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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.



Synthesis Features
Method
TN

Traditional . single compound
synthesis low throughput
-~

multiple individual
compounds
high throughput

Parallel pF————=

| synthesis |F——

YYYVYyy

Split and mix ::\ library of compounds
i
I synthesis very high throughput

LAAARAM]

c—>

Screening methods

very reliable
assay

fast accurate
assay

very fast assay
deconvolution needed

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
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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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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
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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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