior to screening, it was necessary to ensure that libraries (L.2.5) and
(L.2.6) would still show fluorescence under these conditions. It had already been noted that
the diene moiety was sensitive to treatment with TFA (Scheme 43), so experiments were
undertaken to quantify how much acid could be used without removing this group.
Treatment with 0.1 % TFA in DCM for one minute was found to prevent the non Diels
Alder binding of the dye by the peptide, whilst being mild enough to leave the diene
moiety intact. Based on these results a new screening protocol was developed, whereby
samples of libraries (1.2.5) and (1.2.6), resin (2.36), resin (2.13), and unsubstituted
TentaGel were treated with 0.1 % TFA in DCM for one minute, washed several times with
DCM, and then allowed to react with 0.1 equivalents of compound (2.34) in either DCM
or DMF for two hours. The resins were then washed with a variety of solvents, including
dilute aqueous acid and base, suspended in DMF and examined as before under U.V.
illumination through an I3 fluorescence filter. None of the controls showed any
fluorescence, while both libraries (1.2.5) and (1.2.6) showed significant numbers of
fluorescent beads in the samples that had been reacted in both solvents. Ten beads were
selected, photographed and picked from the samples of each library in each solvent,

examples of which are shown in Figure 13.
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Figure 13. Examples of active beads picked from libraries (L2.5) and (L2.6) (x 100).
The photographs of the selected beads were post-analysed to attempt to obtain values for
the intensity of the fluorescence in each. The photographs were first converted to 24 bit
greyscale format, and then professional image analysis software (Image Pro Plus) was
used to calculate the average ‘whiteness intensity’ of the active bead in each image. The
results of these analyses are depicted in Figure 14, and confirm two of the earlier
estimations. Firstly, that samples from both libraries took up the dye to similar extents,

suggesting that both were equally suited to the detection of catalysts. Secondly, that DCM

was a better solvent for the reaction, leading to higher levels of dye uptake.



B (L2.5), DMF
B (L2.6), DMF
0(L2.5), DCM
O (L2.6), DCM
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(L2.6), DCM
(L2.5), DCM
(L2.6), DMF
(L2.5), DMF

Figure 14. Fluorescence intensities of beads picked from libraries (L.2.5) and (L2.6).
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2.10. Sequencing of active beads selected from libraries (L2.5) and
(L2.6).

Five active beads were picked from each sample (twenty total) and were sent for Edman
sequencing, as a new facility had become available within the University. Of these, fifteen
sequences were obtained, the other five being lost during sample preparation. Table 1

shows the results of the sequencing.

Table 1. Sequencing results of active catalyst beads.

Sample Fh.lorescence AA® AA? AA!
intensity
(L2.5), DMF, 2 80 Phe
(L2.5), DMF, 5 65 Gln
(L.2.5), DMF, 6 58 Ser Gly
(L2.6), DMF, 5 48 Phe
(L2.6), DMF, 6 56 Val Leu
(L2.6), DMF, 7 71 Val
(L2.6), DMF, 8 53 Ala GIn
(L2.5), DCM, 4 126 Gln
(L2.5),DCM, 5 141 Gly
(L2.5), DCM, 6 151
(L2.5), DCM, 10 146 Leu
(L2.6), DCM, 1 178 Ala
(L2.6), DCM, 2 183 Leu Leu
(L2.6), DCM, 4 143 Gln Val
(L2.6), DCM, 5 140 Ala Ala

As can be clearly seen from the table, all the samples contained the residue arginine

(highlighted). The high degree of correlation between the samples from the two libraries
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supports the screening technique as a detection method for catalysis, as the uptake of the
dye was clearly dependent on the peptide sequence, and not a random occurrence.
Following these results, arginine based peptides were examined in greater detail as
catalysts for the Diels Alder reaction. These experiments and results are described in

Chapter 3.

2.11. Conclusions.

A new method has been developed for the detection of catalytic activity from
combinatorial libraries. The technique involves the partial substitution of TentaGel
synthesis resin with a suitable substrate for the catalysis, and the generation of a library of
potential catalysts on the remaining reaction sites. Site to site interaction between the
substrate and library members allows catalytic interactions within each bead, and the
modification of the substrate is detected by a colour change. In the research accomplished,
a fluorescent dienophile was used to label beads from libraries of short peptides which
showed catalytic activity for the Diels Alder reaction, by reaction with a diene substituted
onto the same resin. Beads selected from these hibraries were sequenced and a high degree
of correlation between the sequences was observed. The residue arginine was especially
prolific in the sequences obtained, and thus arginine based peptides will be investigated as
Diels Alder catalysts.

The technique should be adaptable to the detection of catalytic activity for any reaction in
which a colour change can be observed. The use of dye labelled substrates should,
therefore, allow the modification of almost any reaction to investigation using this

protocol.
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Chapter 3. Synthesis and kinetic studies of arginine

based Diels Alder catalysts.

3.1. Introduction.

From the catalyst screening experiments carried out and detailed in Chapter 2, it was
discovered that the presence of arginine appeared to be an important factor for catalysis.
Out of fifteen sequences obtained, all contained at least one arginine residue, and ten
contained two, while one of the sequences was probably" returned as Arg-Arg-Arg (see
Chapter 2). Strong evidence thus existed that the amino acid arginine has a crucial role in
the activity of these catalysts.

Six arginine based peptides as potential catalysts were therefore prepared and their activity
examined through a series of solution phase experiments. Three of these catélysts were
homogeneous, i.e. soluble in the reaction media, while the other three were solid
supported or heterogenised. All the catalysts had the general structure Arg,-e Ahx-eAhx-X
where n =1, 2 or 3 for each set, and X = NH; for the homogeneous catalysts, and Met-
TentaGel for the solid supported catalysts, analogous to the handle used in the solid phase

screen.

3.2. Synthesis of arginine based Diels Alder catalysts.

The homogeneous catalysts (3.5-7) were synthesised by solid phase peptide synthesis on
aminomethyl polystyrene resin (2% cross linked with DVB) using the Fmoc strategy with
a Rink amide linker,” which is cleaved with TFA to give carboxamides (Scheme 50). The
arginine groups were introduced with their side chains protected with the 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) group,go and the cleavage of the peptides
as peptide amides was achieved by treatment with TFA/water/TTPS (95:2.5:2.5) which on

¥ Sequencing of sample 6 from the screening in DCM of library (L.2.5) returned Arg-Arg-Arg (sce Table 1).
There were, however, unusual signal strength differences between subsequent residues in the sequencing of

this sample.
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extended treatment also removes the Pbf groups " The peptides were recovered in

excellent yield and purity by precipitation from cold diethyl ether.

OMe NHFmoc

Fmoc-Rink linker
: N HEBLTIE Q = Fmoc-NH-Rink—ﬁ
) E
DCM, DMF JCM, DMF_ MeO O\/[LN (3.1)
H ,

( Fmoc peptide

synthesis
TFA, H,0, TIPS
(95:2.5:2.5)
H-Arg-eAhx-eAhx-NH, <———— H-Arg(be)-aAhx-sAhx—NH-Rink—N
P -
(3.5) Yield = 76% (32)

HPLC Purity = 86%

Fmoc peptide
synthesis

TFA, H,0, TIPS
(95:2.5:2.5
H-Arg-Arg-eAhx-eAhx-NH, =~ <———— H-Arg(Pbf)-Arg(Pbf)-eAhx-gAhx-NH- Rmk——N
(3.6) Yield = 81% @t '
HPLC Purity = 92%

l Fmoc peptide

synthesis
TFA, H,0, TIPS
(95:2.5:2.5)
H-Arg-Arg-Arg-eAhx-cAhx-NH, H-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-eAhx-eAhx-NH-Rink —N
(3.7 Yield = 100% H -
HPLC Purity = 88% (3.4)

Scheme 50. Synthesis of homogeneous arginine based Diels Alder catalysts.

The solid supported catalysts (3.12-14) were synthesised in a similar fashion on TentaGel
S NHj resin using the amino acid methionine in place of the Rink linker. Treatment with

TFA/water/TIPS again removed the side chain protecting groups (Scheme 51).
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Fmoc peptide

synthesis
H,N @ —_— H—sAhx-sAhX-Met——H

(3.8)

lFmoc peptide

synthesis
TFA, H,0, TIPS
(95:2.5:2.5)
H-Arg-sAhX—sAhX-Met—H/\@ H-Arg(Pbf)-eAhx-cAhx-Met— H
(3.12) (3.9)
Fmoc peptide
synthesis
TFA, H,0, TIPS
" 95:2.5:2.5) .
H-Arg-Arg-sAhx-sAhx-Met—H (4——— H-Arg(be)-Arg(Pbﬂ-sAhx-e;Ahx-Met*—N
(3.13) ' (3.10) :
Fmoc peptide
synthesis
TFA, H,0, TIPS
95:2.52.
H—Arg-Arg-Arg-zAhx—sAhx-Met—~N/\®(<——5—5)— H-Arg(be)-Arg(be)-Arg(be)—eAhx-sAhx—Met—N
3.14) M (3.11) H >

Scheme 51. Synthesis of solid supported arginine based Diels Alder catalysts.

3.3. Kinetics studies of arginine based Diels Alder catalysts.

In order to test the efficacy of the catalysts it was first necessary to find a solution phase
reaction which was similar to that used in the solid phase screening experiments (Scheme

52).

N
(2.13)
e
O/[kN/\/O\(\/\O ) @

OH

Scheme 52. Reaction used in the solid phase screening experiments.
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It was decided to use hexadienyloxycarbonyl benzylamine (3.16) as the diene for the
reaction. The compound was readily synthesised in a manner similar to that used for the
diene functionalisation of TentaGel, by the reaction of benzylamine (3.15) with £, £-2,4-

hexadienyl-(4-nitrophenyl) carbonate (2.16) in the presence of triethylamine (Scheme 53).

“ N
|
HNTOTN ( i - f X
P DCM
O/U\O 9% 0o H/\@
(3.15) ) (3.16) =

Scheme 53. Synthesis of a solution phase diene analogue.

3.156 (2.16

The reactivity of compound (3.16) with N-(5-fluoresceinyl)maleimide (2.34) was then
examined. During solid phase screening experiments, the modified fluorescein was
dissolved at very low concentrations in DMF and added to the library sample which had
been pre-swollen in DCM. This methodology was tfound to be impractical for a solution
phase experiment as the solubility of the dye in this system was so low that massive
solvent volumes were required to dissolve enough of the dye to obtain a reasonable
amount of the product. A number of alternative solvent systems were tried, but in most
cases the dye was found to have very low solubility. The compound was found to be
soluble in basic water (pH ~ 10) but it was felt that the basicity of the solvent might have
an overriding effect on any catalysis of the reaction. Moderate solubility in DMSO was
observed, but it was observed that the compound was unstable in DMSO solution and
degraded over time, while an odour of DMS was produced, suggesting that the dye had
been oxidised by the DMSO in some manner. HPLC traces of this degradation over time

are shown in Figure 15 (DMSO peak has been removed for clarity).
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Figure 15. Degradation of compound (2.34) in DMSO.

In a 4:3 mixture of water/THF, both the dye and the diene were found to be moderately

soluble and fairly stable, although some degradation of the dye over time was still

observed. These were the only conditions, however, that gave satisfactory levels of

solubility and thus these were used for the solution phase experiments. The Diels Alder

reaction between E, E-2,4-hexadienyloxycarbonyl benzylamine and N-(fluorescein-5-

yl)maleimide to form benzyl (2-(5-fluoresceinyl)-7-methyl-1,3-dioxo-3a,4,7,7a-

tetrahydro-isoindol-4-ylmethyl) carbamate (3.17) was observed to be fairly slow (Error!

Reference source not found.). An equimolar mixture of the reagents, each at 3.5 mM

concentration in water/THF, was allowed to react at room temperature and aliquots were

taken at regular intervals and analysed by RP-HPLC.

(0]

)J\ + O Water, THF O
N —_—
H

(3.16) O [0 l
HO (0] OH HO l o OH

(2.34) _—

Scheme 54. Solution phase Diels Alder reaction.
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The amount of product formed was determined by the integrated absorbance (peak area) at
220 nm, using a calibration curve generated by measuring the peak area formed by the
injection of known concentration solutions. Graph 1 shows the peak area plotted against
concentration of the product, and a line of best fit has been generated. The plot shows the
expected linear relationship between peak area and compound concentration, and allows
the conversion of peak area measurements from experimental samples into the absolute

amounts of compound (3.17) formed.

2500
2000 o /
(7]
2 pd
£ 1500 ] , :
= e calibration data
[1+]
g 1000 —— Linear best fit
§ y = 1100.3x
& 500 1 S ]

1 1.5 2 2.5

Concentration (g L)

Graph 1. Calibration of Diels Alder product HPLC analysis.

The complete disappearance of N-(5-fluoreceinyl)maleimide was observed after
approximately 3 days, however not all had undergone the Diels Alder reaction, as

degradation of compound (2.34) was still observed as a competing reaction (Figure 16).
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Figure 16. Overlaid HPLC traces for Diels Alder reaction profile.

Having established a method for monitoring the reaction, experiments were carried out to

investigate the catalytic activity of the compounds identified from the catalyst library

screening. In the first experiment an equimolar solution of N-(5-fluoresceinyl)maleimide

and hexadienyloxycarbonyl benzylamine was split into three equal portions. The first

portion was allowed to react without catalyst (control), to the second was added 10 mol%

of the triple arginine based solution phase catalyst (3.7), and to the third, 20 mol% of the

same catalyst was added. Aliquots were taken at regular intervals and immediately diluted

with water and analysed by RP-HPLC. The results of this experiment are shown in Graph

2.
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Graph 2. Catalysis of Diels Alder reaction by (3.7) at two concentrations.

It can clearly be seen from the graph that the introduction of the triple arginine compound
(3.7) to the reaction mixture had a catalytic effect on the reaction. In order to quantify the
efficiency of the catalyst it was necessary to determine the rate constants for the three
reactions. The Diels Alder reaction follows a bimolecular mechanism, i.e. the rate
determining step involves two molecules, and therefore follows second order kinetics. For
the general bimolecular reaction shown in Scheme 55, the rate of the reaction is defined
by Equation 1, where £ is the rate constant for the reaction, and [A] and [B] are the

concentrations of reagents A and B respectively.

A+ B — C

Scheme 55. General bimolecular reaction.

Rate = k[ A][B]

Equation 1.

Since both starting materials A and B are in equal concentration at the start of the reaction,

and are consumed at the same rate, [B] can be replaced in the equation by [A]. The rate of
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reaction is defined as the change in concentration of starting material with respect to time,

giving an alternative form shown in Equation 2.

" k[A]

Equation 2.

Rearranging and integrating both sides of the equation gives the integrated rate law

(Equation 3),92 where [A]y is the concentration of A att= 0.

Equation 3.

From this equation it can be seen that for a second order reaction, a plot of 1/[4] against ¢
will give a straight line of gradient £. In the experiments conducted, however, the
concentration of product rather than starting material was measured, thus values of [A]
were calculated by subtracting the concentration of product from the initial concentration
[Alo-

For each of the three experiments 1/[4] was plotted against 7, and a linear line of best fit
generated using linear regression. The units of 7 have been changed to seconds (s) so that
the rate coefficient & has the standard units (L mol™ s for a second order reaction). The
results are shown in Graph 3 along with the equations of the best fit lines from which the

values of & for each reaction can be determined.
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Graph 3. Second order plot of reaction data for 10 and 20 mol% compound (3.7).

