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ABSTRACT

A new method of purification has been developed for
peptides synthesised by the Merrifield solid phase

methodology.

N@-17-Tetrabenzo(a,c,qg,i) fluorenylmethoxycarbonyl glycine
(Tbfmoc Gly OH) has been prepared, and coupled via its
symmetrical anhydride or its HOBt ester to the N-terminus

of a peptide at the final stage of the synthesis.

The strong affinity of the Tbfmoc group for graphitised
carbon (PGC) allows the retention of bemoc—prdtected
peptides on a column packed with this material, whilst
incorrectly terminated sequencés and other materials are
washed away. | Following deprotection of the Tbfmoc group
under basic conditions, the free peptide can be eluted

from the column.

‘This method has been éxemplified by the purification of

Ubiquitin (53-76) OH and Ubiquitin (35-76) OH.

Preliminary results indicate that the technique may be
developed into a form of affinity purification suitable
for the resolution of racemates using 1ligand - exchange

chromatography (LEC).
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CHAPTER 1 : INTRODUCTION

1.1 SOLID PHASE PEPTIDE SYNTHESIS
1.1.1 Introduction

Peptide chemistry was founded at the turn of the
century by Emil Fischerl and Theodor Curtius and since
then has‘ been developed into an area of great
sophistication. The basic requirement of peptide
chemistry is to protect both the carboxyl group of one
amino acid and the amino group of the other to direct
synthesis towards the desired peptide product. Subsequent
activation of the free carboxyl group followed by
selective removal of the protecting groups after peptide
bond formation, gave the first dipeptide.

A major achievement in ‘the history of peptide
chemistry was the introduction in 1963 of solid phase
peptide synthesis (SPPS) by Merrifield?2, for which he was
awarded the Nobel Prize in 19843, He introduced the

concept of peptide synthesis on an insoluble polymeric
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support in order to overcome many of the problems of
peptide synthesis in solution (such as poor solubility of
large or protected peptides and the need for purification

and characterisation of intermediates).

1.1.2 The Solid Phase Principle
The principle of SPPS is simple. The growing peptide

chain is elaborated while covalently attached to an

insoluble polymeric support.

This technique has several advantages over the
solution phase method:

1. Physical losses are minimised by the use of a single
reaction vessel at all times.

2. The assembly of peptide chain is greatly accelerated
and simplified as intermediate ©purification is
eliminated.

3. Reactions can be driven to completion using excess
reagents. This allows a high efficiency in the
various chemical steps and thereby increases the
overall yield of product. Excess reagents and by-
products can easily bé removed by filtration.

4. The repetitive steps can be automated. This is an
enormous time and labour advantage over solution phase

chemistry.

The standard protocol for SPPS developed by

Merrifield3 is illustrated in Scheme 1.
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The polymeric support chosen was polystyrene cross-
linked with 1% divinylbenzene (DVB). Functionalisation
of the resin was achieved by chloromethylation
(C1CH,O0CH,/ZnCl1,) . The caesium salt of the first
n®-tert-butyloxycarbonyl (Boc) protected amino acid was
reacted with the chloromethylated resin. After removal of
the Boc group using trifluoroacetic acid (TFA), the
resulting salt was basified with a tertiary amine to
regenerate the o«o-amino function. The next N%-Boc
protected amino acid was then activated with dicyclohexyl-
carbodiimide (DCC) and coupled to the first residue. The
steps of deprotection, basification and coupling were then
repeated to extend the peptide chain. Finally, the
completed peptide was detached from the support using

anhydrous HF at 0°C and subsequently purified.

1.1.3 The_ Polymer Support

The major requirements for a suitable support are

outlined below: |

1. The support must be capable of a high degree of
functionalisation to give a useful yield of peptide.

2. It must be stable to the physical and chemical
conditions of the synthesis.

3. It must allow rapid contact between the growing
peptide chain and the reagents.

4. It must be readily separable at every stage.
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Merrifield found the most satisfactory material to be
a gel prepared by copolymerisation of styrene with 1%
divinylbenzene?2,. It provided a totally insoluble resin,
mechanically robust  and possessing good swelling
properties in organic solvents such as dichloromethane
(DCM) or N,N -dimethylformamide (DMF).

Other solid supports such as polysaccharides, silica,
porous glass and polyacrylamides have also been examined
and employed in solid phase synthesis from time to time.
Of these, perhaps the most significant have been the
polyamide resins developed by Sheppard4,6-8, They were
specifically designed to overcome the problems of
synthesising, in good yield, some particularly troublesome
sequences of peptides (e.g. residues 65-74 of acyl carrier
protein)4,5,

More recently, Sheppard has introduced the more robust
polyamide resin supported on kieselguhr?, suitable for

continuous-flow SPPS.

1.1.4 The Peptide-Resin Link:
In the original method, the use of 50% TFA in DCM for

the repetitive removal of the Boc group, was found to
cleave the benzyl ester linkage between the peptide and
the resin by about 1% per cyclelO, which is barely
acceptable. A solution to this problem was the
introduction by Merrifield of the phenylacetamidomethyl

(PAM) resinll (1).



HO-CHZ@CHz-CO-NH-CHZ

(1)

The electron withdrawing effect of the acetamido group
was found to increase the stability of the peptide esters
of (1) towards acids by a factor of 100. Howevér,
cleavage of the PAM resin and simultaneous side chain
deprotection in the final step required the use of
anhydrous HF which can cause damage to the peptide itself
and has been found to be incompatible with some
scavengersl2, To reduce these side reactions to a
minimum, notable success has been obtained with the
introduction of the HF/DMS (low-high) methodologyl3.

A far more flexible approach to the solid phase
synthesis of large peptides has been the development of

the p-alkoxybenzyl alcohol resinl4,15 (2).

(2)

In this case, the electron donation by the para alkoxy
group stabilises the incipient benzylic carbonium ion and

hence enables cleavage of the peptide from the resin under
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milder conditions (50% TFA in DCM). The p-alkoxybenzyl-
alcohol resin has been éxtensively used in an orthogonal
strategy with the base-labile 9-fluorenylmethoxycarbonyl
(Fmoc) amino protecting groupl6-18,

Other handles have also been reported which allow a
three-dimensional orthogonal strategy. The advantage of
such an approach is the opportunity to synthesise
protected fragments. This in turn allows a fragment
condensation approach for the synthesis of peptides'to be
adopted. For example a fluoride-labile 1linker has been
reported by Baranyl?, and more recently, the 2-(4-hydroxy-
methylphenyl)-2-triﬁéthylsilyl—propanoic acid handle (3)
has been successfully used by Ramage29 as an alternative

fluoride-labile linker.

Ho-CHz@gH-CHz-COOH

(3)

Rich2l and Tjoeng22 have introdﬁced photolabile
handles while Merrifield23,24 has developed the multi-
detachable Pop and Pon-resins (4), (5), in which two ester
bonds can selectiiely be cleaved by different'reagents, to

give a peptide in various stages of deprotection.



Boc-NH- CH c -0- cr42<c:)>CH2 C-o CH C"

tert-butoxycarbonylaminoacyl-2-[4-(oxymethyl)phenylacetoxy]-

propionyl Pop-resin (4)

Boc-NH- CH kS -0- cr42<<:)>c+«2 c-0° CHZ’CO-NH CHZ"

NO,

tert-butoxycarbonylaminoécyl-4-[4-(oxymethyl)phenylacetoxy-

methyl]-3-nitrobenzamidomethyl Pon-resin (5).

Finally, other acid-labile handles have been developed
to produce peptide amides, including those derived from
the benzhydrylamine-resin25,26 (6) and the more recent

xanthenyl-resin (7) reported by Sieber27.

(6) (7)



In both cases cleavage of the peptide amides can be

performed using very mild acidolysis.

1.1.5 N9%-Protecting Groups

Though many protecting groups have been recommended,
only a few have found general application.

Among these, the urethane-type amino protecting group
(8) has been widely used for the important reasoh that
these derivatives minimise racemisation during the

activation step.

o} R
I !

R’-0~-C-NH-CH-COOH
(8)

The first urethane group, the benzyloxycarbonyl (2)

group (9) was introduced by Bergmann and Zervas in 193228,

9
@CHz'O'C'

(9)

Removal of this group may be achieved by a number of
methods including catalytic hydrogenolysis, acid-catalysed
éolvolysis in HBr/CH,COOH and reduction using sodium in

liquid ammonia.
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An alternative to the Z group has been the Boc29 group
which can be cleaved using 50% TFA in DCM. |

Extensive work has been done on acid sensitive
N@-protecting groups such as Ppoc30 (10) or.Bpoc31 (11)
and has shown that their cleavage can be performed under

very mildly acidic conditions.

2-phenylpropyl-2-oxycarbonyl 2-(4-biphenyl)propyl-2-
oxycarbonyl
Ppoc (10) . Bpoc (11)

However, a major problem in using acid—labile urethane
protecting groups is the generation of relatively
. long-lived ca;bonium ions on acidolytic cleavage. These
highly reactive species can modify the side chain
functionality of tryptophan31,32, tyrosine33, methionine
and cysteine34,-necessitating the presence of scavengers
such as anisole, thioanisole and 1,2-ethanedithiol during
the deprotection step.

In comparison to acid-labile protecting groups, the
base-labile protecting group Fmoc35,36 offers considerable
advaptages:

1. The mild conditions of removal (via B-elimination)

reduce the number of side reactions inherent in
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repetitive acidolysis.
2. The possibility of wusing this group along with
acid-labile side-chain protection allows an orthogonal

strategy to be adopted.

The Fmoc, t-butyl, alkoxybenzyl ester methodology has
become a successful strategy for peptide synthesis
combining mild conditions with efficiency.