From these graphs it can be seen that there is a good fit to second order kinetics, as shown
by the good R? values for the lines of best fit. The values for k, determined from the
gradient, show rate accelerations for both catalysed reactions over the uncatalysed reaction
as shown in Table 2. The observed rate accelerations of 1.9 and 3.1 fold for 10 and 20
mol% respectively were not as high as had been hoped, however the results indicated that

compound (3.7) was indeed a catalyst for the Diels Alder reaction.

Table 2. Observed rate accelerations from compound (3.7).

Catalyst Rate coefficient (k) (L mol” s7) | Rate acceleration (Kear/Kuncar)
None 0.0033 1

10 mol% (3.7) 0.0063 1.9

20 mol% (3.7) 0.0103 3.1

Following these results it was decided to analyse the efficiency of the other catalysts at 20

mol% in order to increase the observed rate accelerations. The reaction was therefore
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repeated, replacing compound (3.7) with the single and double arginine based
homogeneous catalysts (3.5 & 3.6) at 20 mol%. The same reaction conditions were
employed and samples were taken and analysed by the same technique. A plot of the

concentration of product against time for the three experiments is shown in Graph 4.
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o
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Graph 4. Catalysis of Diels Alder reaction by (3.5 & 3.6).

From this graph it can be seen that both these compounds also have catalytic activity.

Replotting the data to obtain second order rate constants gives the values of k shown in
Graph S.
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Graph 5. Second order plot of reaction data for catalyst (3.5 & 3.6).

Table 3 shows the observed rate accelerations for catalysis of the Diels Alder reaction by
compounds (3.5 & 3.6). Again the rate accelerations are relatively low (2.5 and 3.5

respectively) but indicate that these compounds have catalytic activity.

Table 3. Observed rate accelerations from compounds (3.5 & 3.6).

Catalyst Rate coefficient (k) (L mol™ s7) | Rate acceleration (keus/kuncar)
None 0.0067 1

20 mol% (3.5) 0.0168 2.5

20 mol% (3.6) 0.0237 3.5

The solid supported catalyst candidates (3.12-3.14) were tested under identical conditions,
shaking the vessels to keep the catalyst resin suspended in the reactions medium. Graph 6
shows concentration of product formed plotted against time, and again shows that the
reactions containing the solid supported compounds proceed faster than the control

reaction, therefore these compounds do act as catalysts. Again, second order plots of the
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data for the control reaction and the three catalysed reactions enabled values of & to be

determined (Graph 7).
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Graph 6. Catalysis of Diels Alder reaction by solid supported compounds (3.12-3.14).
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Graph 7. Second order plot of reaction data for solid supported catalysts (3.12-3.14).
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The calculated values for k for each experiment and the observed rate accelerations are
shown in Table 4. The solid supported catalysts (3.12-3.14) show similar levels of activity
to their solution phase analogues. This is an encouraging result as it suggests that the
transfer of catalyst structure from the compounds selected from a solid supported library
to a solution phase analogue with slightly different structure, does not lead to a large

change in activity and therefore the solid supported library is a useful model for solution

phase catalysts.

Table 4. Observed rate accelerations from compounds (3.12-3.14).

Catalyst Rate coefficient (k) (L mol” s™) | Rate acceleration (kea/kuncas)
None 0.0046 1

20 mol% (3.12) 0.0072 1.6

20 mol% (3.13) 0.0098 2.1

20 mol% (3.14) 0.0158 3.4

3.4. Conclusions.

Analysis of the catalysis of the Diels Alder reaction by the arginine containing peptides
(3.5-3.7, 3.12-3.14) shows that these compounds do indeed act as catalysts for the reaction
of N-(5-fluoresceinyl)maleimide (2.34) with hexadienyloxycarbonyl benzylamine (3.16).
The rate accelerations were between 1.6 and 3.5 depending on the catalyst structure, the
compounds containing a greater number of arginine residues giving the higher rate
accelerations. This low level of catalysis is somewhat at odds with the high level of
selectivity observed in the catalyst screening experiments, where ‘active’ beads showed
levels of fluorescence much greater than the ‘background’ beads. One might expect that
lower levels of catalytic activity observed from these kinetic experiments would have led
to much lower differentiation between catalytically active and inactive beads.

Three possible solutions to the discrepancy between these results spring to mind. Firstly,
that the limiting conditions applied to the catalyst library screen, where the diene was in
vast excess compared to the fluorescent dienophile (2.34), leads to an exaggeration of the

catalytic effect, i.e. that a small catalytic acceleration leads to a large difference in the

70




amount of fluorescent dienophile taken up by an active bead. This explanation is plausible
as long as the Diels Alder reaction is essentially irreversible as would be expected in this
case. In an trreversible reaction a relatively small rate acceleration will allow the active
beads to rapidly consume all the available dienophile, leading to a similar visual result to
that which would be observed for much higher rate accelerations. With a reversible
reaction however, the small rate difference between the reaction rates in active and
inactive beads would lead to a rapid equilibration of the dienophile across the whole
library, and therefore a loss of selectivity. This might not be observed in a screen where
larger differences in the rate of reactions existed, and the uncatalysed reaction was so slow
that this equilibration did not occur.

A second possible explanation is that a non-reactive binding interaction between the
‘active’ peptides selected by the screen acted to increase the local concentration of the
dienophile within the beads, leading to a higher rate of Diels Alder reaction within these
beads. This would not in fact be catalysis of the reaction, as the increase in dienophile
uptake by an ‘active’ bead would not be due to a modification of the reaction rate constant
k, as observed in a catalytic rate acceleration, but rather due to increased concentration of
starting material. It was shown in a control reaction that no permanent binding interaction
between the peptides and dienophile occurred, as a washing step removed all the dye from
a sample of the library which had not been substituted with diene, but even a weak binding
interaction could lead to a local concentration difference and therefore different reaction
rates within different beads. The kinetic analysis has however shown that these arginine
containing compounds are catalysts for the Diels Alder reaction, therefore if this
explanation is correct, the obscrved fluorescence difference must be due to a combination
of both a binding and catalytic effect.

The third explanation for the discrepancy between the observed fluorescence difference
between active and inactive beads and the rate accelerations generated by the selected
catalysts, lies in the difference in the substrates used for the screening reaction and the
kinetics experiments. During experiments involving the selection of catalytically active
RNA strands for the Diels Alder reaction, as described in the introduction to Chapter 2,
both Jaschke et al.”" and Tarasow er al.” found that even small variations in the diene or
dienophile from the ones used in the selection experiments resulted in a large drop in

catalytic activity. The multiple rounds of catalyst selection and elaboration used in these
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groups’ experiments led to this high level of substrate specificity however, and it seems
unlikely that this level of substrate dependence would be observed from the single round
of selection that identified these arginine based catalysts.

In conclusion a new method for the discovery of catalysts from combinatorial libraries,
which relies on site to site substrate-catalyst interaction within flexible PEG based
TentaGel resin, has been used to examine a split and mix library of small peptides for
activity as Diels Alder catalysts. Peptide sequences obtained from beads which the screen
had labelled as active, were found to have a high degree of correlation, and the amino acid
arginine was found to be common to all the sequences obtained. Based on the results of
this screen, six arginine containing peptides, three of them attached to a solid support, of
similar structure to the general structure of the library. Compounds were synthesised using
Fmoc solid phase peptide synthesis and kinetic experiments were undertaken to determine
the level of activity of these compounds as Diels Alder catalysts. All of the compounds
were found to be catalysts for the Dicls Alder reaction between N-(5-
fluoresceinyl)maleimide (2.34) and hexadienyloxycarbonyl benzylamine (3.16), although
the rate accelerations observed were not as high as had been hoped.

These results show that the technique described for the discovery of new catalysts from
large split and mix libraries could be a valuable new method in the combinatorial
discovery and development of catalysts. The technique can be readily adapted to any
catalytic bond forming reaction, as long as one substrate can be immobilised onto a solid
support and the other labelled with a fluorescent dye. It has also been demonstrated that

peptides can act as catalysts for the Diels Alder reaction in the absence of transition

metals.



Chapter 4. lon-Extraction Ladder Sequencing of

Peptides.

Note: The work described in this chapter was done in collaboration with Jose J Pastor of
the University of Barcelona. The research presented in this chapter has been submitted for

publication in the Journal of Combinatorial Chemistry.

4.1 Introduction to peptide sequencing.

Since the introduction of combinatorial ‘split and mix’ solid phase synthesis by Furka et
al. in 1991, peptide libraries have been important for the discovery of active peptides for
a variety of biological applications. Early developments included the discovery of ligands
to a monoclonal antibody against S-endorphin,”® and peptide based antimicrobials.”® The
use of combinatorial chemistry has certain drawbacks however, especially the
identification of compounds. Once a bead substituted with a compound of interest has
been selected from a library due to its desired biological activity or binding affinity, it is
necessary to obtain the identity of this active molecule. In the case of peptides this is
traditionally achieved by Edman sequencing. Developed in the 1950s by Pehr Edman, the
technique was originally developed for the sequencing of small peptide fragments
resulting from enzymatic digests of proteins, in order to obtain their primary structure. As
a result it was originally a solution phase technique, however the first step of the process
involves the immobilisation of the peptide onto a solid support, such as a modified glass
disc or membrane. In the case of peptides from solid supported combinatorial libraries,
this immobilisation step is not required, as the resin bead acts as the solid support for the
sequencing. Treatment of the immobilised peptide with excess phenylisothiocyanate (4.1)
under basic conditions causes the formation of a thiourea (4.2) with the amino acid at the
N- terminus (Scheme 56). The excess phenylisothiocyanate is removed by washing, and
treatment with TFA leads to cyclisation onto the amide carbonyl, and hydrolytic cleavage
to give the thiazolinone derivative of the terminal amino acid (4.3), leaving the remainder
of the peptide attached to the solid phase. The thiazolinone is then incubated under acidic

conditions, and rearranges to the phenylthiohydantoin amino acid derivative (PTH-amino



acid) (4.4). The amino acid 1is identified by HPLC analysis of this PTH-amino acid, as
these have very distinct and well defined retention times (Figure 17). As the reaction of
the N-terminal amino acid with phenylisothiocyanate only occurs under basic conditions,
and the cyclisation/cleavage step under acidic conditions, only the terminal amino acid is
cleaved. The remaining peptide is then subjected to repeated reaction cycles, cleaving and

identifying one amino acid from the N-terminus each round.
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Scheme 56. Mechanism of Edman peptide sequencing.
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Figure 17. HPLC trace of the 20 naturally occurring PTH-amino acids.

Edman sequencing is an excellent method for the accurate determination of peptide
composition, and has been optimized and automated with great success, but nevertheless
has several drawbacks. Firstly, the chromatography has been optimized for the analysis of
PTH derivatives of the 20 naturally occurring amino acids, and is therefore not suitable for
the sequencing of peptides containing modified residues. Secondly, automated sequencers
are expensive and their running costs are relatively high, therefore sequencing is often
contracted out at a per residue cost and can be uneconomic for large numbers of samples.
Thirdly, it is time consuming as the reaction-cleavage-conversion-analysis takes
approximately two hours for each residue, sequencing of longer peptides therefore takes
many hours.

In order to obtain sequences from the potentially large numbers of samples generated by a
combinatorial library screening, alternative strategies have been developed. Positional
encoding, for example, allows a database to be generated from which the structure can be
obtained from the location of the target within a defined spatial array. This methodology is
demonstrated by pin synthesis,94 string synthe:sis.95 Chemical encoding is carried out by
the tagging of the solid phase with reporter groups, for example halogenated tags,”® which

can be cleaved from the beads and read using electron capture gas chromatography. The
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presence of certain tags gives the synthetic route and therefore the structure of the
compound attached to the bead. Recently electronic encoding has become available
through the utilization of radio frequency transponders, whose individual codes can be
read by a computer with the required peripheral device and a database can be used to
determine the sequence.”™”” This technology can be used only in conjunction with systems
for the containment of resin aliquots such as “L’eabags’98 or microkans.”

An elegant solution to the problem of peptide sequencing was reported by Youngquist and
Keough'* " with the introduction of the concept of ladder sequencing. In this method a
peptide library was generated on a defined peptide linker and spacer using ‘split and mix’
synthesis. During each coupling reaction however, a small amount of N-acetyl-alanine was
mixed with each of the Fmoc amino acids used for the coupling (except for the final
residue), capping a small percentage of the growing peptide in each library member. At
the end of the synthesis, each bead carried the full length peptide plus a family of

truncated peptides caused by chain termination (Scheme 57).
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Scheme 57. Synthesis of a peptide ladder for sequencing by mass spectrometry.

Once active beads had been selected and picked from the library, the peptide was cleaved
from the resin along with the capped fragments and the mixture analysed by matrix
assisted laser desorption/ionisation time-of-flight (MALDI-TOF) to give a ‘ladder’ of
peaks. The peptide sequence could then be determined from the mass difference between
adjacent peaks from the N-terminus (full length peptide) at high mass to the shortest ladder
fragment (spacer and cleaved linker only) at low mass, each peak representing one of the
truncated library members. A graphical representation of a spectrum generated by this

method is shown in Figure 18.
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Figure 18. Stylised representation of a peptide ladder sequence obtained from MALDI-TOF mass

spectroscopy of a peptide ladder generated by Youngquist and Keough’s method.

Modification of this technique has been reported by several groups. For example,
instead of capping the growing peptide chain, Bradley et a/. partially incorporated the
amino acid methionine in a similar fashion.'"* Methionine can be selectively cleaved in the
presence of other amino acids by treatment with cyanogen bromide, 193 thus creating the
family of chain shortened fragments required for ladder sequencing. This method was
chosen instead of the capping described previously, as the peptide was inverted on the
solid phase via a cyclisation/cleavage strategy, exchanging the attachment point from the
C-terminus to the N-terminus such that the C-terminus could be modified prior to
cleavage. "% In order to achieve this it was essential that the full length peptide and the
methionine encoded peptides were all cyclised. A capping strategy could not have been
employed as this would have blocked the N-terminus of the ladder fragments preventing

cyclisation (Scheme 58).
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Scheme 58. Synthesis of inverted peptides incorporating methionine for ladder sequencing.

A recent paper by Griesinger et al. describes the use of dual capping groups and software

based analysis of molecular ion redundancy to enable the MS based sequencing of defined

peptide libraries without the need for capping at every synthesis step.105

79



4.2. Isotopic enhancement for improved mass spectrometry analysis.

Mass spectrometry has become the method of choice for the analysis of compounds
selected from one bead one compound libraries due to its high sensitivity, which allows
analysis of even the very small amounts of compound obtained from the cleavage of a
single bead (typically a few hundred pmoles). This level of sensitivity is not always
enough however, particularly when the synthesis or cleavage has led to significant
amounts of by products in the sample. Three groups of scientists at Glaxo Wellcome have
developed an excellent method for avoiding the difficulties mvolved in the analysis of
mass spectrometry samples from single bead cleavages. Initially reported by Geysen et
al.,'% isotopic peak splitting involves the incorporation of a 1:1 ratio of two stable
isotopes (initially reported with N/ N) into the analyte molecule. The mass spectrum
will then display a doublet for this compound, allowing it to be distinguished from the
background and impurity peaks in the spectrum. Building on this work, and the work of
Carrasco ef al., in which a dual linker strategy incorporating a quaternary ammonium
group as a MS sensitiser was developed,'”” McKeown and co-workers developed dual
linker analytical constructs containing isotopic peak splitting labels for monitoring and
analysing reactions and compounds on the solid phase. The strategy involves the use of
two orthogonal linkers, one photolabile, and the other acid cleavable, with an isotopically
labelled mass sensitiser between the two (Scheme 59).'% Treatment of the resin with acid
releases the synthesised compound into solution for screening in the classical way, while
U.V. irradiation cleaves the photolabile linker releasing the compound attached to the
mass sensitiser. The analysis of this compound is thus aided by the presence of a primary
amine to enhance jonisation, and a isotopic peak splitter to aid the observation of the

signal against any impurities and spectral noise.