Recently, the 2,2-bis-(4 -nitrophenyl)ethoxycarbonyl
(Bnpeoc) group37,38 (12) has been developed as an
alternative base-labile N@®-protecting group and offers

advantages over the relatively expensive Fmoc reagents.

NO,
@

CH-CH,-0-C-
No, 02

1.1.6 Side-Chain Protection

In SPPS, reaction conditions tend to bé rather severe:
large excess of reagents and extended reaction times_are
used. For these reasons, the protection of side-chain
functional groups is necessary.

We have successfully used the Fmoc, t-butyl, alkoxy-
benzyl ester methodology in which the following acid-

labile side-chain protecting groups were employed:
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r-trityl for histidine, Pmc392/40 for arginine, Mbh4l for
asparagine and glutamine, and tert-butyl for tyrosine,
glutamic and aspartic acid, threonine, and serine.

A large number of protecting groups for amino acid
side-chain functions have been reported in the literature.
Althoﬁgh these are not described here, some excellent

reviews42-44 exist on this topic.

1.1.7 Coupling Methods

The formation of a peptide bond requires nucleophilic
attack of the c-amino group of one amino acid upon the
activated carboxyl function of another.

Obtaining optimal conditions for the coupling
reactions is of crucial importance in SPPS as mixtures of
free-peptide products are often difficult to separate.
For this reason much effort has been put into the search
for activating procedures which effect rapid and clean
acylations of amines without side reactions.

One of the major potential side reactions is
racemisation which can proceed through a mechanism
involving a 5(4H)-oxazolone formation45. Numerous studies
on the racemisation dependence of different peptide
coupling methods have revealed that only a few techniques
are suitable for routine synthesis.

Some of the most prominent methods and reagents are

discussed below.
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The Acid Chloride Method

N@-protected amino acid chlorides are very reactive
and were tried out in solution phase peptide synthesis
around the turn of the century46; their use in SPPS has
remained very limited.

Conversion of the carboxyl group of a protected amino
acid to the acid chloride generally requires the use of
thionyl chloride or oxalyl chloride in DCM. Under the
reaction conditions, some N®-protecting groups (i.e. Boc)
are not completely stable and give rise to the formation
of N-carboxyanhydrides47. Other problems, which 1limit
their use in peptide chemistry are racemisation and the
high level of unwanted side reactions.

Despite these considerable drawbacks, the revival of
the acid chloride method has been made possible through
the introduction of novel acid-stable N®-protecting
groups. The Fmoc group was found to be stable during aéid
chloride preparation with thionyl chloride48. Further-
more, Fmoc amino acid chlorides having aliphatic
side~chains are stable compounds48 and have been shown to
react rapidly in solution and in solid phase synthesis

with very low levels of racemisation48,49,

The Azide Method

The azide method50 has been shown to be one of the
safest methods to avoid racemisation. |

Azides can be generated from alkyl esters via the

formation of hydrazides (Scheme 2).
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o]

]
R-C-OCH, “2Ha, p-_c-ng-nH, HNC2, g

(o]

0
i

0
! ] -
HNO c-N, H27¥, R_C-NH-V+HN,

Scheme 2. Peptide synthesis by azide coupling

Following recent improvements of the method, direct
conversion of carboxylic acids to acid azides is now
possible with the use of diphenylphosphoryl azide51l.
Alkyl nitrites, in place of nitrous acid, may also be used
for the transformation of hydrazides to azides52.

The possible drawbacks of the method are the
generation of the highly toxic hydrazbic acid during
acylation and the Curtius rearrangement leading to the

formation of urea derivatives53.

The Anhydride Method

Mixed anhydrides between N®-protected amino acids and
a variety of other acids were introduced in peptide
chemistry in the early forties.

Among these, the mixed cafboxylic-carbonic-anhydrides
have been the most popular. Due to their instability over
long periods, they are usually prepared at low temperature
imﬁediately prior to coupling using reagents such as

ethy154:55 or isobutyl chloroformate56 (Scheme 3).
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(o] (o] (o]
| base
R-COOH + Cl-C-O-alkyl 235€, p_c-0-C-0-alkyl

0
- J
N, =Y, R-C-NH-Y + €O, + alkyl OH

Scheme 3. Mixed anhydride method with alkyl chloro-

formate as activating agent.

The use of phosphinic-carboxylic mixed anhydrides has
also been investigated. In particular'diphenylphosphinyl
chloride57, 1-oxo-1~chlorophospholane58 and recently
diphenylphosphinic anhydride5? have been successfully used
as reagents in both solution®’7 and solid phase
synthesis59,60,

With symmetrical anhydrides, there is no ambiguity
concerning which carbonyl is attacked by the amine, and
fhey react exceptionally cleanly and in high yield. Their
disadvantage is that two equivalents of expensive amino
acid derivative are required to generate one of the active
species.

Symmetricél anhydrides are stable and have been stored

cold for 1long periods, but are commonly prepared

immediately prior to use with a reagent such as DCC.

The Active Ester Method
Schwyzer was the first to recognise that an increase
in the reactivity of alkyl esters61-63 yas necessary for

the formation of the peptide bond and introduced cyano-
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methyl esters64.

In this case, the electron-withdrawing effect of the
cyano group renders the carbon atom of the carbonyl group
more electrophilic. They have not been generally adopted
in peptide synthesis, as satisfactory rates aré only
obtained when the reactants are used in large excess.

Aryl esters proved to be more powerful, and
enhancement of their inherént reactivity by electro-
negative substituents gave rise to a whole series of
acylating agents. = Noteworthy examples are ‘p-nitro—
phenyl63,  2,4,5-trichlorophenyl66 and pentachloro or
pentafluorophenyl esters67, although the last two have a
possible problem with steric hindrance.

More recently, active esters of 1-hydroxybenzo-
triazole68 (HOBt) and N-hydroxysuccinimide69 (HONSu) have
gained considerable popularity among peptide chemists.
These esters may be preformed or generated in situ, are
highly reactive and have substantially improved coupling

reactions in some difficult sequences.

Couﬁling Reagents

The main advantage of éoupling reagents such as Dcc70
is that they can be added to N@-protected amino acids in
the presence of the amino component. Thus, in situ
activation can be achieved immediately prior to or at the
tiﬁe of the coupling.

DCC is highly reactive and its ease of application has
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made it the most frequently used reagent in peptide

synthesis (Scheme 4).

R-COOH  + <:>N=c=~<:>

l (DCC)

0 \H 0 0
1) ’ ¥ ] 1]
R-C-0-C, — R-C-N-C-NH<:>
N
. O "

HO-X / lNHzY \?—COOH

X 2 9 9
R-C-0-X — R-C-NH-Y =—— R-C-0-C-R

active ester peptide symmetrical anhydride

Scheme 4. Peptide Formation with DcCC.
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However, there are several disadvantages which 1limit
the use of DCC. Compound (13) can spontaneously rearrange
to the unreactive by-product N-acylurea (14) . Further-
more, the high reactivity of intermediate (13) can lead to
oxazolone formation during fragment condensation. Both
these problems can be avoided by the addition of auxiliary
nucleophiles such as HOBt71l to give in situ active ester
formation.

Different carbodiimides are available; DcCC gives as
by-product dicyclohexylurea which in some solvents can be
separated almost quantitatively from soluble peptide
derivatives by simple filtration. On the other hand, di-
isopropylcarbodiimide (DIC) has found favour in SPPS. It
gives the much more soluble diisopropylurea which can be
easily washed out together with excess amino acid
derivatives and reagents.

The success of DCC has prompted a further search
for even better coupling reagents. Some examples are
carbonyldiimidazole?2, N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ)73 and some phosphonium derivatives
such as the benzotfiazole-l—yl-oxy-tris-(dimethylamino)-
phosphonium hexafluorophosphate (BOP) reagent?4 and 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-

borate (TBTU)75 recently developed by Knorr.

This is by no means an exhaustive list of the coupling
methods available to the peptide chemist. There are

excellent reviews on this subject?76,77; jin particular
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Hudson-has recently compared different coupling procedures
and has selected BOP in the presence of HOBt as the best

coupling reagent?8,

1.1.8 Monitoring and Capping

Despite the use of highly efficient coupling
techniques, acylation reactions cannot be assumed to go to
completion. Some sequence effects such as steric
hindrance or the folding of the growing peptide chain can
result in some dramatic drops in the coupling efficiencies
as synthesis progresses. However, for 1long peptide
syntheses coupling and deprotection steps must be driven
virtually to completion (~99.9%), as even a slight
lowering in efficiency will produce deletion peptides and
complicate purification.

Monitoring of both acylation and deprotection
reactions can therefore help to identify these failures.

Several monitoring techniques, such as ninhydrin
(Kaiser test)79r8°,bpicric acidsl; 2,4,6-trinitrobenzene-
sulphonic acid82, fluorescamine®3, and chloranil®4, are
based upon the reaction of a reagent with free amino
groups to form a coloured compound. Other techniques
include: titration with perchloric acid85, specific
absorption in the ultraviolet of the eliminated material
produced during acylation (e.g. 3,4-dihydro-4-oxo-1,2,3-
benzotriazine)86, and continuous spectrophotometric

monitoring of the reaction when Fmoc-derivatives are
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used87.

The most popular method remains, however, the
qualitative colour test with ninhydrin79.

A method to circumvent the formation of deletion
peptides 1is to covalently blbck (cap) with a powerful
acylating reagent the residual free a-amino groups where
peptide coupling has failed. Eventual separation of the
terminated peptides frpm the desired product is in theory
simpler due to the differences in charge or solubility
conferred by ﬁhe blocking group.