80



OMe (0]

* 50% labelled with 2 x 15N /K B
Compound—0 N
P /\©\ “ ,l:} 5 ’ ' H
=
O/\(r A \/\/\/ b,
\Ir]/ W
0 0 NO

2
“ AL A
~ !

5 v
Acid labile linker MS sensitiser Photolabile linker
& peak splitter

Acid cleavage / Nihotolysis
¥
Compound Compound—o0 = ‘ y
=5 e WL S
oY :
0

Scheme 59. A photolabile analytical construct.

Several other examples of analytical constructs making use of this strategy have been
developed, with a wide range of linkers, """ 4pd including other features such as
chromophores.' > The use of peptides containing two peak splitting isotopic labels (one at
each terminus) has allowed the use of this technique for identifying protease speciticity.'"
An elaboration of this peak splitting strategy has been developed by Lane and Pipe, ina
protocol they entitle ‘accurate isotopic difference analysis’.!'*!'® The technique involves
the use of isotopically labelled tags, which are usedto label compounds on the solid
support. On cleavage, the compound is released from the resin with attached tags
incorporating a peak splitting isotopic label. Software can then be used to extract from the
mass spectrum only the peaks which have a partner peak at approximately equal intensity

with an accurate mass difference which matches the isotopic label.

4.3. An improved method for peptide sequencing from combinatorial

libraries.

It was proposed that Youngquist and Keough’s method for the sequenciﬁg of peptides
from combinatorial libraries'*'"" could be enhanced by combination with Lane and Pipe’s
isotopic labelling and data analysis,'"*'"* whereby the incorporation of an isotopic label

into the capping group used for ladder generation, would allow data reduction software to
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select the peptide ladder peaks from the background noise and impurities, therefore

obtaining an excellent signal to noise ratio (Figure 19).
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Figure 19. Stylised representation of ladder sequencing with incorporated isotopic labelling.



4.4. Synthesis and analysis of test peptides.

In order to test the methodology it was necessary to synthesise a test peptide incorporating
an isotopically labelled capping group. As in Youngquist’s work,'% it was decided to use
the amino acid methionine as the linker, which was cleaved by treatment with cyanogen
bromide under acidic conditions. A spacer unit of two 6-aminohexanoic acid residues

(e Ahx) was added so that the smallest cleaved peptide ladder fragments would have a
mass out of the noisy low mass region of the spectrum. The capping group chosen was 4-
bromobenzoic acid, as bromine displays a natural isotope ratio of 1:1 "Br/*'Br. Synthesis
of a test peptide of sequence H-Gln-Val-Phe-OH was thus performed on the linker spacer
unit described, with 5% capping of the growing peptide chain with 4-bromobenzoic acid,

DIC and HOBt after removal of the Fmoc group to give resin (4.5) (Scheme 60).
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Scheme 60. Synthesis of a bromobenzoic acid capped test peptide ladder.

The resin was then treated with cyanogen bromide in TFA/water to cleave the peptide and

capped ladder. LC-MS analysis of the cleavage mixture showed that the four compounds

were present in the cleavage mixture, and the bromine isotope pattern was observed

(Figure 20).
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Figure 20. LC-MS spectra of the four cleavage products.

Attempts to analyse the cleavage mixture by electrospray mass spectrometry followed by
software peak selection however failed. It was not possible to separate the labelled peaks
from the background in the spectrum, as applying the peak selection criteria resulted in a
large number of peaks against which the peptide sequence could not be determined. The

probable cause of this failure was the use of bromine as an isotopic label in conjunction

with cyanogen bromide (a brominating agent) as the cleavage reagent. It would seem that
most of the impurities resulting from the cleavage were themselves brominated, and thus

not removed from the spectrum by isotopic peak selection. In light of these findings, it
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was decided to change the capping group and attempt the synthesis and analysis again. In
place of 4-bromobenzoic acid, a 1:1 mixture of acetic acid and Ds-acetic acid was used to
cap the growing peptide chain. The peptide was synthesised with the same sequence as
before (H-GIn-Val-Phe-eAhx-eAhx-Met-TentaGel), and the cleavage products analysed
by electrospray mass spectrometry. MassLynx v3.2 was used to extract the peaks
containing isotopic labels by a cluster analysis function, the criteria of which are displayed

in Figure 21.

Cluster Analysis Options

Cancel

Mass 1
First Mass Diff 3.02 amu First Ratio 1.00
“Mass 2 | Defaul ]

™ Use Second Mass Difference

| Second Mass Diff 3.0 amu Second Ratio I

Mass Tolerance 0.01 amu Ratio Tolerance [gp,00 %

Centroid...

&

Time Window 0.00 min Thieshold 1.00

¥ Use Intensity Ratios

Figure 21. MassLynx cluster analysis criteria.

Cleavage mixtures from several single bead cleavages were analysed and the cluster
analysis performed. Figure 22 is a representative example in which only one of the ladder
peak pairs was observed. The peaks extracted by the cluster analysis were mass 656 and
659, which matched the expected mass for Ac-Val-Phe-eAhx-eAhx-Hse [M+Na]* (Note:
the homoserine lactone (Hsl) formed on cleavage has been hydrolysed to give homoserine

(Hse)).
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Figure 22. Spectra generated by cluster analysis of cleavage products.

Spectra taken of the cleavage mixtures from other cleavages gave similar results, showing
only one of the three expected ladder fragments. There were two possible explanations for
these observations. Firstly, that 5% capping was not a high enough level, to give
satisfactory results, and secondly, that during the capping step, the mixture (which was
only enough to cap 5% of the available reaction sites) was not distributed evenly through
the resin, and therefore only some of the beads had their peptides capped at each round
whilst others escaped capping altogether. Both of these problems could be solved with a
change to the experimental procedure, thus the level of capping was increased to 10%, and
the mixture of acetic acid and D5 acetic acid was added to the resin and allowed to
equilibrate through the whole reaction mixture before the coupling agents (DIC and
HOBt) were added. A resynthesis of the test peptide following this adapted protocol was
performed and beads were cleaved and analysed as before. Similar results were observed,
although many of the spectra now displayed two of the three expected pairs of peaks after
cluster analysis. An alternative procedure replacing the mixture of acetic acids with a 1:1
mixture of acetic anhydride and Dg acetic anhydride, followed by the addition also failed
to give satisfactory results. It was therefore postulated that all of the acetic acid or acetic
anhydride was not reacting with the peptide chain, perhaps due to hydrolysis of the active

ester or anhydride in the reaction medium. In solid phase synthesis, reactions are often
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driven to completion by the use of excess reagents. This approach cannot be directly
applied in this case, for obvious reasons, but an alternative strategy was devised for the
capping, whereby the acetic acids mixture (10 mol%) was allowed to equilibrate through
the reaction mixture, followed by the addition of an excess of coupling reagent (50 mol%),
thus ensuring that all the acetic acid reacted with the N-terminus of the peptide chain. The
use of a carbodiimide coupling reagent (4.6) such as DIC however would lead to a
detrimental side reaction, whereby the excess reagent would react with the amine to form

a guanidine (4.7) at the N-terminus, blocking further reaction (Scheme 61).“6’”7‘llg

Scheme 61. Formation of a guanidine side product.

Phosphonium based coupling regents however do not undergo this side reaction however,
. 19 . . .
and can thus be used in excess.'° Therefore the phosphonium salt coupling agent

PyBop”‘0 was used to drive the capping reaction to completion (Scheme 62).

i) AcOH/D,ACOH
(10 mol%), DCM  90%  H,N

e e R .
ii) PyBop (50 mol%) 00, «_ N

6]

Peptide

* 50% labeiled with 3 x D

Scheme 62. Revised capping strategy.

Using this revised synthesis strategy, the test peptide H-Phe-Gly-Val-e Ahx-e Ahx-Met-

TentaGel (4.8) was synthesised, and single bead cleavages were performed (Scheme 63).

o
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+
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CH,/CD,CO-Gly-Val-eAhx-eAhx-Hsl mass 525 & 528
CH,/CD,CO-Val-tAhx-eAhx-Hsl mass 468 & 471

Scheme 63. Cleavage products of test peptide.

Electrospray mass spectrometry of the cleavage products gave all three expected peaks
after cluster analysis, but the signals were found to be clearer when matrix assisted laser
desorption/ionization time-of-flight (MALDI-TOF) spectrometry was used instead. An
example of a MALDI-TOF spectrum of a single bead cleavage before and after cluster
analysis are shown in Figure 23. In the unprocessed spectrum (Figure 23a), the
background noise was so high that it was impossible to deduce the sequence, and the full
length peptide peak (653 [M+Na]") was not easily rﬁecognisable. Once cluster analysis had
been performed however (Figure 23b), the only peéks observed in the spectra were those
due to the isotopically labelled peptide ladder, and the sequence could be easily read from
the mass difference between the adjacent pairs of peaks, from the N-terminus at highest
mass, to the amino acid attached to the spacer-linker construct at low mass. »

The peaks observed were 695 (Ac-Phe-Gly-Val-eAhx-eAhx-Hsl [M+Na}), 548 (Ac-Gly-
Val-eAhx-eAhx-Hsl [M+Na]), and 491 (Ac-Val-eAhx-e Ahx-Hsl [M+Na]), returning the
sequence as H-Phe-Gly-Val-eAhx-eAhx-Hsl as expected.
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Figure 23. (a). Raw MALDI-TOF trace of cleaved test peptide and its capped ladder fragments; (b).

Reprocessed MALDI-TOF spectrum of cleaved test peptide showing the ladder peaks for each amino acid.
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4.5. Synthesis of combinatorial peptide libraries, and sequencing of

single beads.

The successful sequencing of the test peptide by isotopic peak extraction showed the
viability of the technique, and so three small libraries of compounds were synthesised
using the capping strategy in order to confirm the technique with a wider range of amino
acids, and with beads whose sequence was not known prior to the mass spectrometric
analysis. The libraries were generated by the split and mix synthesis method of Furka, '*!
on the spacer linker system —eAhx-eAhx-gAhx-Met-. The addition of an extra
aminohexanoic acid unit into the spacer was to move the low mass ladder fragments
further from the noise in the low range of a MALDI-TOF spectrum.

Library 1 (L4.1). A library of tripeptides was prepared via a split and mix synthesis
strategy. In the first cycle the amino acids used were Val, Phe and Ala, in the second cycle
Asn, Ser(O'Bu) or Gln, and in the third Asp(O'Bu), Tyr(O'Bu) and Trp(Boc) to give 27
compounds. Single beads were randomly selected from the library, cleaved and sequenced

to give the data shown in Figure 24.
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Figure 24. Sample bead from (L4.1), processed and assigned. The sequence of the peptide is Tyr-Gln-Phe.
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30 beads were cleaved and analysed from (L4.1), and all were unambiguously sequenced,
including a sample which was found to contain the sequence from two bead cleavages.
Both sequences were successfully assigned.

Library 2 (L4.2). The more difficult residues Arg(Pmc), Trp(Boc) or Asn were
incorporated at each of the three coupling cycles, generating a 27 member library
constructed solely from these three amino acids. Again beads were randomly selected
from the library, cleaved and sequenced. An example of a sequence obtained from this

library is shown in Figure 25.
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Figure 25. Sample bead taken from (L4.2), processed and assigned. The sequence is Trp-Asn-Arg.

27 beads were cleaved from (L4.2) of which 23 were successfully sequenced. As can be
seen in Figure 25 above, the Pmc protecting group was often not completely removed
from the arginine residues.

Library 3 (L4.3). Capping with two labelled capping groups was investigated to look at
distinguishing residues of similar or identical mass. Therefore the sequence X-Gly-Val-
eAhx-eAhx-eAhx-Met-TentaGel was synthesized, where X was one of the following
amino acids Lys(Boc), Gln, Leu, Ile, Asp(O'Bu), Asn. After coupling one member of each
indistinguishable pair (Lys, Leu or Asp) or (Ile, Gln or Asn) 10% capping was carried out

with a 1:1 mixture of either acetic /Ds-acetic acid or benzoic/Ds-benzoic acid. Thus on
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sequencing members of this library two separate cluster analyses were run, one as before
with a mass difference of 3.02 Daltons and the second with a mass difference of 5.03
Daltons (5D — 5H = 5.03). If the first cluster analysis only identifies two of the amino
acids, the third must be identified from the second analysis.

Single beads were again randomly selected from the library, cleaved and sequenced. A

sample sequence obtained by a combination of both cluster analyses is shown in Figure

26.
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Figure 26. Sample bead from (L4.3), combination of two cluster analyses. Red peaks show analysis with a
mass difference of 3.02. Only the first two amino acids are seen in the processed spectrum. The terminal
amino acid therefore must be labelled with benzoic acid. Green peaks show analysis with a mass difference
of 5.03. This gives the identity of the terminal amino acid as Gln, therefore the total sequence is Gln-Gly-
Val.

Library (L.4.3) consisted of only six members, so it was not necessary to analyse as many
samples to get a representative picture of the sequencing success. Therefore eight samples
were selected cleaved and analysed, all were successfully sequenced.

Overall all three libraries were sequenced with excellent success rates, as shown in Table

5.
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Table 5. Results obtained in the sequencing of the three peptide libraries.

Library L41 |L42 |143
Library size 27 27 6
Samples analyzed 30 27 8
Sequences obtained 30 23 8

% Sequencing success | 100 85 100

Several peptide modifications were observed during the screening of the three libraries.
Arg and Ser were often observed in both the protected and unprotected forms, and Trp was
often observed as the N-oxide. This oxidation of tryptophan is a commonly observed

modification during MALDI analysis as reported by Youngquist ez al..'"!

4.6. Conclusions.

An isotope labelling chain termination strategy has been developed which provides
peptide ladders suitable for MALDI-TOF MS analysis. The data generated can be ion
extracted and cluster analyzed to give an excellent signal to noise ratio in a rapid and
efficient method for the sequencing of peptides selected from split and mix combinatorial
peptide libraries. The advantages over other methods of peptide sequencing are principally
those of time, cost and reliability. Using a 100 well sample plate to introduce cleaved
samples into the MALDI spectrometer allows the samples to be analyzed at a rate of
approximately two minutes per sample. Data reduction and ladder analysis is also easy and
quick, leading to a total sequencing time of approximately 5 minutes per sample. In
comparison, Edman sequencing of peptides takes typically 1-2 hours per residue and is
expensive. No specialist equipment is required for the protocol, which can be performed
on a standard laboratory MALDI-TOF spectrometer with industry standard MS analysis
software. The method is also highly reliable. Of 65 peptides analysed, 61 were
unambiguously sequenced, a success rate of 94%. Although used in these examples for the
sequencing of peptides, the protocol should be readily adaptable to the sequencing of

libraries of any oligomeric molecules, and therefore has a useful place in the combinatorial

methodology.
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Chapter 5. Development of hexadienyloxycarbonyl

{(Hdoc) as a new acid cleavable protecting group for

amines.