The capping procedure is usually performed with acetic
anhydride in the presence of a secondary or tertiary base
in DCM or DMF2. Other acylating reagents such as
N-acetylimidazole88, isopropenyl formate89, fluoresc-
amine9°,'3-nitrophthalic anhydride®l and 3-sulphopropanoic
acid anhydride®2, have also been used as an alternative to

acetic anhydride.

1.2 PEPTIDE PURIFICATION
1.2.1 Introduction

There are a great many separation techniques available
for the isolation and purification of peptides and
proteins. Small peptides can often be separated from by-
products by standard techniques such as gel filtration,
ion exchange and high-performance 1liquid chromatography,
which exploit the physico-chemical properties of

molecules. Purification of larger synthetic peptides or
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proteins is more difficult to achieve as the differences
in physical or chemical properties are relatively smaller.
These difficulties are magnified with the stepwise solid
phase method, where purification is possible only at the
end of the synthesis. In this case, highly selective
purification techniques, such as affinity chromatography,
can be extremely useful as alternatives to the standard
purification methods.

Optimising>the separation of a complex peptide mixture
should not, however, rely on a single purification method'
but should be achieved by a combination of these

techniques.

1.2.2 Gel Filtration

Since its introduction®3, gel filtration has occupied
a key position in the purification of numerous biological
molecules because of its simplicity énd reliability as a
separation technique.

The separation in gel filtration depends on the
differential -ability of the molecules to enter the
stationary portion of the liquid phase through the pores
in the gel. Very large molecules do not enter the
stationary phase and move quickly through the
chromatographic bed whereas smaller molecules, which can
enter the gel pores, move more slowly through the column.
Molecules are, therefore, eluted in order of decreasing

molecular size.
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Several bead-formed gels derived from dextran
(Sephadex, Sephacryl) or agarose . (Sepharose) are
commercially available. They differ in their structures,
in the degree of cross-linking and are available with
different fractionation ranges.

Gel filtration can readily be used for removing
scavengers, desalting peptides and for buffer exchanges
(the peptide can be transferred to the appropriate
starting buffer for subsequent purification techniques).
With a careful choice of gels and operating conditions,
this technique can be employed for the fractionation of
peptides.

Ultrafiltration membranes have also been used as an
alternative for removing low molecular weight

impurities94.

1.2.3 Ion Exchange Chromatography

Ion exchange chromatography has proved io be a high
resolution technique for the separation of biological
molecules. * Ion exchange 1is capable of separating
molecules with very close isoelectric points. This
characteristic combined with its simplicity of use and a
good recovery of material has made ion exchange a very
popular technique.

An ion exchanger consists of an insoluble matrix to
which charged groups have been covalently bound.

Positively charged matrices have negatively charged



22

counter-ions (anions) available for exchange, and
therefore are termed anion exchangers (vice versa for
cation exchangefs). '

The matrix may be based on inorganic compounds (such
as hydroxyapatite), synthetic resins (e.g. AG, Bio-Rex,
Chelex), or polysaccharides (e.g. Sephadex, Sepharose and
Sephacel). The nature of the charged groups determines
the strength of the ion exchanger whereas their total
number and accessibility are responsible for the capacity.

Some of these groups are shown in the following table.

Anion Exchangers | Cation Exchangers
Aminoethyl (AE) Carboxymethyl (CM)
-OCH,CH,NH® ‘ ~OCH,C00®
Diethylaminoethyl (DEAE) Phospho
®

-OCH,CH,NH(CH,CH,) , -PO H®

Quaternary aminoethyl (QAE) Sulphopropyl (SP)
o

-O(CH,) ,N(C,H ) ,CH,CH(OH)CH,  -CH,CH,CH,S08

Table 1. Functional groups used for ion exchangers.

This technique has been widely employed in SPPS for
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separating the desired free amino peptide product from
terminated sequences. Where capping reagents such as
acetic anhydride, N-acetylimidazole or isopropenyl formate
"have been used, both anion and cation exchange
chromatography have proved to be useful for isolating the
peptide of interest. In the case of 3-nitrophthalic
anhydride, the resulting 2-carboxy-3-nitrobenzoyl
derivatives are strong acids and can be readily separated
on an anion exchanger®l, 3-Sulphopropanoic acid
anhydride®Z2 as well as the structurally closely related
2-sulphobenzoic acid anhydride®® have also been employed
to facilitate product purification.

In a reciprocal strategy described by Krieger et al.96
(Section 1.2.7), in which a tag (affinity reagent) is
attached selectively to the desired peptide, ion exchange
chromatography has also been useful. Suzuki et al.97 used
lysine as a highly polar handle (removable by Edman
degradation) for simplifying the purification of the B
chain of human insulin. Other examples include the use of
m or p-sulphophenylisothiocyanate98,99 and the 9-(2-
sulpho) fluorenylmethyloxycarbonyl (Sulfmoc) grouplO0, 1n
the latter case, the strongly acidic Sulfmoc-peptide is
easily separated from terminated sequences by anion
exchange chromatography. Removal of the Sulfmoc group can
be carried out using mild bases to give the desired free

amino peptide.
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1.2.4 High Performance Liguid Chromatography

Reversed-phase HPLC has been by far the most widely
used mode of HPLC.

Octadecyl (C,,) and octyl (C,) stationary phases,
chemically bonded on a microparticulate silica gel
support, have been commonly used as column packing
materials. Supports containing C, and C, functionalities
have occasionally been used for hydrophobic peptides and
proteins. In this technique, molecules are separated on
the basis of differences in their hydrophobicities.

Gradients with an increasing percentage of the organic
solvent in an aqueous mobile phase are cbmmonly used for
elution. The ability to separate peptides with closely
related structures, has made this technique, an extremely
powerful tool for both .analytical and preparative
purposes. Parameters such as PH, mobile phase,
counterion, etc. can be varied for optimum resolution.
The flexibility as well as the rapidity of this technique
hés made it the obvious choice to gauge the complexity of
a peptide mixture.

Displacement chromatography is a recently developed
mode of HPLC10l which also takes advantage of differences
in the hydrophobicity of molecules. Hydrophobic
impurities are isolated on a short precolumn trap while
hydrophilic ‘impurities are displaced from the column with
an aqueous mobile phase (0.05% aqueous TFA), leaving the

main column filled with homogeneous product. A gradient
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elution is then applied to remove the peptide product from
the main column. |

This method has been particularly useful for the
isolation of a synthetic polypebtide which is a promising

malaria vaccinelO2,

1.2.5 Droplet Counter-Current Chromatography

Complementary to conventional chromatographic methods,
droplet counter-current chromatography (DcccC)l03 has been
widely applied to the isolation of natural products.

DCCC is a 1liquid-liquid separation technique relying
on the partition of a solute between two immiscible
solvents.

The main advantages of this technique are outlined

below:

1. As no solid support is present, irreversible
adsorption is avoided; thus, all material is
recoverable.

2. Quantities ranging from mg to g can easily be handled
and the solvent consumption is small.

3. DCCC is a simple, economical method and 1is therefore
particularly suited for ©preparative large scale

purification.

Some applications of DCCC for the purification of
peptides have been reviewed by HostettmannlO4, Recently,

the transferability of this technique on an industrial
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setting has been clearly demonstrated in the case of
somatocrininl05,

However, the efficiency of the method depends entirely
upon droplet formation which is a serious 1limitation.
Furthermore, separations remain slow (up to several days)

and resolution is poorer than, for example, HPLC.

1.2.6 Hydrophobic-Interaction Chromatography

In hydrophobic-interaction chromatography (HIC),
substances are separated on the basis of their varying
hydrophobic interactions with an uncharged bed material
containing hydrophobic groups (e.g. octyl and phenyl
Sepharose).

This technique has been widely applied for the
purification of proteins. Its application in peptide
synthesis remains very lliﬁited. Examples include the
purification of o-factorl06 and the separation of a
paréiéular hydrophobic peptide from a complex mixturelO7,

Recently, HI media have 4been examined as an
alternative to reversed-phase media for the resolution of
peptide mixtures by HPLC. | Significant differences in
selectivity were noted with peptides 1large enough to

possess secondary or tertiary structuresl08,109,

1.2.7 Affinity Chromatography

Affinity chromatography is a highly selective method

which allows the purification of molecules on the basis of
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their Dbiological functions or individual chemical
structures. This technique makes it possible to remove
large amounts of undesired materials from the solutions of
interest. The method has found wide acceptance in
biological research since its introductionllO,

In principle, the method is based on the interactions
between a specific ligand (covalently bonded to a support)
and the desired substance. For example, an enzyme bonded
as the ligand can be used for the purificationA of a
substrate analogue, whereas an immobilised antibody may be
suitable for the purification of an antigen.

The method involves three stages (Scheme 7).

Ligand Immobilisation

~ Sample Adsorption
EPDEIE OD

Desorption §
*

Scheme 7. Principle of affinity chromatograﬁhy.
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1. A specific ligand is covalently bound to a
chromatographic bed material, such as an agarose gel
(Sepharose 4B, Sepharose CL), previously activated
(e.g. by cyanogen bromide).

2. The gel with the immobilised ligand is packed into a
column of suitable dimensions. After sample
application, substances capable of specific
interactions with the 1ligand are adsorbed on the
column, while the non-adsorbed impurities are washed
away.

3. The adsorbed substances are eluted from the column.
This is usually achieved by either a stepwise or a
continuéus change in properties of the eluent. Non-
selective elution involves pH or ionic strength
gradients whereas sélective elution_ uses an eluting
agent (e.g. NaCl, urea) that competeé for binding to

the adsorbed substance or the ligand.

Affinity chromatography has been employed from time to
time in SPPS and the general strategy developed by Krieger
et al.9%6 has been particularly useful for the purification
of numerous synthetic peptides. The method involves
functional selection of the N-terminal amino acid of the
peptide by chemical reaction with an affinity reagent A-B,
bearing an affinity group A and a binding group B. The
affinity-labelled peptide can be separated from terminated

sequences by selective binding to an affinity receptor.
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The affinity-labelled peptide is then dissociated from the
receptor, and the affinity reagent is finally removed to

give the peptide of interest.

Covalent Chromatography

One suitable affinity reagent has been the dipeptide
cysteinyl-methionine, which was employed for the
purification of ribonuclease (111-124)96, The desired
peptide is distinguished from terminated peptide chains by
attachment of the affinity reagent (cysteinyl-methionine)
before removal from the support. The carboxyl group of
methionine is attached to the N-terminus of the desired
peptide whereas the thiol group of cysteine can be bound
to an organomercurial-agarose column (through a covalent
mercury-sulphur bond). This allows separation of the
derivatised peptide from terminated sequences lacking the
affinity group. Following displacement from the column by
elution with an organic thiol (e.g. cysteine), the peptide
of interest can be obtained after removing the Cys-Met
dipeptide by -cyanogen bromide cleavage. This technique
has also enabled the purification of a synthetic
hexadecapeptide present in the sequence of allergen M from

codlll,

"Functional" Purification
Since the interactions that form and stabilise the

structure of proteins are highly characteristic of each
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molecule, another approach has involved the capacity of
biologically active peptides for complex formation.

This principle has been applied to the purification of
synthetic ribonuclease S-peptide derivativesll2, The
latter were prepared by the solid phase method and
purified by specific complex formation with RNase
S-protein, which had been immobilised by attachment to
cyanogen bromide activated agarose (Sepharose 4B).
Hofmann, Smithers and Finnll3 have used a similar approach
for the purificafion of synthetic S-peptide (1-20).

In this instance, advantage was taken of the
complementary fit of the synthetic peptide onto natural

S-protein.

Avidin-Biotin Purification

The high affinity of avidin for biotinll4 provides an
example of an affinity purification procedure for large
peptides, chemically synthesised by solid phase
methodology.

The peptide, terminally deprotected and neutralised on
the resin, is biotinylated with N-hydroxysuccinimido-
biotin. Following cleavage, the crude material is applied
to an avidin agarose column which is then washed with a
phosphate buffer, until all unbound material has beén
eluted. The biotinylated peptide is finally eluted with
0.1M glycine HCl, pH 2.0.

This method has allowed the purification of several
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synthetic peptide fragments including [Asp295]-inter-
leukin-1 g (117-269), present in less than 1% yield in the

crude HF cleavage mixturell5,

Metal Chelate Affinity Chromatography

In this technique, the separation is achieved by
differential binding of substances to metal ions
immobilised by chelationll6, zn, cu, cd, Hg, Co and Ni
can be immobilised on a Sepharose or Sephadex column
previously derivatised with a metal chelating ligand (e.q.
iminodiacetic acid). Some amino acids (e.g. histidine,
cysteine) form complexes with these metal ions, allowing
the adsorbed peptide or proteip to be washed free of
contaminants in the sample. Elution is usually carried
out by either lowering the pH of the mobile phase or
introducing a displacing ligand in the buffer such as
ethylenediaminetetraacetic acid (EDTA).

The potential of this technique has been illustrated
by the resolution of angiotensins I and II and their seven

synthetic analogues by HPLC117,

Antibody Binding Chromatography

Specific antibodies can be induced against almost all
small molecules, and can be covalently bound to a solid
support to serve as highly specific sorbents for the
desired peptides that contain these small molecules.

The potential of this method has been investigated
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with the use of anti-dinitrophenyl antibodies for the
isolation of peptides containing at their N-terminus a

dinitrophenyl moietyl18,

Graphite Based Chromatography

In a recent article by Knox et al.ll9, the use 6f
porous graphitised carbon (PGC) was examined as a
potential carbon material for HPLC. This material was
described as a porous 2-dimensional graphite consisting of
3-10 pym spherical particles having a specific surface area
of about 150 m?/g. PGC was found to give good peak shapes
for elution of a wide range of molecules. It acted as a
very strong hydrophobic adsorbent and could be deactivated
by adsorption of high-molecular-weight additives.

These interesting results suggested to. us that the
strong affinity of PGC for hydrophobic molecules could
serve as a basis for a new method of purification in
peptide chemistfy.

Isolation of the desired péptide from terminated
sequences would be achieved if at the end of the synthesis
the free amino terminal residue was blocked with a group X
having the following properties:

1. It must be sufficiently large and flat to be retained
on a PGC column.

2. It must be stable to the conditions of final cleavage
of the peptide from the support (i.e. 95% TFA).

3. It must contain a chromophoric group (Apayx > 350nm) in
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order to enable monitoring.

The desired peptide temporarily blocked with the
affinity reagent X should be retained to a greater degree
than the terminated sequences when passed through a PGC
column.

Fluorene derivatives meet the above criteria and were

therefore chosen for further investigation.
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CHAPTER 2 : DISCUSSION

2,1 SYNTHESIS OF DIBENZOFLUORENES AND DERIVATIVES

Fused diarylfluorenes were selected as the target
compounds.

However, a number of possible structures can be
envisaged depending on the position of the additional

benzenoid fused rings (Fig. 1).

Ph Ph

Fig.1

A review of thé literature was undertaken with a view
to ascertaining which ring system would be most suitable
for our purpose. We required a compound which would be
planar, could be prepared in reasonable quantities, and

could be obtained relatively easily.
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2.1.1 Historical Background

Few practicable syntheses have been described.
Several steps as well as forcing conditions (e.g. heating
at 300°C for several hours) are generally required, and
poor yields are usually obtained. A number of the more

relevant methods are outlined below.

(i) In the method of Bandyopadhyay et al. a Diels-Alder
reaction was used to synthesise a. useful intermediate
which on subsequent aromatisation and cyclisation afforded

13H-dibenzo[a,c]fluorenel20 (15) (Scheme 8).

o ) O
(4 2]
1T : [‘ 65%
| 140 145°C COOEt
COOEt ‘

i) A, nitrobenzene
1 ii) HI, red phosphorus,
140-145°C, 12h
iii) Selenium, 320°C, 20h

©
@©@ 18%

The yields for this route were moderate and the
conditions difficult, making it somewhat impractical for a

large scale production (notably selenium at 320°C).
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(ii) Rahman and Tombesil2l used a double succinoylation
of fluorene followed by double cyclisation, reduction and
aromatisation for their synthesis of 1,2:6,7 dibenzo-

fluorene (16) (Scheme 9).

COOEt

OO —— Q) =

Fluorene

. o)
\

i) <(O , AlCl,, nitrobenzene, 93%
(o]

ii) KOH/MeOH, 87%
iii) Huang-Minlon reduction, 80%

iv) PCl benzene

s¢?

V) Pt0/280-300°C, 40 min., 82%

Scheme 9
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The major drawbacks of this synthesis are the
cyclisation reactions which lead to the formation of other
isomers (no yields are given) and the aromatisation step
which requires heating to 280-300°C in the presence of

Pto.

(iii) The synthesis of a polycyclic aromatic ring system
was also achieved through the use of a Michael additionl22,
Ethyl 2-naphthylacetate was condensed with ethyi cinnamate
to give ethyl ‘o~ (2-naphthyl)-g~phenylglutarate. Hydrolysis
of the latter followed by cyclisation gave 4-oxo-2-phenyl-
1,2,3,4-tetrahydrophenanthrene-1-carboxylic acid. | After
reduction, dehydrogenation and «cyclisation of this
intermediate, 2’,1’-naphthofa] fluorenone (17) was

prepared (Scheme 10).

Et00C Ph

@ COOEt Ph_//—COOEt COOEt
@ Michael addition i

Ethyl 2-naphthyl acetate

S .
00 o oS

i) Hydrolysis ii) Anhydrous SnCl, iii)Huang-Minlon reduction

iv) pd/c 10%, boiling p-cymene V) H,SO,

Scheme 10
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The main disadvantage of this approach 1lies in the

last cyclisation step which proceeds with low yield.

(iv) In a further route, phenyl 2-methoxy-l-phenan-
threnecarboxylate was utilised as a key intermediatel23,
Treatment of this compound with phenylmagnesium bromide
furnished phenyl 2-phenyl-l-phenanthrenecarboxylate in 80%
yield. Subsequent cyclisation in the presence of conc.
H,80, gave 11H-indeno[2,1-a]phenanthren-1l-one (18) in

good yield (Scheme 11).

O X —— O

Schenme 11

(v) A photochemical method proved successful for the
synthesis of 13H-dibenzo[a,c]fluorene (15) from 2,3-
diphenylindene}24.

In the 1last two approaches, however, the major
limitations are the syntheses of the key intermediates

which involve difficult steps and proceed in low yields.
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After considering the literature we decided to aim
mainly for dibenzo(a,c)fluorenes functionalised at the
C(13) position (fig. 2) and four possible routes to the

synthesis of these derivatives were then investigated.

Q)

3

or =
Fig.2 _ 0

2.1.2 Synthesis of Dibenzo(a fluorenes

The possible cyclisation of 2,3-diphenyl-l-indenone to

dibenzo[a,c]fluorene-11-one (19) was studied first (Scheme

12).

2,3-Diphenyl-l-indenone

Scheme 12
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The cyclisation was attempted by several methods:

- AlCl,, NaCl, 200°C (Scholl reaction).