5.1. Introduction.

Protecting groups are an integral part of organic synthesis in all its forms. They are
molecular fragments which can be added selectively to a molecule in order to mask a
functional group, such that the group becomes inert to chemistries which would normally
modify it. Good protecting groups must also be selectively removable in order to recover

the unmasked functional group.

o - . . . 122
Kocienski has defined seven features which arc preferable for a protecting group:

1. It should be cheap or readily available.

‘l\.)

The protecting group should be easily and efficiently introduced.

Ll

It should be easy to characterise and avoid such complications as the creation of
new stereogenic centres.
4. 1t should be stable to the widest possible range of reaction and work-up conditions.
5. It should be stable to the widest possible range of techniques for separation and
purification, such as chromatography.
6. It should be removed selectively and efficiently under highly specific conditions.
7. The by-products of the deprotection should be easily separated from the substrate.
The combination of features 4, S and 6 give rise to the principle of orthogonality, that is,
that a protecting group can be selectively removed using conditions which do not cause
the removal of other (orthogonal) protecting groups. Also, vice versa, the group should be

. 2342
stable to the conditions used to remove these other groups.l“”‘”"’
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5.2. Amino protecting groups.

The amino group is a key functionality in organic chemistry, and because of its reactivity
is one that frequently requires protection. It is an excellent nucleophile, as a result

unprotected amines react faster than some other nucleophiles such as alcohols, leading to

difficulties in chemoselectivity.

5.3. Carbamates.

Many of the commonly used amine protecting groups belong to the carbamate family (also
known as urethanes). This functionality consists of an alkyloxycarbonyl group attached to
the amine (5.1). Cleavage is accomplished by breaking the O-alkyl bond to release the

carbamic acid (5.2) (or its anion), which spontancously decomposes to give the free amine

(5.3) plus carbon dioxide (Scheme 64).

R

o
O+ g N7
g 2
{5.1) 52y H = (5.3)

Scheme 64, Cleavage of carbamate based protecting groups.

Many different carbamate protecting groups exist, some of the most commonly used ones

are outlined below.

The Boc Group.

The fert-butoxycarbonyl group, which is commonly abbreviated to Boc, is a particularly

usetul amine protecting group due to its stability to a wide range of conditions.™ It is inert
to basic hydrolysis, hydrogenation, and nucleophilic attack, and is formed by the reaction
of primary or secondary amines with di-fert-butyldicarbonate (Boc¢,O) or 2-(fert-
butoxycarbonyloxyimino)-2-phenylacetonitrile (‘Boc-ON’) in the presence of base

(Scheme 65).
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Scheme 65. Boc protection of amines.

Cleavage is accomplished by reaction with acids such as TFA and HF and occurs through
protonation of the carbonyl group, which promotes the breakage of the tertiary C-O bond
to vield the carbamic acid and a ters-butyl cation (5.4) (Scheme 66). Tertiary cations such
as this are stabilised by the inductive nature of the alkyl groups, and it is this stability that
drives the reaction. Abstraction of a proton from one of the methyl groups leads to the

formation of 1sobutylene (5.5) as one of several possible end by-products.
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Scheme 66. Cleavage of the Boc group.

The Cbz (Z) eroup.

The benzyloxycarbonyl (abbreviated Cbz or Z) is one of the oldest amino protecting

groups, introduced in 1932 by Bergman and Zervas,'> and was a key point in the
development of peptide chemistry. The group can be cleaved by hydrogenolysis,
dissolving metal reduction and strong acidolysis. Protection is by treatment of the amine
with readily available benzyl chloroformate (5.6) in the presence of base (Scheme 67). Of

the many different methods for the removal of the group, probably the most useful is
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catalytic hydrogenolysis, either with gaseous hydrogen or hydrogen donors such as

cyclohexadiene as shown in the example.

0
{J\ R-NH,, Et;N A AR
N0 e 2 25 ‘;/\K\o N

(5.6) .
Cbz protected amine
Pd-C

R )
/\\/\OJ\N/ Cyc!ohexag:ene R

+
E1OH H,N Toluene + CO,

Scheme 67. Protection of amines with Cbz group and subsequent cleavage.

The Fmoc group.

The 9-fluorenylmethoxycarbony! or Fmoc group was first reported by the Carpino group
in 1972.'% Despite its relatively high cost, it has become one of the most widely used
protecting groups, especially in peptide synthesis. This is due to its excellent acid stability
which makes it orthogonal to ters-butyl side chain protection, and the case of its cleavage
which is by treatment with 20% piperidine in DMF, or 5% DBU in DCM. The group is
formed by reaction of the amine with 9-fluorenylmethylchloroformate (Fmoc-Cl1) or N-(9-

florenylmethoxcarbonyloxy)succinimide (Fmoc-OSu) in the presence of base (Scheme

68).
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Scheme 68. Fmoc protection of amines.



Cleavage ot the Fmoc group 1s accomplished by the base promoted abstraction of the
proton at the tertiary centre to give a stabilised cyclopentadieny! anion, allowing E1cB
climination of the carbamic acid, leaving the fulvene (5.8) as the by-product. In Scheme
69, piperidine (5.7) is the base used to affect cleavage. The fulvene is moderately
susceptible to nucleophilic attack, which can cause problems if the released amine reacts
with it to form an uncleavable secondary amine. Under reaction conditions however,
piperidine is used in vast excess, and so reacts with the fulvene first, preventing this

problematic side reaction.
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Scheme 69. Cleavage of the Fmoce group

The Aloc group.

The allyloxycarbonyl (Aloc) group is an important amine protecting group due to the
selectivity and neutrality of its cleavage which is by palladium (0) catalysed allyl

ansfer.*? The group is mtroduced in a manner similar to the other carbamates, by the use
of the chloroformate, and is stable to 2 wide range of conditions including acids and bases.
Cleavage is effected by treatment of the compound with stoichiometric or catalytic
palladium (0), which coordinates to the allyl group to give an n' complex (5.9), which
then rearranges to give an 7° allyl complex (5.10), releasing the carbamic acid. An allyl

acceptor must be added to the cleavage mixture. This is often a weak acid such as
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dimedone'?” or acetic acid'?

% and has two functions. Firstly it acts as a nucleophile,

displacing the palladium from the allyl complex, frecing it to react with another Aloc

moiety. Secondly, as an acid it causes protonation of the released amine, preventing it

from nucleophilic attack on the palladium allyl complex (Scheme 70).
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Scheme 70. Protection of amines with Aloc group and subsequent cleavage.

The Teoc group.

Another invention of the Carpino group,’

? the 2-( ti%methyisily’l)ethoxycarbonyl (Teoc)

group makes use of the high selectivity of fluoride ions for silicon. Formation is usually by

treatment of the amine with 4-nitrophenyl

-2-(trimethylsilyl)ethyl carbonate (5.11) in the

presence of base (Scheme 71) as the chloroformate is unstable and must be freshly

prepared in a hazardous reaction involving phosgene. Cleavage of the Teoc group is

isually by treatment with TBAF in THF, U and occurs by fluoride attack on the silicon

leading to B-elimination of the carbamic acid which decarboxylates as previously

described.
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Scheme 71. Teoc protection of amines and subsequent cleavage.

5.4. Other amino protecting groups.

In addition to carbamate protecting groups, a number of other functionalities can be used

for the protection of amines, some of which are introduced below.

The Dde oroup.

The 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethy! or Dde group is a relatively recent
addition to the repertoire of amine protecting groups.'*! It is stable to both acidic and basic
conditions, and is thercfore orthogonal to both the Boc and Fmoc group. Synthesis is by
the treatment of dimedone (5.12) with acetic acid in the presence of DCC and DMAP,

followed by the addition of the amine (Scheme 72).

H
OH N.
o o o o Oy 0
N Ao 7T RN 7~
KX DCC, DMAP % \K’

(5.12) Dde protected amine

Scheme 72, Dde protection of amines.

Cleavage of the Dde group is achieved by treatment with hydrazine, which is an excellent
nucleophile and first attacks one of the carbonyl! groups, cyclising to free the amine and

give the pyrazole (5.13) as the end product (Scheme 73).
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Scheme 73. Hydrazine mediated cleavage of the Dde group.

The tritvl eroup.

The triphenylmethyl or trityl group is more commonly used for the protection of
alcohols'? and thiols,'® but can also be used as an amino protecting group. The group is
cleaved by treatment with acid, but the triphenylmethyl cation is so stabilised by the
resonance effects of the three phenyl groups, that cleavage can be effected under mildly

acidic conditions such as 1% TFA in DCM, or acetic acid.
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5.5. Hexadienyloxycarbonyl (Hdoc) as an amino protecting group.

[t was observed during the synthesis of libraries of potential Diels Alder catalysts (see
Chapter 2.6, page 43) that treatment of hexadienyloxycarbonyl amino TentaGel resin

(2.13) with TFA in DCM regenerated the free amino resin (Scheme 74).

0
R o/u\ﬂ %’;ﬂ» TFA H3N+
(2.13)

Scheme 74. Cleavage of hexadienyloxycarbonyl substituted resin.

[t was therefore decided to investigate the possibility of using this functionality as an
amine protecting group. To be useful as a protecting group it was important that it fultilled
the requirements listed above, therefore aniline (5.14), benzylamine (3.15) and 3-
phenylpropylamine (5.15) were reacted with one equivalent of compound (2.16) in DCM
in the presence of one equivalent of triethylamine (Scheme 75). These three compounds
were chosen to represent amines in three different e}ectronic environments, all containing

an aromatic ring to aid analysis by RP-HPLC with detection by absorbance at 254nm.

o N0, -
H N/R * /\/\/\O/“\O o ELN_ /\/\//\O/U\N/R
2 DCM H
(2.16)
(5.14) R=Ph (5.16) R=Ph 81%
(3.15) R=CH,Ph (3.16) R=CH,Ph 96%
(6.15) R=CH,CH,CH,Ph (5.17) R=CH,CH,CH,Ph 94%

Scheme 75. Synthesis of Hdoc protected amines.

The synthesis of the three compounds (5.16, 3.16, 5.17) proceeded easily and in good
yicld, and the products were purified by a simple exiraction. It was also hoped that the
group would be suitable as an amino acid protecting group, so the protection of

phenylalanine (5.18) was also achieved (Scheme 76). It was found that the reaction



between phenylalanine and compound (2.16) could be achieved by the addition of two

equivalents of triethylamine in a 1:1 mixture of THF and water.

\
f i
| I
OH + Nt = Et.N M/\ OH
HNT Y IR 0" NS0T N Es O/kN
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o (69%) o
(5.18) (5.19)

Scheme 76. Synthesis of Hdoc-Phe-OH.

Having successfully synthesised the four Hdoc protected amines (3.15, 5.16, 5.17, 5.19),
the stability of the Hdoc group was investigated under variety of conditions, chosen
because they were either standard conditions for the removal of common protecting
groups, ot could be expected to be used regularly in organic synthesis. Four different
concentrations of TFA in DCM were chosen; 95 % (c.f. Boc cleavage),¥#rror Bookmarknot
defined- 13 o4, (c.f. Rink linker cleavage),® 1 % (c.f. trityl cleavage),'** and 0.1 %. Other
acidic conditions selected were 10 % acetic acid in DCM, 2M aqueous HCl, and 4M
HCl/dioxane. Basic conditions examined were 20 % piperidine in DMF (c.f. Fmoc
cle'a.vage),l26 5% DBU in DCM and 2M aqueous NaOH. Other conditions tested were
palladium (0) (c.f. Aloc and allyl ester cleavage),'™® 1M L in DMF, 5 % NoHy in DMF
(c.f. Dde cleavage),”' 1M NaBH, in THF, 1M TBAF in THF (c.f. Teoc and silyl
protecting group cleavage),”*" heating at 100 °C in DMF, and exposure to UV radiation.
In cach case, a small aliquot of Hdoc-phenylalanine (5.19) was treated with the prescribed
reagents, and the disappearance of starting material and appearance of deprotected
phenylalanine were monitored by TLC. After 16 hours the mixture was analysed by RP-
HPLC to confinm the stability or lability of the protecting group to these conditions. The
results of these studies are shown in Table 6.

[t was found that the Hdoc group could be readily cleaved from the amino acid with a
variety of acidic conditions, including diluted solutions of TFA in DCM (entrics 1-6). In
each of these cases, a simple aqueous extraction returned the deprotected phenylalanine in
pure form. The moiety was found to be stable to most of the other conditions investigated,

but RP-HPLC analysis showed that the group had reacted with iodine causing a non-
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cleavage modification to the molecule (entry 12). Treatment of this modified compound

with 10 % TFA in DCM then failed to liberate the phenylalanine.

Table 6. Stability of the Hdoc group to a variety of conditions.

Cleavage conditions TLC HPLC 16 Conclusion
10 min 1 hour 2 hours 16 hours hours
1 95% TFA/DCM  Cleaved Cleaved Cleaved Cleaved Cleaved Cleaved
2 10 % TFA/DCM Cleaved Cleaved Cleaved Cleaved Cleaved Cleaved
3 1% TFA/DCM Cleaved Cleaved Cleaved Cleaved Cleaved Cleaved
4 0.1 % TFA/DCM  Stable Stable Partially Partially Partially Slowly
cleaved cleaved cleaved cleaved
5 4M HCl/dioxane  Stable  Partially Partially Partially Cleaved Slowly
cleaved cleaved cleaved cleaved
6 2M HCI/H,O Stable  Stable Stable Cleaved Mainly  Slowly
cleaved cleaved
7 10 % AcOH/DCM Stable Stable Stable Stable Stable Stable
8 20 % pip/DMF Stable Stable Stable Stable Stable Stable
9 5% DBU/DCM Stable Stable Stable Stable Stable Stable
10 Pd(PPh3)4 in Stable Stable Stable Stable Stable Stable
CHCIls/AcOH/NMM
(37:2:1)
11 2M NaOH/H,0 Stable Stable Stable Stable Stable Stable
12 1M1, in DMF Modified Modified Modified Modified Modified Modified
13 5 % H4N,/DMF Stable Stable Stable Stable Stable Stable
14 100 °C /DMF Stable Stable Stable Stable Stable Stable
15 1M NaBH,in THF Stable Stable Stable Stable Stable Stable
16 U.V.light/DCM Stable Stable Stable Stable Stable Stable
17 1M TBAF in THF Stable Stable Stable Stable Stable Stable

In order to confirm the cleavage by TFA/DCM solutions, a sample of Hdoc-Phe-OH was

dissolved in 1% TFA in CDCl; and the reaction was monitored by '"H NMR. After 24

hours, complete removal of the Hdoc group had occurred, and the phenylalanine

resonances could be easily observed in the spectrum. The spectra is shown overleaf

(Figure 27), overlaid with an authentic sample of H-Phe-OH for comparison. It can be

seen that the by-product of the reaction is not easily identifiable, and is a mixture of

compounds.
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Figure 27. Overlaid '"H NMR spectra of cleaved Hdoc-Phe-OH and authentic H-Phe-OH.