- AlCl,, CH,Cl,, reflux (Friedel-Crafts reaction).
- hy, I, (photochemistry)125,

- hy, I,, trifluoromethanesulphonic acid (photo-

chemistry)125,

Unfortunately, none of these methods resulted in
formation of the desired product as judged by t.l.c. or 'H
n.m.r. of the crude material. Either no reaction occurred
or a black tar was formed.

This approach was abandoned.

Although the initial target compounds were dibenzo-
(a,c) fluorenes, we were not confined to this ring system.
Blum et al. reported the synthesis of dibenzo[b,h]-
fluorene-12-one (20)126, If- we could prepare this
material and also derivatives functionalised at position
13, this method would provide a short synthesis of

compounds suited to our purposes (Scheme 13).

0 0

00 002, 50505

2-Naphthoic anhydride : (20)
13%

Scheme 13



41

2-Naphthoic anhydride was heated in the presence of
RhCl[P(CH ) ,], catalyst at 290°C, according to the
literature method. Unfortunately, the desired product
could not be isolated.

One possible expianation of this result is that the
crude 2-naphthoic anhydride used may have contained
impurities which could have poisoned the catalyst. The
crude anhydride was prepared from 2-naphthoic acid using a
large excess of acetic anhydride and a catalytic amount of
sulphuric acid.

Considering the difficulty of obtaining 2-naphthoic
anhydride sufficiently pure, and the poor literature yield
(13%) for the synthesis of (20), this approach was not

pursued further.

The possibility of using a Robinson ring closure as
the key step for the preparation of 13-hydroxymethyl
dibenzo(a,c) fluorene (21) was also investigated. The
approach we adopted is outlined in Scheme 14. An
important intermediate is ketone (22) but the synthesis of

this compound proved difficult.
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(21)

i) BuLi, ether ii) Me,S.CuBr, cuprate iii) ZcopEgt, Michael
addition iv) Cyclisation v) Reduction vi) Aromatisation vii)

Base, HCHO Scheme 14

9-Bromophenanthrene was first converted to 9-
phenanthrenyl 1lithium (23) by treatment with Buli in
Et,0127, The corresponding lithium organocuprate reagent
was then generated according to the methodology described
by House et al.128, A Michael addition with ethyl
acrylate was then attempted at several temperatures
between -65°C and room temperature but unfoftunately the
required product (24) could not be obtained (Scheme 15).
In each case, phenanthrene was isolated as the major

product.
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@ CuLi.Me,S
BULI l%qﬁCuB
Ether } }/

(23)

')

COOEt

Scheme 15

It is possible that the phenanthrenyl cuprate reagent
was not generated in situ, because of steric hindrance.

This approach was also abandoned.

Finally, the procedure by Hopkinson et al.l129 for the
synthesis of benzofluorenes via the rearrangenments of ao-
alkoxycarbonyldiarylmethyl cations was examined (Scheme
1l6) . This method enables 13-methoxycarbonyldibenzo(a,c)

fluorene (26) to be readily obtained in three steps.
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@ Br guLi c Y PncocoocH,
—
Ether @ 530/0
(23) |

—

- .
@ COOCHs
H,S0, /AcOH
conc.H,S0, :O ®
<10°C
20% @
(25)
© COOCH, @ OH
@. Reduction @.
(26) | 21)
Scheme 16

If this compound (26) could be reduced, this approach
would provide a facile synthesis of the required alcohol
(21).

The synthesis of 'methyl (phenanthren-9-yl, phenyl)
glycolate (25) was carried out in ether by reaction

of 9-phenanthrenyl 1lithium (23) with methyl benzoyl-
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formate. Treatment of (25) under acidic conditions (conc.
H,80,, CH,COOH at 10°C) led to the formation of (26) in
poor yield. The majof product was the lactone (27) (46%)
(the formation of which may be rationalised by 4r-electro-

cyclisation of the carbonium ion shown in Scheme 17).

CeHs
i)-H*
. . 0]
i) Hydrolysis
Scheme 17 (27)

These results are in agreement with those described in
the literature.

In an attempt to improve the yield of the reaction,
polyphosphoric acid (PPA) was tried as an alternative
catalyst. Surprisingly, treatment of (25) with PPA at
110°C, led to the formation of the desired ester (26) in
42% yield. The lactone (27), in this case, was a minor
product (11%).

The reduction of ester (26) proved difficult. The use
of excess (3 equiv.) LiAlH, at 0°C did not give the
expected alcohol (21), whereas LiBH, gave a trace of the
desired product, which could not be isolated. 'H n.m.r.
showed the presence of 13H-dibenzo(a,c) fluorene (15)
(singlet at 3.9 ppm corresponding to the éH,) and also the
olefin (28) (singlet at 5.3 ppm corresponding to the

=CH,) .
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Two further attempts using NaBH, in a large exééss (5
to 16 equiv.) in a methanol-dichloromethane mixture were
unsuccessful. The reduction was finally achieved in 48%
.yield wusing three equivalents of diisobutylaluminium
hydride (DIBAL-H) in dichloromethane at -50°C.

This last route provided a synthesis of
13—hydroxymethy1dibenzo(a)c)fluorene (21) in four steps
with an overall yield of 10%.

The acetate of both the alcohol (21) and 9-fluorene-
methanol were then prepared in order to compare their
behaQiour on an HPLC column packed with PGC. |

9-Fluorenylmethyl acetate (29) gave a retention time
of 3.3 min (eluted with CHCl,), whereas 13-acetoxymethyl
dibenzo(a,c)fluorene (30) under the same conditions, was
not completely retained on the column but was slowly

eluted.
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These results were encouraging. However, in an ideal
situation the compound would be totally retained. Hence
modification of alcohol (21) was required.

A bigger and symmetrical compound (31) was designed by
adding two more aromatic rings on (21), to both improve
the retention on the column and avoid the problem of a
chiral 'centre at C(13), which could complicate

purification of intermediates.
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2.2 SYNTHESIS’OF TETRABENZOFLUORENES AND DERIVATIVES

2.2.1 hesis o 7-Hvdro et etrabenzo(a,c i

luorene

The tetrabenzofluorenyl alcohol (31) was prepared in a

way analogous to that described for the dibenzo derivative

(21) (Scheme 18).

o O
& 5

(32) (33)

(c)

(a) BuLi, Et,0, r.t., 30 min; EtOOCCOOEt, Et,0, 0°C-5°C,
2h, 63%; (b) 9-Bromophenanthrene, BulLi, Et,0, r.t.,
30 min; (32), Et,0, 0°C-5°C, 2h, 46%; (c) PPA, 140°C, 4h,

49%; (d) DIBAL-H (3 equiv.), CH,Cl,, -65°C, 1h, 73%.

Scheme 18
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Initially the direct synthesis of compound (33) from
9;phenanthrenyl lithium (23) (obtained upon treatment of
9-bromophenanthrene with BuLi in etherl27) was attempted.
Reaction of 2 equivalents of the 1lithium salt with 1
equivalent of diethyl oxalate, gave a mixture of products
from which the expected tertiary alcohol (33) could not be
isolated.

Fortunately, synthesis and isolation of the o-~keto
ester (32) was possible. This was achieved by adding 9-
phenanthrenyl 1lithium to a solution of diethyl oxalate
(20% excess) in ether at o0°C. The reaction mixture was
subsequently heated under reflux for 2 hours. Following
pufification by flash chromatography, the product was
isolated in 23% yield.

In an attempt to improve the yield of this reaction,
tetrahydrofuran (THF) was tried in place of ether as the
solvent.

In THF a clear orénge solution of 9-phenanthrenyl
lithium was obtained and the subsequent reaction in THF
with diethyl oxalate gave a complex mixture, in which the
major product was found to be 9(1’~butyl)-phenanthrene

(10%) .

An explanation of these results might be that 9-
phenanthrenyl 1lithium (23) forms a precipitate when the
reaction is carried out in ether, and this allows the by-

product, n-butyl bromide, to be almost entirely removed by
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syringel27, This precaution reduces the competing
reaction of 9-phenanthrenyl lithium with n-butyl bromide,
which results in the formation of 9(1’-butyl)-
phenanthrene.

The best synthesis of (32) was finally achieved in
ether, by carefully adding 9-phenanthrenyl 1lithium to é
solutiqn of diethyl oxalate (20% excess), between 0°C and
5°C, and subsequently stirring the reaction at room
temperature (63% yield).

The tertiary alcohol (33) was then synthesised in
adequate yieid (46%) under similar conditions using (32)
as the keto ester component.

Treatment of (33) with polyphosphoric acid at 140°C
led to the formation of the cyclic ester (34) in 49% yield
via 4r-electrocyclisation of the a-ethoxycarbonyl diaryl

cation (Scheme 19).

CO

Scheme 19 (34)
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Purification of (34) pfoved difficult, due to the
formation of side products whose structures have not been
identified. Recrystallisation of the crude material
following flash chromatography, was not sufficient to give
completely satigfactory analytical resultsb(cf: elemental
analysis and infrared spectroscopy). A small peak at 1810
cm™' compatible with a ¢,B-unsaturated lactone could be
detected in the IR spectrum.

The modified procedure developed by Eaton et al.l30,
for general cyclisation of this type, involved the use of
a 1:10 phosphorus pentoxide - methanesulphonic acid
solution in place of polyphosphoric acid. HoweQer, under
these conditions, the cyclisation of the tertiary alcohol
(33) was unsuccessful; at room temperature ‘no reaction
occurred, and upon heating at 90-100°C for 1h, a black
polymer was formed yet again.

Reduction of ester (34) to the corresponding alcohol
(31) proceeded in a straightforward manner (73% yield).
Interestingly, a trace of the aldehyde could be detected.
This was confirmed by mass spectrometry: m/z (EI) 394 (M',
100), 365(M*-CHO, 30), 178(48). The reaction was carried
out in DCM at -65°C using 3 equivalents of DIBAL-H.