The mild acid lability of the group can be explained by resonance stabilisation of the
hexadienyl cation across the conjugated diene system, as shown in Scheme 77. It was
postulated that proton abstraction from any of the resonance structures would lead to the
formation of 1,3,5-hexatriene (5.20) as the by product, however GC-MS analysis of the
cleavage products suggested that the cation is quenched by reaction with TFA, yielding a

mixture of hexadienyltrifluoroacetates (5.21).

o O)
/WO/U\ /R ﬂ’ /\/\/\/&J\ /R

F

plus isomers
(5.21)

Scheme 77. Proposed cleavage mechanism.

The non-cleavage of the group by palladium (0) catalysis (entry 9 in Table 6) was
somewhat of a surprise due to the group similarity to the Aloc group. In order to confirm
that the group was not cleaved or modified by reaction with palladium, larger samples of
Hdoc-phenylalanine and Hdoc-benzylamine were reacted with 10 mol % Pd(PPhs), in a
mixture of CHCl3/AcOH/NMM (37:2:1). Fmoc-Lys(Aloc)-OH was treated under identical
conditions to confirm that these conditions were suitable for the cleavage of the Aloc
group (Scheme 78). After 24 hours reaction Fmoc-Lys-OH had precipitated from the

solution, and LC-MS confirmed that the Aloc group had been completely removed.
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Similar analysis of the reactions involving Hdoc protected amines, however, showed no
cleavage of the protecting group. This was confirmed by aqueous workup, which
recovered both the Hdoc protected amines and NMR analysis, which showed that the

Hdoc groups were still intact.
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Scheme 78. Palladium mediated cleavages.

5.6. Conclusions.

The 2,4-F, E-hexadienyloxycarbonyl or Hdoc group has been shown to be a mild acid
cleavable protecting group for amines and amino acids. It is stable to a wide variety of
conditions, including many that are used for the removal of other protecting groups. The
group showed unexpected stability to cleavage by palladium (0) and may be a useful
alternative to the Aloc group in strategies where the use of palladium would be
detrimental. It 1s cleaved under similar conditions to the frityl group, which it may replace

in strategies where the latier’s steric bulk may causc synthetic difficulties.
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Chapter 6. Experimental Section.

6.1. General Information.

The following solvents were used anhydrous and were prepared as follows:
DCM. Distilled from CaH; under N, immediately prior to use.
THF. Distilled from sodium/benzophenone under N, immediately prior to use.

Benzene. Distilled from CaH, under Ny immediately prior to use.

Solution phase reactions were monitored by TLC (Merck silica gel aluminium backed 60
254 plates) and visualised by UV fluorescence (254 nm). Peptide couplings were
monitored on resin beads using the Kaiser ninhydrin test.> Flash chromatography was
performed on a silica column using Keiselgel 60 230-400 mesh as supplied by Merck
according to the method of W. C. Still er. a/.'>’.

"H NMR were recorded at 300 MHz on a Bruker AC-300 FT instrument, or at 400 MHz
on a Bruker DPX-400 FT instrument. Chemical shifts (0y) are quoted in ppm relative to
TMS with the residual solvent peak as the internal reference. Coupling constants (/) are
quoted to the nearest whole Hertz. COSY 2 dimens?onal spectra were used to aid the
assignment of complex molecules. MAS-NMR were recorded at 400 MHz on a Bruker
DPX-400 FT instrument equipped with a HR-MAS 4mm probe samples were spun at
5000 Hz. *C NMR were recorded at 75 or 101 MHz as above. HMQC and HMBC 2
dimensional spectra were used to aid the assignment of complex molecules. Mass spectra.
Electrospray spectra were recorded as acetonitrile solutions introduced to a Fisons VG
platform through a Hewlett Packard 1050 HPLC system. Mass Lynx v3.2 (Micromass
Ltd., Manchester, UK) was used to analyse the results. Low resolution (m/z) are quoted
with only molecular tons (M-+H) and major peaks with percentage intensities of the base
peak. MALDI-TOF spectra were recorded on a Thermobioanalysis Dynamo system using
a-cyano-4-hydroxycinnamic acid as the sample matrix, and terfenadine and renin substrate
tetradecapeptide as internal and external calibrants. Infra red spectra were recorded
etther neat or as a crushed resin sample on a Bio-Rad FTS-135 Fourier transform

spectrometer equipped with a ‘Golden Gate” attenuated total reflection (ATR) sample
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stage. Only selected absorbtions (Vmay ) are quoted. Melting points were determined on an
Electrothermal hot stage apparatus and are uncorrected. Microscopy. Samples were
viewed on a Leica DM-IL inverted transmission microscope at 40 and 100 x
magnification. Fluorescence observations were made on the same microscope with a
mercury vapour discharge lamp as the light source, and a type A or type 13 filter cube in
the optical path. Images were recorded using a Nikon D1 digital SLR camera attached
directly to the microscope, and have not been modified clectronically. HPLC. Reverse
phase HPLC analyses were performed on an Agilent Techmologies 1100 modular HPLC
system with detection by U.V. absorbance, or by evaporative light scattering detection
using a Polymer Labs PLS-1000 detector. Solvent A: 0.1 % TFA in water. Solvent B.
0.042 % TFA in MeCN. Method 1: Supelco Discovery 50 mm x 2.1 mm 5 pm C18
column, eluted at 1 mL/min with a gradient of 10 % B, 90 % A to 90 % B, 10 % A over 3

% A. Method 2. Phenomenex

minutes, followed by 2 minutes isocratic at 90 % B, 10
Prodigy 150 x 4.6 mm 5 um (ODS3) C18 column, eluted at 0.5 mL/min with a gradient of
10 9% B, 90 % A to 90 % B, 10 % A over 10 minutes, followed by 5 minutes isocratic at
90 % B, 10 % A. Semi-preparative HPLC separations were performed on an Agilent
Technologies 1100 modular HPLC equipped with automated fraction collection triggered
by absorbance at 254 nm. Method 3. Phenomenex Prodigy 250 x 10 mm 5 pm (ODS3)

C18 column, eluted at 2.5 mL/min with a gradient of 100 % A to 100 % B over 20

minutes, followed by 5 minutes isocratic at 100 % B.
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6.2. Experimental to Chapter 2.

E E-2 4-hexadienyl-(4-nitrophenvl) carbonate (2.16).

Reaction of E,E-2,4-hexadien-1-0l with p-nitrophenylchloroformatre.

i
o i/YN02
5 d f /U\ | !

7

2,4-F, E,-Hexadien-1-0l (10 g, 98 mmol.) was dissolved in DCM (50 mL) and p-
nitrophenylchloroformate (21 g, 105 mmol.) was added. DIPEA (18.3 mL, 105 mmol.)
was added dropwise with cooling, and the solution was stirred for 16 hours under Ny. The
solvent was removed under vacuum and the residue was purified by flash chromatography
on silica gel eluted with 5% EtOAc in hexane. The product was recrystallised from

hexane/EtOAc to give yellowish/white needles. (17.4 ¢, 68%).

m.p. 94 -96 °C

HPLC (Method 1) purity 100% (254 nm) RT 4.41 minutes.

61 (400 MHz, CDC13), 1.70-1.72 (d, J 7, 3H. H-a), 4.69-4.71 (d, J 7, 2I1, H-1), 5.58-5.65
(dq, /7 & 12, 1H, H-b), 5.71-5.80 (dt, J 7 & 15, 1H, H-¢), 5.98-6.05 (dd, J 10 & 12, 1H,
H-c), 6.25-6.32 (dd, J 10 & 15, 1H, H-d), 7.29-7.32 (d, J 9, 2I1, H-1), 8.19-8.21 (d, /9,
2H, H+j).

6¢ (101 MHz, CDCly), 18.6 (C-a), 70.2 (C-D), 122.0 (C-b), 122.2 (C-1), 125.7 (C+), 130.5
(C-c), 133.2 (C-e), 137.4 (C-d), 145.8 (C-k), 152.8 (C-g), 156.0 (C-h).

vmay (Neat solid) 1747, 1282, 1224,




E E-2.4-Hexadienyloxycarbonyl aminoethyl TentaGel (2.13).

Reaction of E,E-2,4-hexadienyl-(4-nitrophenyl) carbonate with TentaGel S NH.

O
P P
P "l /
NN
h

TentaGel S NH; (0.27 mmol./g, 500 mg, 0.135 mmol.) was swelled in DCM (5 mL), and
compound (2.16) (130 mg, 0.5 mmol.) was added to the suspension followed by Et;N (70
uL, 0.5 mmol.). The mixture was shaken for 16 hours, after which time a ninhydrin test
showed that the reaction had gone to completion. The resin was filtered off, washed with
DMF (5 mL % 3), DCM (5 mL x 3) MeOH (5 mL x 3) and diethyl ether (5 mL x 3) and

then dried overnight in a vacuum oven.

0u (MAS-NMR, 400 MHz, CDCl;) (presaturation to remove PEG signals) 6.75-7.2 (br m,
polystyrene), 6.30-6.70 (br, m, polystyrene), 6.18-6.28 (dd, ./ 12 & 13, H-¢), 6.01-6.10
(dd, J 12 & 12, H-d), 5.68-5.80 (m, H-b), 5.58-5.68 (m, H-e), 4.51-4.65 (d,J 5, H-1), 1.70-
1.81 (d, J 7, H-a).

3¢ (Gel phase, C¢Dg) 157.0 (C-g), 134.4 (C-c), 131.7 (C-d), 130.5 (C-¢), 126.3 (C-b), 65.4
(C-1), 18.5 (C-a).



4-Hvydroxymethyl-7-methvl-2-(4-phenvilazo-phenv-3a.4.7. 7a-tetrahvdro-isoindole-1.3-

dione (2.18).

Reaction of B B-2,4-hexadien-1-ol with 4-phenyiazomaleinanil

2,4 -trans, trans-Hexadiene-1-ol (125 mg, 2.5 mmol.) and p-phenylazomaleinanil (355
mg, 2.5 mmol.) were dissolved in THF (10 mL.) and stirred at 60 °C for 36 hours under
N». The resulting solution was concentrated under vacuum and the residue was
recrystallised from EtOAc by the addition of diethyl ether. The product was obtained as an

orange solid (418 mg, 88%).

m.p. 124-125 °C.

HPLC (Method 1) purity 92 % (254 nm), RT 3.91 minutes.

O (400 MHz, CDCl3) 10.57 (br. s, 1H, H-g), 7.77-7.79 (d, 2H, J 9, H-n), 7.74-7.76 (d,
211, J 7, H-q), 7.65-7.67 (d, 2H, J 9, H-m), 7.34-7.37 (t, 2H, J 7, H-r), 7.28-7.31 (1, 1H, J
7, H-s), 5.86-5.89 (dd, 1H, J 3 & 10, H-d), 5.12-5.44 (d, 1H, J 10, H-¢), 4.31-4.35 (1, 1H, J
7, H-), 4.11-4.14 (d, 1H, J 9, H-f), 3.22-3.24 (dd, 1H, /4 & 7, H-1), 3.04-3.15 (m, 2H, H-
e & H-h), 2.68-2.78 (m, 1H, H-b), 1.01 (d, J 8, 3H, H-a).

dc (101 MHz, CDCl;) 180.8 (C-k), 171.2 (C-j), 153.2 (C-p), 149.5 (C-0), 141.3 (C-1),
136.7 (C-d), 131.1 (C-s), 129.5 (C-1), 124.5 (C-¢), 124.4 (C-n), 123.1 (C-q), 120.5 (C-m),
73.0 (C-1), 47.6 (C-h) 39.4 (C-1), 38.3 (C-e), 32.0 (C-b), 17.1 (C-a).

m/z (ES+) 376 [M+H]" (30%), 580 (100%).

Vuax (Neat solid) 1758, 1693, 1598, 1532.
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Protected librarv of 100.000 pentapeptides on TentaGel resin (2.23).%°

Split and mix synthesis of pentapeptides on TentaGel resin.

&EE&EQ groups

Fmoc-AAS‘AA“‘-AAB‘AAZ‘AAL*N/\;

TentaGel S NH; resin (2 g, 0.29 mmol./g, 0.58 mmol.) was split into ten equal portions
(10 x 0.058 mmol.), and each was allowed to swell in DCM (1 mL). Meanwhile, each of
the following amino acids: Fmoc-Phe-OH (58 mg, 0.15 mmol.), Fmoc-Ala-OH (47 mg,
0.15 mmol.), Fmoc-Ser(OrBu)-OH (58 mg, 0.15 mmol.), Fmoc-Gly-OH (45 mg, 0.15
mmol.), Fmoc-Arg(Pbf)-OH (97 mg, 0.15 mmol.) Fmoc-Trp-OH (64 mg, 0.15 mmol.),
Fmoc-Val-OH (51 mg, 0.15 mmol.), Fmoc-Glu(OBu)-OH (64 mg, 0.15 mmol.) Fmoc-
Leu-OH (53 mg, 0.13 mmol.) Fmoc-Gla-OH (55 mg, 0.15 mmol.) were dissolved in DMF
(0.5 mL) and HOBt (20 mg, 0.15 mmol.) was added to each solution. DIC (20 uL, 0.15
mmol.) was then added to each solution and they were allowed to react for 10 minutes.
One amino acid containing solution was then added to each of the resin suspensions and
the mixtures shaken for 2 hours. A qualitative ninhydrin test” was performed to ensure
that each coupling had gone to completion. The resins were filtered off and washed with
DMF (3 x I mL), and DCM (3 x 1 mL). The ten resins were then pooled together,
suspended in DMF (10 mL) and shaken thoroughly for 2 minutes. The resin was then
filtered, suspended in 20% piperidine in DMF and shaken for 5 minutes, then filtered,
washed with DMF (3 x 10 mL) and resuspended in 20% piperidine in DMF (10 mL).
After 15 minutes further shaking, the resin was filtered, washed with DMF (3 x 5 mL),
DCM (3 x 5mL), and MeOH (3 x 5 mL), then suspended in DMF (10 mL) ready to be
split into aliquots again. This split-coupling-mix-deprotect cycle was repeated four times.
After mixing the resin aliquots for the last time however the resin was not reacted with
20% piperidine in DMF, but rather washed with DMF (3 x 3 mL), DCM (3 x 5 mlL),
MeOH (3 x 5 mL) and EtO (3 x 5 mL) then dried under vacuum.
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Deprotected library of 100.000 pentapeptides on TentaGel, 25% hexadienvloxvcarbonyl

substituted at the N-terminus (L.2.4).%

Side chain deprotection, Fmoc group removal and diene capping on resin (2.24).

% H,N-AAS-AALAAI-AAZAAL—
75% H, ﬁ
AAL—N
H

SAAS-AA4-AAZ-AAZ-
25%
O

To resin (2.24) (0.58 mmol. initial loading) was added TFA (8 mL), water (1 mL), TIPS
(0.5 mL) and phenol (0.5 g), and the suspension was shaken for 2 hours. The resin was
filtered off, washed with TFA (2 x 5 mL), DMF (3 x S mL), DCM (3 x 5 mL), MeOH (3 x
5 mL) and Et,0 (3 x 5 mL), then suspended in 20% piperidine in DMF (10 mL) and
shaken for 5 minutes, then filtered, washed with DMF (3 x 10 mL) and resuspended in
20% piperidine in DMF (10 mL). After 15 minutes further shaking, the resin was filtered,
washed with DMF (3 x 5mL), DCM (3 x S mL), MeOH (3 x 5 mL) and Et;O (3 x S mL),
then suspended in DCM (10 mL). Compound (2.16) (40 mg, 0.15 mmol) was added to the
suspension, followed by EtsN (20 pL, 0.15 mmol.). After 2 hours shaking, TLC of the
solution confirmed that no (2.16) remained. The reéin was filtered off and washed with

DMF (3 x 5 mL), DCM (3 x 5mL), MeOH (3 x 5 mL) and Et,O (3 x 5 mL), then dried

under vacuum.