Following flash chromatography and recrystallisation
from DCM, crystals of (31) were obtained and proved

suitable for X-ray analysis.
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The crystal structure of alcohol (31) reveals several
interesting features (Fig. 3a and Fig. 3b). It indicates
that there are two molecules held together by hydrogen
bonding between the two hydroxyl groups. The exocyclic
hydroxymethyl group has two different conformations,
probably as this is required for the formation of the
hydrogen-bonded dimer. The interaction between H, and H,
(d = 2.03 &, Van der Waal’s radius for hydrogen = 1.2 &)
is responsible for the degree of non-planarity in the
molecule.

This molecule is chiral if it adopts a fixed
orientation, as in the crystal structure. Therefore it is
possible that in solution at low temperature, the molecule
.may also adopt a fixed orientation and be chiral. 'H
n.m.r. at room temperature in CDCl, showed a triplet (5 =
5.05 ppm) as well as a doublet (6 = 4.5 ppnm),
corresponding to H(17) and the two protons of the
methylene group respectively. A probable explanation is
that the phenanthrene rings can oscillate rapidly during
the acquisition period and consequently the protons of the
CH, group are magnetically equivalent (as are the métched
pairs of aromatic protons, e.g. H(2) and H(15).

Nuclear Overhauser experiments carried out on this
éompound showed the close through-space interactions
between the methylene gfoup and the two aromatic protons

H(1) and H(16).



Fig. 3. X-ray crystal structure, (a) ’side’ view of (31)

showing the unit cell.



‘
C.

Fig. 3. X-ray crystal structure, (b) ‘overhead’ view of

(31).
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Finally, l7-acetoxymethyltetrabenzo(a,c,qg,i) fluorene
(35) was easily prepared in 80% yield from alcohol (31)
using a large excess of acetic anhydride and a catalytic

amount of sulphuric acid.

(35)

As expected, the acetate (35) was totally retained
when passed through an HPLC column packed with PGC (eluent
CHC1,)131 whilst under the same conditions 13-acetoxy-

methyldibenzo(a,c) fluorene (30) was slowly eluted.

These results were considered to be satisfactory, and
hence the possibility of 1linking alcohol (31) to an amino
acid via the chloroformate or the N-succinimidyl carbonate

was investigated.

2.2.2 Synthesis of Tbfmoc Gly OH

Preparation of N&-17-tetrabenzo(a,c,qg,i) fluorenyl-~
methoxycarbonylglycine (Tbfmoc Gly OH) (36) was first
examined via the aryl chloroformate (37).

Unfortunately, reaction of the tetrabenzofluorene

alcohol (31) with phosgene in the presencé of a strong
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base such as triethylamine or N—methy{:morpholine led to
the formation of the olefin (38) as the major product
(indicated by a singlet at 6.9 ppm by 'H n.m.r.

corresponding to the methylene protons).

The possibility of repeating the reaction using, this
time, a weaker base such as N,N’~dimethylaniline (pK, =
5.15)132 was then investigated. Under these conditions,
the desired prodﬁct could be obtained in situ (reaction
followed by IR) together with the hydrochloride salt of
the base and a trace of the olefin.

However, purification by chromatography or aqueous
work-up to ' remove the hydrochloride salt remained
unsuccessful, due to the instability of this compound in

solution with respect to water and base.

The chloroformate (37) was finally synthesised by the
following sequence of reactions: treatment of alcohol (31)
with N,N’-bis-trimethylsilyl urea (2.5 equiv) to give the

corresponding trimethylsilyl ether (39), followed by
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reaction of the latter with phosgene. Following

recrystallisation, the pure product could only be obtained

in 21% yield (Scheme 20).

Q
0TMS

- © H O O L0 © -d-
VYT

(31) (39) (37)

(a) N,N’-bis-trimethylsilyl wurea (2.5 equiv), CH2C12,'
reflux, 3h, 81%; (b) phosgene (7.5 equiv), CH,Cl,, reflux,

2h, 21%.
Scheme 20
In view of the problems of purification and the

instability of the chloroformate (37), the synthesis of

the more stable N-succinimidyl carbonate (40) was

undertaken. The chloroformate generated as above, was
reacted in situ with one equivalent of each N-hydroxy-
succinimide and N,N’-dimethylaniline. Isolation of the

carbonate (40) involved first an aqueous work~up
procedure, followed by purification by flash

chromatography and recrystallisation.
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However, it was not possible to separate the carbonate
(present in 37% yield) from unreacted N-hydroxy-

succinimide.

Tbfmoc Gly OH was finally synthesised in three steps
from alcohol (31) via the p-nitrophenyl carbonate (41) as

depicted in Scheme 21.

on o¢-0{O)rno,
Setee @'@
(31) 41)
,c NHCH,COOICH, )5 fc -NHCH,COOH
@@'@@ @@'@@
“'2’ bemoc Gly OH (36)

(a) para-Nitrophenyl chloroformate (2 equiv), ﬁ,N'-
dimethylaniline (1 equiv), CH,Cl,, r.t., 72h, 80%;
(b) CH,;COOH , NH,CH,COOC(Me),, N,N’~-dimethylaniline (2
equiv), CH,Cl,, r.t., 24h, 79%; (c) para-toluenesulfonic

acid (0.3 equiv), CH,Cl,, reflux, 5h, 90%.

Scheme 21
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Reaction of commercially available para-nitrophenyl
chloroformate (2 equiv) with alcohol (31) and N,N’-
dimethylaniline gave the mixed carbonate (41) in 80%
yield. This material was in turn reacted with the acetate
salt of glycine tert-butyl ester in the presence of two
equivalents of N,N’-dimethylaniline to afford the
protected glycine tert-butyl ester (42) (79%). Simple '
hydrolysis of the latter using p-toluenesulphonic acid in
refluxing DCM gave the desired acid (36) in 90% vyield.
This provided an easy synthesis of Tbfmoc Gly OH using
mildly basic conditions in a 57% overall yield based on

alcohol (31).

2.3 APPLICATION TO THE SYNTHESIS AND PURIFICATION OF

PEPTIDES
2.3.1 Synthesis of Fmoc Gly Ser Met Val Leu Ser OH

This peptide was readily available in our laboratory
and was selected as the first test peptide.

The protected resin-bound peptide Fmoc Ser (OtBu) Met
Val Leu Ser (OFBu) (43) was pfepared on the peptide
synthesiser using an orthogonal strategyl33.  Fmoc was
used for the temporary protection of the amine function of
each amino acid and was removed béfore each coupling with
a 20% piperidine in DMF solution. The side-chain function
of serine was protected with the t-butyl group. The

coupling procedures involved a symmetrical anhydride
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followed by an HOBt ester coupling. Acetic anhydride and
pyridine were used to acetylate any unreacted amino
functions. The Merrifield resin was employed-with the
p-alkoxybenzylalcohol group as the linker.

Fmoc Gly Ser Met Val Leu Ser OH (44) was synthesised
from the resin-bound peptide (43) via the series of

reactions outlined in Scheme 22.

tTBu t-Bu
Fmoc-Ser-Met-Val-Leu-Ser{C:>
(43) ‘
Deprotection 20% piperidine/DMF
v
t-Bu t-Bu

l I
NH2—Ser-Met-Val-Leu-Ser-<::>

. Fmoc Gly OH (6 equiv)/
Coupling DIC (3 equiv),

dioxan, Sh, r.t.
v

t-Bu _ t-Bu

f
Fmoc, Gly-Ser,—Met‘-Val-Leu-Ser-@

Deprotection TFA/scavengers
v

Fmoc-Gly-Ser-Met-Val-lLeu-Ser-OH
(44)

Scheme 22
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After deprotection of the Fmoc group under basic
conditions the amino-terminus of the peptide was coupled
in dioxan to Fmoc Gly OH via its symmetrical anhydride (3
equiv) with a coupling efficiency of 88%. Cleavage of the
hexapeptide from the resin and removal of the t-butyl
groups was carried out using TFA, and in the presence of
ethy#methyl%ulphide and anisole as cation scavengers.
After removal of the solvent in vacuo the peptide was
finally precipitated with ether, filtered off and dfied.

Purification of the peptide was difficult. Removal of
the scavengers by gel filtration (Sephadex G10, 30% acetic
acid) was not possible as it was insoluble in aqueous
media. Purification using HPLC was then considered, and
for that purpose the best solvent was found to be dioxan
in which the peptide was soluble at approximately
1.5 mg/ml. Preparative HPLC gave the peptide (44)
together with a trace of the sulfoxide derivative, as
indicated by mass spectrometry (MH+16%). The identity of
the peptide was confirmed by mass spectrometry and amino

acid analysis.

2.3.2 Synthesis of Tbfmoc Gly Ser Met Val leu Ser OH
Tbfmoc Gly Ser Met Val Leu Ser OH (45) was then

prepared from the resin-bound peptide (43) via a similar
method.
Tbfmoc Gly OH was coupled in dioxan with an 80%

coupling efficiency. Removal of the peptide from the
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resin and t-butyl cleavage were carried out with TFA in
the presence of the same scavengers.  The peptide was
finally precipitated with ether, filtered off and dried
(69% yield).

As before, purification proved difficult. Also, a
fresh solution of the crude peptide in dioxan gave one
peak on HPLC, but on standing (30 min) the same solution
.gave two peaks corresponding to the desired peptide and
the sulfoxide derivative. After isolation of these two
peptides by preparative HPLC, these assignments were
confirmed by masé spectrometry (MH' and MH+16%) and amino

acid analysis.