25% (tert-Butoxycarbonyl)-aminoethyl TentaGel (2.24).

Partial protection of TentaGel S NH- resin by reaction with di-tert-butyldicarbonate.

75% HZNW
1)

25%

TentaGel S NH; resin (2 g, 0.29 mmol./g, 0.58 mmol.), was suspended in DCM (10 mL)
and allowed to swell for 5 min. Di-zert-butyldicarbonate (35 mg, 0.145 mmol.) was then

added, followed by Et;N (20 puL, 0.15 mmol.) The resin was shaken for 2 hours, after
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which time a TLC of the reaction solution showed that no di-terz-butyldicarbonate
remained, then filtered off. The resin was washed with DMF (3 x 5 mL), DCM (3 x 5 mL),
MeOH (3 x 5 mL) and Et,0O (3 x 5 mL) then dried under vacuum.

Protected library of 100,000 pentapeptides on TentaGel partially protected with a Boc

group (2. 25)

Split and mix synthesis of pentapeptides on resin (2.24).

protectmg groups 75%

FMOG-AASAA+AASAAZAAT N ?

H 25%

Resin (2.24) (0.58 mmol. initial loading) was treated in an identical procedure to that

described for the preparation of resin (2.23).

Deprotected library of 100.000 pentapeptides on TedntaGel. 25% hexadienyloxycarbonyl

substituted at the TentaGel amine (1.2.3).%!

Side chain deprotection, diene capping and Fmoc group removal on resin (2.25).

75% ,
HgN-AA5—AA“-AA3-AA2-AA1—~gA@
o0 &

/W\O/U\N
N"259%

To resin (2.25) (0.58 mmol. initial loading) was added TFA (8 mL), water (1 mL), TIPS
(0.5 mL) and phenol (0.5 g), and the suspension was shaken for 2 hours. The resin was
filtered off, washed with TFA (2 x 5 mL), DMF (3 x 5 mL), DCM (3 x 5 mL), MeOH (3 x
5mL) and Et;O (3 x 5 mL), then re-suspended in DCM (10 mL). Compound (2.16) (80
mg, 0.3 mmol) was added to the suspension, followed by EtsN (40 pL, 0.3 mmol.). After 2

hours shaking, a ninhydrin test confirmed that the reaction had gone to completion. The
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resin was filtered off and washed with DMF (3 x S mL), DCM (3 x 5 mL), MeOH (3 x5
mL), then suspended in 20% piperidine in DMF (10 mL) and shaken for 5 minutes, then
filtered, washed with DMF (3 x 10 mL) and resuspended in 20% piperidine in DMF (10
mL). After 15 minutes further shaking, the resin was filtered, washed with DMF (3 x §
mL), DCM (3 x 5 mL), and MeOH (3 x 5 mL), and Et,O (3 x 5 mL), then dried under

vacuuml.

Screening of samples from libraries (1.2.3) and (L.2.4) with 4-phenylazomaleinanil.

A 10 mg sample of each of libraries (1.2.3), (L2.4), (750 nmol. diene substitution) resin
(2.13), and TentaGel S NH; were placed in a small petri dish. DCM (0.2 mL) containing
4-phenylazomaleinanil (20 pg, 75 nmol.) was added and lids sealed on to prevent
evaporation of the solvent. The samples were viewed under a microscope and photographs
were taken at regular intervals. After 24 hours, some resin beads from (1.2.3) and (L2.4)
were judged to be more coloured than those surrounding them. These beads were
photographed and picked from the solutions using a micropipette. The samples containing
resin (2.13) and TentaGel S NH; showed no increa_sje in dye uptake. The screening
experiment was repeated three times, and each time the most coloured three or four beads

were photographed and picked from the (L2.3) and (L.2.4) samples.

H>N-gAhx-seAhx-Met-TentaGel (2.26)."*°

Synthesis of a tripeptide on TentaGel resin.

HgN-s:Ahx-gAhx-Met—H

TentaGel S NI, resin (2g, 0.29 mmol/g, 0.58 mmol.) was allowed to swell in DCM (10
mL). Meanwhile, Fmoc-Met-OH (1.11g. 3 mmol.) and HOBt (0.41g, 3 mmol.) were
dissolved in DMF (5 mL) and DIC (0.47 mL, 3 mmol.) was added. The solution was
allowed to react for 10 minutes, and was then added to the resin suspension. After 2 hours

shaking, a ninhydrin test showed that the reaction had gone to completion. The resin was
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filtered off and washed with DMF (3 x 1 mL), and DCM (3 x 1 mL). The resin was then
suspended in 20% piperidine in DMF and shaken for 5 minutes, then filtered, washed with
DMF (3 x 10 mL) and resuspended in 20% piperidine in DMF (10 mL). After 15 minutes
further shaking, the resin was filtered, washed with DMF (3 x 5 mL), DCM (3 x 5 mL),
and MeOH (3 x 5 mL), Et;0 (3 x 5 mL) and dried under vacuum. The coupling reaction

and Fmoc cleavage were repeated twice using Fmoc-eAhx-OH (1.06 g, 3 mmol.) in place

of Fmoc-Met-OH.

Protected library of 1,000 tripeptides on eAhx-eAhx-Met-TentaGel resin ( 2.27).35

Split and mix synthesis of tripeptides on resin (2.26).

d protecting groups J

F moc-AAa-AALAN—gAhx—&:Ahx—Meiﬂu /\@

Resin (2.26) (0.58 mmol. initial loading) was treated with three rounds of split and mix

peptide synthesis, as described for the preparation of resin (2.23). After the cleavage of the
Fmoc group in each cycle, the resin was treated with a mixture of AcOH/D3-AcOH 1:1
(1.8 mg, 0.03 mmol.), HOBt (4 mg, 0.03 mmol.) and DIC (4 nL, 0.03 mmol.) and shaken
thoroughly for 1 hour. The resin was then washed with DMF (3 x 5 mL) and DCM (3 x
5mL) before suspension in DMF (10 mL) ready for splitting.
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Deprotected library of 1.000 tripeptides on TentaGel. 50% hexadienyloxvcarbonyl

substituted at the N-terminus (LZ.G).SI

Side chain deprotection, Fmoc group removal and diene capping on resin (2.27).

50% HZN-AA3—AA2-AA1-eAhx—xAhx-Met—m

B 3. 2. g LS 2 s
W\/o\”/u /;,(A;O/AA ANT-cAX-sARX-Met—N
0

Resin (2.27) was treated in a manner identical to that described for the preparation of

library (1.2.4).

50% (tert-Butoxycarbonvl)-aminoethyl TentaGel (2.28).

Partial protection of TentaGel S NH> resin by reaction with di-tert-butyldicarbonate

carbonate.

50% H,N

1
T V0 Nsoy,

TentaGel S NH, resin (2g, 0.29 mmol/g, 5.9 mmol.) was treated with di-tert-

butyldicarbonate (70 mg, 0.29 mmol.) and EtN (40 uL, 0.3 mmol.) in a manner identical

to that described for the preparation of resin (2.23).

H>N—-eAhx-eAhx-Met-TentaGel (TentaGel 50% protected with a Boc group) (2.29).
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Synthesis of a tripeptide on resin (2.28).

50% Boc—N
H

50% H,N-eAhx-eAhx-Met— H



Resin (2.28) (0.58 mmol. initial loading) was treated in a manner identical to that used for

the synthesis of resin (2.26).

Protected library of 1.000 tripeptides on TentaGel partially protected with a Boc group

(2.30).%°

Split and mix synthesis of tripeptides on resin (2.29).

50%
N ]
Cp rotecting groups) J

Fmoc—AA3—AA2-AA‘-sAhx-eAhx—Met*—u 50%

Resin (2.29) was treated in a manner identical to that described for the preparation of resin

2.27).

Deprotected library of 1,000 tripeptides on TentaGel, 50% hexadienyloxycarbonyl

substituted at the TentaGel amine ( L2.5).81

Side chain deprotection, diene capping and Fmoc group removal on resin (2.30).

IR JJ\
I i 75

HZN-AA3-AA2-AA’-F,Ahx-r:Ahx—Met—u 50%

Resin (2.30) was treated in a manner identical to that described for the preparation of

library (L2.3).

3-(Fluorescein-5-ylcarbamovyl)-acrvlic acid (2.33).%°

Reaction of S-aminofluorescein with maleic anhydride.



S-Aminofluorescein (1.05 g, 3.02 mmol.) and maleic anhydride (0.295 g, 3.02 mmol.)
were dissolved in AcOH (50 mL) and stirred for 16 hours. The precipitated product was
filtered off and washed with EtOAc (3 x 30 mL). The product was then dried under
vacuum to give an yellow solid (1.26 g, 94%).

M.p >250 °C.

HPLC (Method 1) Purity 89% (ELSD) RT 2.87 minutes.

0u (300 MHz, DMSO-ds) 12.0-13.0 (br s, 1H, H-a), 10.76 (s, 1H, H-f), 10.02-10.22 (br s,
2H, H-u), 8.35(d, J 1, 1H, H-h), 7.82-7.89 (dd J | & 8 H-1), 7.20-7.28 (d, ./ 8, 1H, H-k),
6.68 (d, J 1, 2H, H-s), 6.33-6.62 (m, 6H, H-c, d, p, q).

m/z (ES-) 444 [M-H] (17%),175 (100%), 159 (95%

Viax (Neat solid) 1704, 1681, 1580, 1535, 1460.

N-Fluorescein-5-yl maleimide (2.34).8(’

Ring closing dehydration of 3-(fluorescein-5-ylcarbamoyl)-acrylic acid.

O?[\DN\/%O
| c
a X d
h NE
=0
Ip i
= Q N

Compound (2.33) (200 mg, 0.45 mmol.) was dissolved in dry DMF (6 mL) and freshly
distilled benzene (50 mL). HMDS (450 uL, 1.8 mmol) and ZnCl, (150 mg, 0.9 mmol)

were added, and the mixture was refluxed under nitrogen for 4 hours. After cooling the



mixture was filtered and the tiltrate concentrated under vacuum. The addition of 50 mL of
iced water caused the product to precipitate. The product was filtered off and washed with
distilled water (3 x 30 mL), then dried under vacuum to give an orange solid (148 mg,
77%).

m.p. >250 °C.

HPLC (Method 2) Purity 93% (ELSD) RT 7.88 minutes.

0y (300 MHz, DMSO-ds) 9.85-10.15 (br s, 2H, H-0), 7.98 (s, 1H, H-d), 7.69-7.78 (d, J 8,
H, H-g), 7.38-7.45 (d, J 8, 1, H-h), 7.27 (s, 2H, H-a), 6.42-6.71 (m, 6H, H-1, m, p).

m/z (ES+) 428 [M+H]™ (100 %).

Deprotected library of 1.000 tripeptides on TentaGel (2.36).%!

Removal of side chain protection and Fmoc group from resin (2.27).

HN-AAS-ARZ-AAT-cANX-sANK-Met—N

Resin (2.27) (100 mg) was treated with TFA (0.8 mL), water (0.1 mL), TIPS (0.1 mL) and
phenol (0.1 g), and the suspension was shaken for 2-hours. The resin was filtered off,
washed with TFA (2 x [ mL), DMF (3 x 1 mL), DCM (3 x 1 mL), MeOH (3 x | mL) and
Et,0 (3 x 1 mL), then suspended in 20% piperidine in DMF (1 mL) and shaken for 5
minutes, then filtered, washed with DMF (3 x 1 mL) and resuspended in 20% piperidine in
DMF (1 mL). After 15 minutes further shaking, the resin was filtered, washed with DMF

(3 x I mL), DCM (3 x I mL), and MeOH (3 x 1 mL), and Et;O (3 x 1 mL), then dried

under vacuum.

Screening of libraries (1.2.5) and (L.2.6) with N-(fluorescein-5-y]) maleimide.

Two 10 mg samples of each of (L2.5), (1.2.6), (1.5 umol. diene substitution) (2.36),
(2.13), and TentaGel S NH; were suspended in 0.1% TFA in DCM (0.5 mL) for 1 minute.
The resins were then filtered off and immediately washed with DCM (3 x 0.5 mL). DCM
or DMF (0.2 mL) containing compound (2.34) (65 ug, 150 nmol.) was added to each



sample, and the resins were shaken for two hours. The samples were then filtered off, and
washed with DMF (3 x 0.5 mL), DCM (3 x 0.5 mL), MeOH (3 x 0.5 mL), 0.IM HCI (3 x
0.5mL), 0.1 M Na,COs (3 x 0.5 mL), water (3 x 0.5 mL) and MeOH (3 x 0.5 mL) then
placed 1n a Petri dish and DMF (0.2 mlL) was added. The samples were viewed under a
microscope with illumination from a mercury vapour lamp through an I3 fluorescence
filter cube. Some resin beads from (L.2.5) and (1.2.6) showed considerable fluorescence.
These beads were photographed and picked from the solutions using a micropipette. The
samples containing resins (2.36), (2.13) and TentaGel S NH; showed no increase in
fluorescence. The screening experiment was repeated three times, and each time the most

fluorescent three or four beads were photographed and picked from the (1.2.5) and (1.2.6)

samples.
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6.3. Experimental to Chapter 3.

H,N-Rink AM-Polystyrene (3.1).”* %
Coupling of the Rink AM linker onto polystyrene resin.

OMe NH,

=
N

| o)
MeO o\/U\H

Aminomethyl polystyrene resin (200-400 mesh, 1.13 mmol/g, 0.5 g, 0.57 mmol.) was
substituted with Fmoc Rink AM linker and the Fmoc group removed by the procedure

described for the preparation of resin (2.26).

H,N-Arg(Pbf)-eAhx-eAhx-Rink AM-Polystyrene (3.2)."°

Fmoc peptide synthesis on resin (3.1).

H-Arg(Pbf)-eAhx-cAhx-NH-Rink AM—N

Resin (3.1) (0.57 mmol) was substituted with Fmoc-eAhx-OH, Fmoc-e Ahx-OH, and
Fmoc-Arg(Pbf)-OH by the procedure described for the preparation of resin (2.26). One
third of the product resin was separated for cleavage to give (3.5), the rest was carried

through to the next reaction.

HoN-Arg(Pbh)-Arg(Pbf)-eAhx-sAhx-Rink AM-Polystyrene (3.3)_.7I ‘f

Fmoc peptide synthesis on resin (3.2).

H-Arg(Pbf)-Arg(Pbf)-cAhx-sAhx-NH-Rink AM—N“
g(Pbf)-Arg(Pbf)-¢ & i b @
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Resin (3.2) (0.38 mmol) was substituted with Fmoc-Arg(Pbf)-OH, by the procedure
described for the preparation of resin (2.26). Half of the product resin was separated for

cleavage to give (3.6), the rest was carried through to the next reaction.

H,N-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-e Ahx-eAhx-Rink AM-Polystyrene (3.4)."

Fmoc peptide svnthesis on resin (3.3).
H-Arg(Pbf)-Arg(Pb1)-Arg(PBI)-cAx-cANX-NH-Rink AM—N

Resin (3.3) (0.19 mmol) was substituted with Fmoc-Arg(Pbf)-OH, by an identical

procedure to that described for the synthesis of resin (2.26).

H-Arg-eAhx-€Ahx-NH; (3.5).”"
TFA mediated cleavage of H-Arg(Pbf)-eAhx-eAhx-Rink AM-polystyrene (3.2).

q p

HNYNHZ
o
NHn
O a
f d g e c
g €' c H f d
0]

H-Arg(Pbf)-e Ahx-e Ahx-Rink AM-polystyrene (3.2) (0.19 mmol) was washed with DMF
(3 x 5mL), AcOH (3 x 5 mL), DCM (3 x 5 mL) and MeOH (3 x 5 mL), then dried under
vacuum overnight. The resin was then treated with a mixture of TFA, 1,0 and TIPS
(95:2.5:2.5) (3 mL) for 2 hours, and the resulting peptide solution was collected by
vacuum filtration. The resin was washed with a further 3 mL of TFA followed by DCM (2
X,, 3 mL), and the combined solutions were allowed to rea@‘t for 16 hours, then concentrated

under vacuum. The addition of ice cold diethyl ether (10 mL) lead to precipitation of the



peptide which was isolated by filtration, washed with cold ether (2 x 10 mL), dissolved in

water and then lyophilised to give the product as an off white gum (60 mg, 76%).

HPLC (Method $50D), Purity 86% (ELSD), RT 0.98 min.
dn (300 MHz, D,0) 3.71-3.82 (t,.J 7, 1H, H+j), 3.15-3.23 (m, 2H, H-m), 3.08-3.15 (1. J 7,
H-g), 2.98-3.07 (t, J 7, H-g"), 2.03-2.19 (m, 4H. H-¢c, ¢’), 1.69-1.8 (m, 2H, H-k), 1.54-1.63
(m, 2H, H-1), 1.39-1.53 (m, 4H, H-d, d°), 1.28-1.38 (t, J 7, 4H-f, {*), 1.09-1.21 (m, 411, H-
g, e’

d¢ (76 MHz, D,0) 180.7 (C-b), 177.1 (C-b*), 172.6 (C-i), 157.4 (C-0), 54.2 (C-), 41.1 (C-
m), 39.6 (C-g), 36.4 (C-¢), 35.9 (C-¢”), 29.2 (C-k), 26.1 (C-¢, ¢”), 25.9 (C-f, £7) 25.5 (C-
d), 25.4 (C-d", 23.9 (C-D).

m/z  (ES+) 400.2 (20%) [M+H]", 200.8 (25%) [M+2H]*", 126.9 (100%).

High resolution (ES+) C13H37N703, calculated 400.3036 [M+H], found 400.3036.

H-Arg-Arg-e Ahx-eAhx-NH; (3.6).”"
TFA mediated cleavage of H-Arg(Pbf)-Arg(Pbf)-eAhx-eAhx-Rink AM-polystyrene (3.3).

HN\EQ/NH2
mrNH”
!
O K O
1y Lo o e
H,N L ~ w\/\/\A\N/\N\Q/ 2
B H i € H f d 1
/k ) 0
!
n .
AN
N
H,NT S NH
4 g

H-Arg(Pbf)-Arg(Pbf)-e Ahx-e Ahx-Rink AM-polystyrene (3.3) (0.19 mmol) was treated in
a manner identical to that used for the cleavage of H-Arg-€ Ahx-e Ahx-NI.

The product was obtained as a {luffy white solid (90 mg, 81%)

* The use of an asterisk denotes that it was not possible to determine which residue this carbon was tocated,

i.e.d denotes that the signal is cither d or d’.



M.p. 138-160 °C
HPLC (Method 1), Parity 92% (ELSD), RT 1.06 min.

8y (300 MHz, D,0) 4.05-4.14 (t, J 7, 1H, H-j), 3.89-98 (t, J 7, 1H, H-), 2.90-3.14 (m,
$H, H-g, ¢’, m, m’), 2.07-2.14 (1, J 7, 2H, H-c), 2.00-2.07 (t, J 7, 2H, H-c"), 1.71-1.83, (m,
2H, H-K"), 1.59-1.70 (m, 2H, H-k), 1.48-1.57 (m, 4H, H-1. I"), 1.40-1.48 (m, 4H, H-d, "),
1.27-1.49 (t, J 7, 4H, H-f, ), 1.05-1.23 (m, 4H, H-e, ¢").

d¢ (76 MHz, Dy0) 180.9 (C-b), 177.5 (C-b), 173.7 (C-i), 170.2 (C-1), 157.6 (C-0, 0"),
54.9 (C-)), 53.3 (C-j"), 41.3 (C-m"), 41.2 (C-m"), 40.0 (C-g), 39.9 (C-g"), 36.5 (C-c), 35.7
(C-c”), 28.9 (C-k"), 28.8 (C-k "), 26.3 (C-¢, €’), 25.75 (C-f, £) 25.8 (C-d"), 25.6 (C-d"),
252 (C-1), 24.2 (C-1).

m/z  (ES+) 556.1 (10%) [M+H]", 278.8 (100%) [M+2H*".

High resolution (ES+) CoyHygN{ Oy, calculated 556.4047 [M+H] ", found 556.4053.

H-Arg-Arg-Arg-¢ Ahx-€ Ahx-NI, (3.7)."'
I'Fd mediated cleavage of H-Arg(Phf)-Arg(Pbhf)-Arg(Pbf)-eAhx-e Ahx-Rink AM-

polvstyrene (3.4).

g g g D
HN.~_ NH HN NH,,
N2 Y 2
5~ NH?
P

H-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-e Ahx-e Ahx-Rink AM-polystyrene (3.4) (0.19 mmol) was
treated in a manner identical to that used for the cleavage of H-Arg-e Ahx-e Ahx-NH,.

The product was obtained as a fluffy white solid (143 mg, 100%)
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M.p. 165 - 167 °C
HPLC (Method 1), Purity 88% (ELSD), RT 1.12 min.

811 (400 MHz, D,0) 4.08-4.13 (1, J 7, 1H, H+j), 3.93-3.98 (t, J 7, 1H,. H+"), 3.82-3.97 (1,
7, 1H, H+j""), 2.83-3.01 (m, 10H, H-g, g’, m, m’, m*"), 1.98-2.02 (1, J 7, 2H, H-c), 1.93-
1.97 (t, J 7, 2H, H-¢") 1.66-1.73 (m, 2H, H-k’*), 1.49-1.63 (m, 4H, H-k, k’), 1.36-1.48 (m,
6H, H-1, I, 1), 1.29-1.35 (q, J 7, 4H, H-d, d°), 1.19-1.28 (m, 4H, H-f, £), 0.98-1.11
(overlapping quintets, .J 7 & 7, 4H, H-e, ).

¢ (101 MHz, D,0) 180.5 (C-b), 177.1 (C-b*), 173.6 (C-i), 173.5 (C-i), 170.0 (C-i"),
157.2 (C-0,0°,07), 54.3 (C-j), 54.0 (Cj*), 52.9 (C-j*), 40.95 (C-m"), 40.9 (C-m"), 40.8
(C-m"), 39.53 (C-g"), 39.48 (C-g "), 36.1 (C-c), 35.3 (C-c’), 28.6 (C-k"), 28.5 (C-k), 28.4
(C-1"), 28.39 (C-1), 25.9 (C-1, "), 25.86 (C-k’*), 25.4 (C-¢"), 25.2 (C-¢"), 24.9 (C-d"), 24.7
(C-d"), 23.8 (C-1").

m/z. (ES+) 712.5 (1%) [M+H]", 356.8 (100%) [M+2H]*", 238.3 (83%) [M+3H]"".

High resolution (ES+) C39HNi5Os, calculated 238.1731 [M+3 I-I]+, found 238.1727.

H-Arg(Pbf)-eAhx-geAhx-Met-TentaGel (3.9)."°

Fmoc peptide synthesis on resin (2.26).

H-Arg(be)-eAhx-sAhx-Met——ﬁ

Resin (2.26) (0.045 mmol.) was substituted with Fmoc-Arg(Pbf)-OH and the Fmoc group
removed by the procedure described for the preparation of (2.26). One third of the resin
was separated for protecting group cleavage to give (3.12), the rest was carried through to

the next reaction.

H-Arg(Pbh)-Arg(Pbf)-e Ahx-eAhx-Met-TentaGel (3.10)."°

Fmoc peptide synthesis on resin (3.9).

H-Arg(be)—Arg(be)~aAhx~sAhx~Met——M
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Resin (3.9) (0.03 mmol.) was substituted with Fmoc-Arg(Pbt)-OH and the Fmoc group
removed by the procedure described for the preparation of (2.26). Half of the resin was

separated for protecting group cleavage to give (3.13), the rest was carried through to the

next reaction.

H-Arg(Pbf)-Are(Pb)-Are(Pbf)-eAhx-eAhx-Met-TentaGel (3.11).'*¢

Fmoc peptide synthesis on resin (3.10).
H—Arg(be)-ArQ(Pbf)~ArQ(F’bf)-z:Ahx—sAhx—Met-—r;l‘

Resin (3.10) (0.015 mmol.) was substituted with Fmoc-Arg(Pbf)-OH and the Fmoc group

removed by the procedure described for the preparation of (2.26).

H-Arg-eAhx-eAhx-Met-TentaGel (3.12).91

Removal of side chain protection from resin (3.9).

H-Arg-cAhx-cAhx-Met— +N1

Resin (3.9) (0.015 mmol.) was treated with a mixture of TFA, H,O and TIPS (95:2.5:2.5)
(1 mL) for 16 hours, filtered off and washed with DMF (3 x 1 mL), DCM (3 x 1 mL),
MeOH (3 x 1 mL), 0.1 M Na;CO;3 (3 x 1 mL), water (3 x 1 mL) MeOH (3 x I mL) and

Et;O (3 x 1 mL), then dried under vacuum.

H-Arg-Arg-e Ahx-e Ahx-Met-TentaGel (3.13).9l

Removal of side chain protection from resin (3.10).

H-Arg-Arg-sAhx-cAhx-Met— M A@
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Resin (3.10) (0.015 mmol.) was treated in an identical procedure to that described for the

preparation of resin (3.12).

H-Arg-Arg-Are-eAhx-e Ahx-Met-TentaGel (3.14).”"

Removal of side chain protection from resin (3.11).

H-Arg-Arg-Arg-eAhx-eAhx-M et———ﬁ

Resin (3.11) (0.015 mmol.) was treated in an identical procedure to that described for the

preparation of resin (3.12).

E E-2.4-Hexadienyl-(N-benzyl) carbamate (3.15).

Reaction of E,E-2,4-hexadienyl-(4-nitrophenyl) carbonate (2.16) with benzylamine.

(0]

b d f ' j k
E/W\O/L\RJJ' Y
c e H ‘

' m

Benzylamine (0.2 mL, 1.9 mmol) and £, £-2,4-hexadienyl-(4-nitrophenyl) carbonate (2.16)
(0.5 g, 1.9 mmol) were dissolved in DCM (10 mL) under N». Et;N (0.27 mL, 1.9 mmol)
was added drop wise, upon which the solution tumed yellow. The mixture was stirred for
2 hours and then the solvent removed under vacuum. The residue was dissolved in water
and extracted with DCM three times. The combined organic extracts were washed with

water and brine, dried over MgSO, and the solvent removed to give a yellowish solid

(0.42 g 96%).

M.p.37-39°C

HPLC (Method 1) purity 96% (220 nm), RT 4.09 minutes.

on (300 MHz, CDCls) 7.19-7.32 (m, 5H, H-k, I, m), 6.10-6.22 (dd J 10 & 15, 1H, H-c),
5.92-6.03 (dd, J 10 & 14, 1H, H-d), 5.62-5.71 (dq, J 15 & 8, 1H, H-b), 5.49-5.61 (dt, J 14
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& 7, 1H, H-¢), 4.95-5.04 (br s, 1H, H-h), 4.49-4.56 (d,.J 7, 2H, H-1), 4.25-4.33 (d, ./ 7, 2H,
H-f), 1.13-1.21 (d, 7 8, 31, [-a).

0c (75 MHz, CDCl;) 156.6 (C-g), 138.7 (C-), 134.7 (C-¢), 131.3 (C-d), 130.6 (C-A),
128.8 (C-Ar), 127.7 (C-Ar), 126.3 (C-¢), 124.4 (C-b), 65.7 (C-1), 45.2 (C-D), 18.3 (C-a).
m/z (ES+) 254.1 (100%) [M+Na]".

High resolution (ES+) CsHy;NOy, calculated 254.1151 [M+Na]”, found 254.1149.

Vaux (Neat solid) 3308, 1691, 1540, 1283.

Benzvl (2-(5-fluoresceinyl)-7-methyl-1.3-dioxo-3a.4. 7. 7a-tetrahvdro-isoindol-4-vimethvl)

carbamate (3.17).

Diels Alder reaction of Hdoc-benzylamine with N-fluorescein-5-yl maleimide (2.34).

[+ d
h o ¢ ' 9 i K
A e
A \D o g §§11/\‘/\\\\7,
/ }
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v /X/://O
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Compounds (2.34) (100 mg, 0.24 mmol.) and (3.16) (55 mg, 0.24) were dissolved ina 4.3
mixture of Water/THF (50 mL) and allowed to react for 6 days. The solvent was removed
under vacuum and the residue purified by semi-preparative HPLC (Method 3). The
fractions containing the product were combined and lyophilised to give the product as an
orange solid (47 mg, 30%).

M.p. >250 °C

HPLC (Method 2) purity 100% (254 nm), RT 9.62 minutes.

8y (400 MHz, DMSO-d,) 9.97-10.60 (br s, 2H, H-zf), 7.96 (s, 1H, H-s), 7.84-7.87 (t, J 6,
I, H-h), 7.67-7.69 (d, /8, 1H, H-t), 7.47-7.49 (4, J 8, 1H, H-u), 7.32-7.44 (m, 5H, H-k, |,



m) 6.80 (s, 2H, H-zd), 6.67-6.72 (m, 4H, H-za, zb), 5.93-6.02 (dd, J 16 & 9, 2H, H-c,
d),4.55-4.65 (m, 2H, H-f) 4.30-4.32 (d, J 6, 2H, H-1), 3.61-3.67 (t, J 7, 1H, H-0), 3.34-3.42
(t, /7, IH, H-n), 2.76-2.84 (m, 1H, H-e), 2.64-2.71 (m, 1H, H-b), 1.48-1.51 (d, ./ &, 3H, H-
).

3¢ (101 MHz, DMSO-dg) 176.9 (C-p or q), 176.8 (C-p or q), 160.2 (C-x), 152.4 (C-g),
140.4 (Ar-quat) 135.3 (C-c or d)), 134.5 (C-t), 129.5 (C-za), 128.8 (C-u), 127.6 (C-c or
d)), 127.3 (Ar), 125.3 (Ar), 123.2 (C-s), 113.2 (C-zb), 102.8 (C-zd), 64.8 (C-1), 45.4 (C-n),
443 (C-1), 43.7 (C-0), 36.3 (C-b), 31.9 (C-e), 17.1 (C-a).

m/z (ES+) 659 [M+H]" (25%), 681 [M+Na]" (15%), 130 (100%).