The facile oxidation of methionine to the sulfoxide
might be due to the presence of peroxides in the dioxan
used to dissolve both the Fmoc and Tbfmoc peptides.
However, this does not explain why the corresponding Fmoc

peptide was not oxidised at the same rate.

2.3.3 Behaviour of Tbfmoc and Fmoc Derivatives on PGC
‘The retention of both Fmoc Gly OH and Tbfmoc Gly OHV

was compared on a column packed with graphitised carbon.

A solution of Fmoc Gly OH (10.—2 mg, 34.3 gmole) in
dioxan'v&as; loaded on é 6 mm diameter column packed with
PGC (1.5 g). Only 15 ml of dioxaﬁ was required to elute
the compound completely (as moh’itored by t.l.c.). In

contrast, when Tbfmoc Gly OH (10.2 mg, 20.5 pmoie) was
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loaded under the same conditions, none of this material
was eluted in the first 35 ml. Indeed the total volume of
dioxan needed to elute the compound was 300 ml.

The behaviour on a graphitised carbon column of Fmoc
Gly Ser Met Val Leu Ser OH (44) was then compared with the
Thbfmoc derivative (45). To increase the overall retention
time, a mixture of dioxan/water (2:1) was used to elute
both peptides. After loading a solution of the Fmoc
hexapeptide (9.2 mg, 11.3 umole) in a mixture of dioxan/
water (2:1) onto the column, the peptide was eluted
completely with 75 ml of the solvent mixture. In
contrast, the Tbfmoc derivative (10.5 mg, 10.3 umole) was
not eluted at all in the first 80 ml of solvent and was

subsequently only very slowly eluted from the column.

As these results were promising, the deprotection of
the Tbfmoc group from the peptide, while still retained on
the graphitised carbon column was investigated.

The best results were obtained when the deprotection
was carried out using 20% piperidine in a mixture of
dioxan/water (2:1). Under these conditions the Tbfmoc
hexapeptide was totally deprotected. The free peptide
(HGly Ser Met Val Leu Ser OH (46)) was eluted and was
monitored by t.l.c. using ninhydrin to reveal the amino
function. The subsequent isolation of the product was
simple; the piperidine and solvents were removed in vacuo

and the peptide was precipitated with ether, filtered and
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dried (85%). Mass spectrometry showed both the presence
of the peptide (MH') and the sulfoxide derivative (MH +
16%). Amino acid analysis confirmed the composition of

the peptide.

Finally, the tetrabenzofluorene olefin (38) or its
piperidine adduct, the by-products from the deprotection
step, were removed from the column by eluting with hot

dioxan.

Considering the good degree of retention shown by the
small Tbfmoc hexapeptide (45), this purification method

was ready for testing on larger peptides.

2.3.4 Synthesis of Fmoc Ubiquitin (54-76) OH

Ubiquitin is a protein of 76 amino acids and its
synthesis is currently being undertaken in our laboratory.
Consequently fragments of ubiquitin were selected as more
challenging peptides.

The resin-bound peptide Fmoc ubiquitin (54-76) (47)
was prepared on the peptide synthesiserl34 under the
conditions described in section 2.3.1 (for the protection
of side-chain functional groups (see Section 1.1.6)).
Most coupling procedures involved a symmetrical anhydride
followed by an HOBt ester coupling in a mixture of DMF/

dioxan (1:1) as the solvent.
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2.3.5 Synthesis of Tbfmoc Ubiquitin (53-76) OH

Tbfmoc ubiquitin (53-76) OH (48) was synthesised from

the resin-bound peptide (47) as depicted in Scheme 23.

Fmoc ubiquitin* (54-76) -@

(47)
Deprotection 20% piperidine in DMF
v
NH, ubiquitin* (54-76)-{::)
Coupling ' Tbfmoc Gly OH/DIC/HOBt

v
Tbfmoc ubiquitin* (53-76)

Deprotection TFA/scavengers

\4
Tbfmoc ubiquitin* (53-76) OH

(48)

* : amino acid side-chains protected.

Scheme 23

The resin-bound peptide Fmoc ubiquitin (54-76) was
initially treated with a mixture of acetic anhydride/
pyridine (1:1) in order to cap any amino functions. After
deprotection in basic conditions the peptide was coupled
in dioxan to Tbfmoc Gly OBt ester (4 equiv), generated in

situ from DIC and HOBt, with a coupling efficiency of 88%.
After final cleavage using TFA in the presence of anisole
and thioanisole as cation scavengers, the Tbfmoc ubiquitih

peptide (48) was precipitated with ether (96% yield).
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2.3.6 Behaviour of N®-Acetyl-Ubiquitin (54-76) OH and
Tbfmoc Ubiquitin (53-76) OH on PGC
N@-Acetyl-ubiquitin (54-76) OH (49) was prepared from
the resin-bound peptide (47) by the following reactions.
Deprotection of the Fmoc group from the peptide using
20% piperidine in DMF. gave the peptide with a free N-
terminal amino group, which was then acetylated with a
mixture of acetic anhydride/pyridine (1:1) (100 equiv).
Removal of the peptide from the resin and cleavage of the
side-chain protecting groups were carried out using TFA in
the presence of anisole and thioanisole as scavengers.
Subsequent precipitation with ether afforded crude N&-

acetyl-ubiquitin (54-76) OH (49).

The behaviour of both the N%-acetyl and Tbfmoc
ubiquitin peptides on a PGC column was then examined.
| In a typical experiment a solution containing 5 mg of
each peptide was loaded onto the column which was then
eluted using different solvent mixtures. After collecting
the fractions, the solvent was removed in vacuo and the
residue obtained was redissolved in fresh solvent before
analysis by HPLC.

Initially, a 10% aqueous solution of acetic acid was
used as the eluent, but in this system, neither peptide
was sufficiently soluble and both were slowly eluted. No

separation was achieved. The same results were observed
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when a mixture of MeOH/H,0 (1:1) was tried. The best
results were obtained when a mixture of CH,CN/H,0 (1:1)
was used. Under these conditions, the N®-acetyl-peptide
was eluted completely by 30 ml of the mixture, whereas the

Tbfmoc peptide was retained.

The total chromatographic separation of these closely
related peptides clearly demonstrated the efficiency of
the method and its potential for the purification of
peptides synthesised by solid phase methodology, provided

.careful attention is paid to the choice of solvents.

As these results were promising, the technique was
used in the purification of ubiquitin (53-76) OH (50), and
subsequehtly extended to a second N-terminal glycine

peptide, ubiquitin (35-76) OH (51).

2.3.7 Purification of Ubiquitin (53-76) OH

A simple chromatographic elution on a column packed
with graphitised carbon was used as the first purification
step (as described in Section 2.3.6). Crude Tbfmoc
ubiquitin (53-76) OH (48) dissolved in a mixture of
CH,CN/H,O0 (1:1; 0.5% TFA) was loaded onto a column packed
with PGC (50 x mass of peptide). 50 ml of a mixture of
the same solvent was required to completely elute the main
impurities (probably N@®-acetyl ubiquitin (5%-76) and

unreacted ubiquitin (54-76)). None of the Tbfmoc peptide



66

was eluted even after flushing the column with a further
50 ml of CH,CN/H,0 (1:1). Deprotection of the Tbfmoc
group was carried out using 20% piperidine in a mixture of
CH,CN/H,0 (1:1) and only the desired peptide, ubiquitin
(53-76) OH, was eluted. After removal of the solvent in
vacuo, the peptide was finally 'precipitated with ether.
Subsequent purification by preparative HPLC gave pure
ubiquitin (53-76) OH (50) in 15% overall yield (see Fig.
4). |

The identities of both Tbfmoc ubiquitin (53-76) OH and
ubiquitin (53-76) OH peptides were established by high

resolution mass spectrometry and amino acid analysis.

2.3.8 Synthesis and Purification of Ubiquitin (35-76)

The purification of this peptide did not pose any
problems and was carried out as with the smaller ubiquitin
fragment (50); Tbfmoc ubiquitin (35-76) OH (52) was
prepared by coupling in situ Tbfmoc Gly OBt to the resin-
bound peptide ubiquitin (36-76)135 (75% yield). Following
chromatography on a PGC column and preparative HPLC, the
desired peptide (51) could be obtained (see Fig. 5).

The authenticity of (51) was also confirmed by mass
spectrometry and amino acid analysis, and its purity by

analytical HPLC.

2.4 PREPARATION OF OTHER TBFMOC AMINO ACIDS
Initially, the poténtiality of directly 1linking the
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Tbfmoc group to a resin-bound péptide via the p-nitro-
phenyl carbonate or the chloroformate was investigated.

Coupling of the mixed carbonate (41) (three to five
equivalents either in dioxan or DCM in the presence of one
‘equivalent of N,N’-dimethylaniline) to the resin-~bound
peptide ubiquitin (36-76), did not afford the
corresponding Tbfmoc peptide. The major products were
found to be the olefin (38) and p-nitrophenol, as judged
by t.l.c. of the filtrate.

In the case of the chloroformate (37), generated in
situ as described in Section 2.2.2 and coupled in large
excess (10 equiv), the reaction with either ubiquitin
(54-76) or ubiquitin (36-76) resin-bound peptides,
resulted in 1low coupling efficiencies (17% and 25%
respectively).

As described in Section 2.2.2, and illustrated with
Tbfmoc Gly OH, the alternative approach is synthesis of
the peptide less its N-terminal amino acid, and a final
coupling of this amino acid previously protected with the
Tbfmoc group.

This necessitates the preparation of a range of Tbfmoc

amino acids.