High resolution (ES+) CigH3oN20g calculated 659.2024 [M+H]" found 659.2041.

Vmay (Neat solid) 1698, 1589, 1453, 1380, 1179, 1112.

Kinetic Diels Alder experiments.

For each experiment compounds (2.34) (5 mg, 0.012 mmol.) and (3.16) (3 mg, 0.012
mmol.} were dissolved in watet/THF 4:3 (3.5 mL), and catalyst (0, 10 or 20 moi%) was
added. The mixtures were sonicated for 1 minute and then allowed to react. At regular
intervals, a 20 pL sample was taken from the solution, diluted with | mL water, and a 20
pl injection was analysed by HPLC (Method 2). The amount of compound (3.17) formed
was monitorcd by the appearance of a peak with RT 9.62 minutes. The concentration of
product was calculated using a calibration curve by measuring the integrated peak area at

254 nm,



6.4. Experimental to Chapter 4.

H-Phe-Gly-Val-eAhx-e Ahx-Met-TentaGel, 10% capped at each residue with AcOH/D;-
AcOH (4.8)."°°

Peptide synthesis with isotopic capping.

H-Phe-Gly-Val-sAfcsAhx Met—N @;

CH,/CD,CO capped ladder fragments——N/
H

Resin (2.26) (0.135 mmol.) was substituted sequentially with Fmoc-Val-OH, Fmoc-Gly-
OH and Fmoc-Phe-OH using the method described for the preparation of resin (2.26).
After each coupling-deprotection step, partial capping was realized by shaking the resin
with 0.1 equivalents of a 1:1 mixture of AcOH/D;-AcOH, followed by the addition of 0.5
equivalents of PyBop and DIPEA for 45 min. The resin was then thoroughly washed with

DMF (3 x S mL), DCM (5 x 5 mL) and methanol (3 x 5 mL), dried under vacuum and

stored at -10 °C.

. s : 0
Single bead cleavage protocol for mass spectrometry sequencuut{.l y

Single beads were picked randomly with a micropipette under 50 x magnification and
placed into 100 pl capacity glass vial inserts inside 500 pul. microcentrifuge tubes. 20 ul
of a 20 mg/mL solution of cyanogen bromide in 1:1 H,O/TFA was added to each and the
tubes were sealed, sonicated for 5 minutes and then allowed to react in the dark for 24 h.
The samples were then centrifuged under vacuum (3000 rpm, 50 °C) until dry. 10 pL of
HPLC grade MeCN was added and the samples were sonicated for 5 min. then centrifuged

at 5,000 rpm for 5 min.
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MALDI sample preparation. eE

2 pL of the cleaved peptide solution was applied to the MALLDI sample plate and allowed
to dry. A further 1 pL of sample and 1 pL of a saturated solution of a-cyano-4-
hydroxycinnamic acid in 1:1 MeCN/H;O containing 0.1% TFA were then applied on top,

thoroughly mixed and allowed to dry.

MALDI-TOF mass spectrometry and ladder sequencing.

All spectra were recorded in the positive ion mode on a Dynamo MALDI-TOF
spectrometer. Spectra were obtained by summing multiple laser shots. Terfenadine (m/z
472.32 [M+H]), and Renin substrate tetradecapeptide (Asp-Arg-Val-Tyr-1le-His-Pro-Phe-
His-Leu-Leu-Val-Tyr-Ser (m/z 1760 [M+H])) were used as external and internal
calibrants. Peptide ladder fragments were generally observed as M+Na" adducts of the
lactone.

Sequences were obtained by analysis of raw spectra using MassLynx v3.2 (Micromass
Ltd., Manchester, UK). The cluster analysis function was used with the following
parameters: First mass difference 3.02 or 5.03, ﬁl'st.fatio 1:1, mass tolerance 0.1, ratio

tolerance 80%, threshold 0.1-1%.

Mass spectrometry sequencing library | (L4.1).13 i

Split and mix synthesis with isotopic capping.

H-AAG-AAZ-AN-gAhx-sAhx_gAhx-Met-E/\

CH,/CD,CO capped ladder fragments—N
H
AAT =Val, Phe, Ala

AA? = Asn, Ser, GIn
AA3 = Asp, Tyr, Trp

TentaGel S NH, (0.3g, 0.1 mmol.) resin was first substituted with the spacer-linker
construct eAhx-eAhx-e Ahx-Met using the method described for the preparation of resin
(2.26). Split and mix synthesis was then used to generate a library of 27 tripeptides using

the coupling-deprotection-capping strategy described for the preparation of resin (4.8).
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The amino acid used in the first coupling was Fmoc-Val-OH, Fmoc-Phe-OH or Fmoc-
Ala-OH, in the second position; Fmoc-As-OH, Fmoc—Ser(OtBu)—OH, or Fmoc-Gln-OH,
and in the third position; Fmoc-Asp(O'Bu)-OH, Fmoc-Try(O'Bu)-OH or Fmoc-Trp(Boc)-
OH. Side chain protecting groups were removed by treatment for 1 hour with a mixture of
TFA (1.6 mL), water (0.2 mL), TIPS (0.1 mL) and phenol (100 mg). The resin was then

thoroughly washed with DCM (5 x 5 mL) and methanol (3 x 5 mL), dried under vacuum

and stored at -10 °C.

Mass spectrometry sequencing library 1 L4.2),

Split and mix synthesis with isotopic capping.

H-AA3—AA2—AA1-sAhx-aAhx-aAhx—Me%—m &:

CH,/CD,CO capped ladder fragments—N~"~
H

AA' AA? AAS = Arg, Trp or Asn
A 27 member tripeptide library was synthesized using the method described for the
preparation of library (L4.1) using the amino acids Fmoc-Arg(Pac)-OH, Fmoc-Trp(Boc)-

OH or Fmoc-As-OH in each of the three coupling cycles.

Mass spectrometry sequencing library (1.4.3). 37

Split and mix synthesis with isotopic capping.

H-AA'-Gly-Val-sAhx-cAhx-cAhx-Met —N @
H i

capped ladder fragments*”
AAT = Lys, GIn, Leu, lle, Asp, Asn
TentaGel S NH; (0.3g, 0.1 mmol.) resin was first substituted with the peptide-spacer-

linker construct Gly-Val-eAhx-e Ahx-eAhx-Met using the method described for the

preparation of library (L4.1), then split into six portions and each coupled with one of the



following amino acids: Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH, Fmoc-Asp(OBu)-OH,
Fmoc-Ile-OH, Fmoc-Gln-OH, Fmoc-Asn-OH. The portions substituted with Lys, Leu or
Asp were then partially capped with AcO/D;-AcOH as (4.8), the portions substituted
with Ile, Gln or Asn were capped by the same method with a 1:1 mixture of benzoic
acid/Ds benzoic acid. The portions were then mixed and side chain deprotection was

carried out as above.



6.5. Experimental to Chapter 5.

E E-2 4-Hexadienvl-(V-phenvl) carbamate (5.16).

Reaction of B,E-2,4-hexadienyl-(4-nitrophenyl) carbonaie (2.16) with aniline.

o Iy
n d ¢ H N | [
R T T P N
a c e H

Aniline (0.17 mL, 1.9 mmol) and £, E~2,4—11exad‘ienyl-(i\l—nihéphenyl) carbonate (2.16)
(0.5 g, 1.9 mmol) were dissolved in DCM (10 mL) under N.. Et;N (0.27 mL, 1.9 mmol)
was added drop wise, upon which the solution turned yellow. The mixture was stirred
overnight and then the solvent removed under vacuum. The residue was purified by flash
chromatography on silica gel, eluted with 3% EtOAc in hexane. The product was obtained

as a pale yellow 01l (0.335 g, 81%).

HPLC (Method 1) purity 92% (254 nm) RT 3.02 minutes.

01 (300 MHz, CDCl3) 7.05-7.13 (1,J 8, 2H, H-k), 6.59-6.67 (t. ./ 8, 1H, H-1), 6.52-6.58 (d,
J 8, 2H, H-j), 6.09-6.19 (dd, J 14 & 10, 1H, H-¢), 5.91-6.02 (dd, .J 14 & 15, 1 F, H-d),
5.53-5.68 (m, 2H, H-b, e), 3.66-3.72 (d, J 7, 2H, H-1), 1.63-1.70 (d, J 7, 3H, H-a).

d¢ (101 MHz, CDCl3) 149.8 (C-g), 138.9 (C-1), 133.7 (C-c), 132.4 (C-d), 130.9 (C-k),
130.7 (C-D), 129.2 (C)), 119.1 (C-b), 114.6 (C-¢), 47.8 (C-f), 19.6 (C-a).

Vmax (Neat solid) 3407, 1587, 1503, 991.

E £-2.4-Hexadienvl-(N-3-phenvlpropyl) carbamate (5.17).

Reaction of E,E-2,4-hexadienyl-(4-nitrophenyl) carbonate (2.1 6)\ywz’z‘/z 3~

phenylpropylamine.

O
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3-Phenylpropyvlamine (0.27 mL, 1.9 mmol) and £, £-2,4-hexadienyl-(4-nitrophenyl)
carbonate (2.16) (0.5 ¢, 1.9 mmol) were dissolved in DCM (10 mL) under N;. Et:N (0.27
ml., 1.9 mmol) was added drop wise, upon which the solution turned yellow. The mixture
was stirred for 2 hours and then the solvent removed under vacuum. The residue was
dissolved in water and extracted with DCM three times. The combined organic exiracts
were washed with water and brine, dried over MgSOy and the solvent removed to afford a

yellowish solid (0.462 g, 94%).

M.p. 40 -42°C

HPLC (Method 1) purity 90% (254 nm) RT 4.36 minutes.

0y (300 Mz, CDCl3) 7.09-7.27 (m, 3H, H-m, 0, 0), 6.12-6.25 (dd, J 15 & 10, 1H, H-¢),
5.92-6.04 (dd, J 14 & 10, 1H, H-d), 5.62-5.73 (dq, / 15 & 7, 1 H, H-b), 5.48-5.62 (dt, / 14
& 7, 1H, H-¢) 4.60-4.69 (br s, 11, H-h), 4.43-4.51 (d, J 7, 2H, H-f), 3.07-3.19 (dt, J 7 & §,
2H, H-i), 2.52-2.61 (t,J 8, 2H, H-k), 1.70-1.82 (tt,/ 8 & 8, 2H, H-j), 1.65-1.72 (d, J 7, 3H,
H-a).

6¢c (75 MHz, CDCl3) 156.8 (C-g), 141.4 (C-1), 134.6 (C-¢), 131.2 (C-d), 130.6 (C-An),
128.6 (C-Ar), 128.5 (C-Ar), 126.1 (C-e), 124.5 (C-b), 65.5 (C-1), 40.7 (C-h), 33.1 (C-k),
31.7(CHj), 18.3 (C-a).

m/z (ES+) 260 [M+H]" (3%), 158 (100%)

High resclution (ES+) C14H7NO,, calculated 282.1404 [M+Na]+, found 282.1462.

vmax (Neat solid) 3319, 1718, 1687, 1550, 1263.

N-(E, E-2.4-Hexadienvioxvecarbonvl)-phenvlalanine (5.19).

Reaction of E,E-2, 4-hexadienvl-(4-nitrophenyl) carbonaie with phenylalanine.

Phenylalanine (1 g, 6 mmol) and £, £-2,4-hexadienyl-(4-nitrophenyl) carbonate (2.16) (1.6

2, 6 mmol) were dissolved in 1:1 THEF/H,O (100 mL) and EN (1.66 mL, 12 mmol) was

.,.m
3
oo



added drop wise with cooling. The mixture was stirred overnight, then concentrated under
vacuum. The residue was dissolved in 1M NaHCO; ) (20 mL) and washed with EtOAc
3 x 15 mL). The aqueous layer was then acidified to pH 6 with 10% aqueous citric acid,
and extracted with EtOAc (3 x 15 mL). The organic extracts were combined and washed
with 5% aqueous citric acid solution and brine, dried over MgSQ, and the solvent

removed to give the product as a translucent gum. (1.19 g, 69%).

M.p. 53 -54.5°C

HPLC (Method 1) Purity 100% (ELSD) RT 3.65 minutes

0y (300 MHz, DMSO) 12.53-12.94 (br s, 11, H-k), 7.52-7.61 (d, J 8, 1H, H-h), 7.17-7.29
>{m, 5H, H-n, o, p). 6.12-6.23 (dd, J 10 & 15, 1H, H-¢), 5.99-6.11 (dd, J 10 & 14, 1H, H-
d), 5.64-5.78 (dq, J 15 & 7, I H, H-b), 5.50-3.63 (dt, J 14, 6, 1 H, H-¢), 4.31-4.48 (m, 2H,
H-f), 4.08-4.19 (m, 1H, H-i), 3.00-3.12 (dd, J 4 & 13, 1H, H-1"), 2.74-2.88 (dd, J 9 & 13,
H, H-1), 1.68-1.77 (d, J 7, 3H, H-a).

6c (101 MHz, CDCL3) 175.6 (C+), 156.4 (C-g), 136.2 (C-m), 135.1 (C-c), 131.6 (C-d),
130.8 (C-Ar), 129.7 C-Ar), 129.0 (C-Ar), 127.5 (C-¢), 124.3 (C-b), 66.2 (C-1), 55.1 (C-1),
38.2 (C-1), 18.5 (C-a).

m/z (ES-) 288 (25%) [M-H], 190.1 (100%).

High resolution (ES+) CsH9NOy, calculated 312. 1-206 [M+Na]’, found 312.1203.

vmax (Neat solid) 3319, 1691, 1524, 1200.

Procedure for investigation of Hdoc lability,

A 10 mg sample of Hdoc-Phe-OH (5.19) was added to 1 mL of each of the following
mixtures:

1. 95% TFA in DCM.

. 10% TFA in DCM.

3. 1% TFA in DCM.

4.0.1 % TFA in DCM.

5. 4M HCI in dioxane.

6. 2M HCI 1n water.

[
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7. 10% AcOH in DCM

8. 20% piperidine in DMF.

9. 5% DBU in DCM.

10. 1 eq. Pd(PPhs)s in CHCl/AcOH/NMM (37:2:1).

11. 2M NaOH in water.

12. IM I; in DMF.

13. 5% NoH, in DMV,

14. 100 °C heating in DMF

15. IM NaBH, in THF

16. U.V. irradiation in DCM.

17. IM TBAF in THF.

The reactions were monitored by TLC after 10 min, 1 hour, 2 hours and 16 hours. After 16
hours a 20 plL sample of each solution was diluted with MeCN (0.5 mL) and a 20 pL
injection was analysed by HPLC (method 1) to determine the amount of Hdoc-Phe-OH
that remained (R7T 3.65 minutes), and the amount of F-Phe-OH (RT 1.69 minutes)
formed. Samples 1, 2 and 3 were found to contain exclusively H-Phe-OH, samples 4, 5
and 6 were found to contain a mixture of the two compounds, and sample 12 was found to
contain neither compound. The remaining samples were found to contain exclusively
Hdoc-Phe-OH. '

The identity of the cleaved compound was confirmed as H-Phe-OH by evaporation of

sample 2, and comparison of the residue with an authentic sample by 'H-NMR.
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