2.4.1 Synthesis of Tbfmoc-L-Phe OH

Preparation of this compound proved difficult.
The free amine function of commercially available L-

phenylalanine tert-butyl ester hydrochloride was initially
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liberated with triethylamine. The amine in 20% excess was
then reacted with the mixed carbonate (41) in the presence
of N,N’-dimethylaniline. However, after removal of the t-

butyl group with TFA, compound (53) was obtained.

Ph
A
NH COOH

(53)

The formation of (53) may be rationalised by §-
elimination of the mixed carbonate (41), 1,2 addition of
the amino ester onto the resulting olefin (38) and finally

cleavage of the t-butyl ester.

As the acetate of glycine was successful in the
éynthesis of Tbfmoc Gly OH, this method may also be useful
in this case; thus the acetate salt of L-phenylalanine
tert-butyl ester was prepared.

The hydrochloride salt of the amino acid ester was
neﬁtrélised with triethylamine and the precipitated
Et,N.HC1l generated was filtered off. Following removal of
the solvent, the residue obtained was redissolved in
acetic acid before 1lyophilisation. Subsequent reaction
with the mixed carbonate (41) in the presence of two

equivalents of N,N’-dimethylaniline afforded Tbfmoc-L-Phe
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otBu (54) in 46% yield after purification by flash
chromatography and recrysﬁallisation. Final cleavage of
the t-butyl ester using a mixture of TFA/H,0 (95:5) gave
Tbfmoc-L-Phe OH (55) in excellent yield.

A possible drawback of the method is the first step.

Due to the insolubility of L-phenylalanine t-butyl
ester hydrochloride in ethyl acetate, neutralisation with
triethylaﬁine fails to reach completion, even after a long
period. Thus, the precipitate which is largely triethyl-
amine hydrochloride also includes some unreacted
L-phenylalanine t-butyl ester hydrochloride (as judged by
t.l.c.). This explains the significant losses of material
encountered after 1lyophilisation. This method has the
advantage, however, of eliminating any traces ©of

triethylamine present in the filtrate.

2.4.2 Attempted Syntheses of Tbfmoc-L-Met OH

Methionine was the next target as this amino acid
often forms the N-terminal residue of numerous

biologically active peptides and proteins.

Kricheldorf’s method136 for the preparation of B-amino
acids, based on silicon chemistry, was examined first.
L-methionine was treated in DCM with two equivalents of
both chlorotrimethylsilane and triethylamine to give No-
trimethylsilylmethionine trimethylsilyl ester. Subsequent

reaction of the latter with chloroformate (37) followed by
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aqueous work-up led, however, to the formation of several
products. 'H n.m.r. and mass spectrometry did not show

the presence of the expected compound.

Another attempt involved the use of resin-bound
methionine. 9-Fluorenylmethoxycarbonyl-L-methionine was
coupled to the p-alkoxybenzylalcohol resin via its
symmetrical anhydride in the presence of a catalytic
amount of 4-dimethylaminopyridine. Following deprotection
of the Fmoc group, the free amino function was reacted
with chlorofo:mate (37) under the conditions described
above. Unfortunately, the reaction gave a very 1low

coupling efficiency (8%).

Both of these approaches were abandoned.

In an approach similar to that described in section
2.4.1, methionine methyl ester was treated with the mixed
carbonate (41) in the presence of base, and the desired
compound, Tbfmoc-L-Met OCH, (56) was obtained in 53%
yield. Complete hydrolysis of the methyl ester required
the use of HBr in aqueous acetic acid at 60°C for 5h.
Under these rather severe conditions, only a poor yield of
Tbfmoc-L-Met OH could be obtained.

The difficulties encountered in the hydrolysis of the

methyl ester indicated that this route was not viable
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either, and was therefore abandoned.

Synthesis of Tbfmoc-L-Met OH should'be possible and is
worth exploration in the future through the use of L-
methionine tert-butyl ester. Unfortunately, it is not
commercially available. Preparation of this compound has
been deécribed in the 1literature from N®-phthalyl-L-
methionine, 2-methylpropene and a catalytic amount of

sulphuric acidl37,

2.5 CONCLUDING REMARKS

The efficiency of this new method of purification has
been clearly demonstrated for the purification of
N-terminal glycine peptides prepared by 'solid phase
methodology. .

Although the coupling of other Tbfmoc amino acids
(such as Tbfmoc-L-Phe OH) to a resin-bound peptide have
not been tried, this should be possible via their

symmetrical anhydrides or HOBt esters.

The properties of the Tbfmoc group could also be used
advantageously in differeht areas of peptide and protein
chemistry.

It could be employed as a fluorescent 1label (see
Appendix I : excitation wavelength : 383 nm; emission
wavelené%h : 424 nm), particularly in immunology, where

detection of compounds present in very low concentrations
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requires highly sensitive techniques.

The strong affinity of the Tbfmoc group for
graphitised carbon could also be applied in other fields
of organic chemistry.

One such example is the resolution of racemates.

2.6 APPLICATION TO THE RESOLUTION OF RACEMATES

2.6.1 Introduction
Ligand-exchange chromatography (LEC) was developed by

Davankov and Rogozhin in 1971138, It involves the
reversible formation of complexes between a central metal
ion (usually cu2* and Ni?t) and two chelating chiral
bifunctional molecules (typically a-amino acids)139,

When the chelators are o-amino acids, both the amino
and the carboxylate groups of the two chelators
participate in the férmation of the complexes. If one of
the chiral chelators is immobilised on an inert support to
provide a chiral stationary phase, a mixture of
enantiomers added in an analyte will bind to give a pair
of diastereoisomeric complexes, each with two bidentate
ligands.

The difference between the relative stabilities of the
diastereoisomeric adsorbates is responsible for the

chromatographic separation of the enantiomers.

The strong affinity of the 17-tetrabenzo(a,c,g,i)-
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fluorenylmethyl (Tbfm) group for graphitised carbon

suggested to us a possible use in that particular field.
Indeed, an optically active amino acid could be linked

to the Tbfm group to provide a chiral chelator, and a PGC

column could easily be used to provide a support for it.

Alanine was initially chosen as the chiral chelator
because of its simplicity.
2.6.2 Synthesis of Tbfm-1L-Ala OH

This work was done in parallel with the develdpment of
the purification method (see section 2.3). Although Tbfm-
L-Phe OH (53) was obtained as the major product during the
synthesis of Tbfmoc-L-Phe OH (55), the structure of this
compound had not been elucidated when this work on the
resolution of racemates was started.

A number of routes to Tbfm-L-Ala OH (57) were

explored.

Initially the synthesis of this compound via the
addition of the amino acid onto the tetrabenzofluorene

aldehyde (58) was investigated as outlined in Scheme 24.
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(31) (58)
CHj CHj
wH .oH
N COOH NH COOH

Scheme 24

Careful oxidation of alcohol (31) should give aldehyde
(58), which in tufn, could be reacted with L-alanine to
give the intermediate imine (59). Reduction of the latter
using H,/Pd on charcoal or NaBH,CN could provide
Tbfm-L-Ala OH.

Unfortunately, synthesis of aldehyde (58) was not
straightforward. The following reagents were used in an
attempt to oxidise alcohol (31) to the corresponding

aldehyde:
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- pyridinium dichromate (PDC)140 (1.5 equiv/CH,Cl,/r.t.)

- pyridinium chlorochromate (Pcc)l4l (1.5 equiv/CH,Cl,/
r.t.)

-  Swern oxidationl42 (DMSO/oxalyl chloride/Et,N/CH,Cl,/
-50°C)

- tetrapropylammonium perruthenatel43/4-methylmorpholine

-4 oxide/CH,Cl,/r.t.

In all cases a complex mixture of products was
obtained.

Oonly under the conditions of the Swern oxidation could
the aldehyde be detected. This was indicated by n.m.r.
(singlet at 10.5 ppm) and infrared spectroscopy peak at
1670 cm™1).

A second approach involved reduction of 17-ethoxy-
carbonyltetrabenzo(a,c,g,i) fluorene (34) using one
equivalent of DIBAL-H at -100°C in DCM or toluene.

Under these conditions, however, alcohol (31) was
obtained as the major product. In view of the problems at

-the aldehyde stage this route was abandoned.

Finally, in a third approach, the amino acid was
successfully reacted with the mesylate derivative (60) and
this provided an alternative route to the synthesis of

Tbfm-L-Ala OH (Scheme 25).
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mm
8’% 8%

(31) (60)
CH3 CH3
COO(CH3)3 COOH
H‘ H‘
(61) (57)

(a) Methanesulfonic anhydride (10.5 equiv), N,N’-dimethyl-
aniline (2.5 equiv), CH,Cl,, r.t., overnight, 76%; (b) L-
Ala t-butyl ester. HCl (2 equiv), Eth (2 equiv), EtOAc,
r.t., 3h; (60) (1 equiv), N,N’-dimethylaniline (1 equiv),
EtOAc, r.t., overnight, 76%; (c) TFA/H,0 (95:5, r.t.,

3.5h, 69%.

Scheme.25
Preparation of mesylate (60) from alcohol (31) was
initially carried out using methanesulfonyl chloride. Due
to the low reactivity of alcohol (31) it was necessary to

heat the reaction at 60°C for 4h in methanesulphonyl
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chloride (solvent) and N,N’-dimethylaniline (4 equiv).

Even under these conditions, the mesylate could only
be obtained in 32% yield. The major side products were
found to be the olefin (38) and methanesulfonic acid. 1In
an attempt to improve the yield of the reaction, an
alternative reagent, methanesulfonic anhydride, was tried.
Using a large excess of methanesulfonic anhydride (10.5
equiv) and N,N’-dimethylaniline (2.5 equiv) in
dichloromethane, the mesylate (60) was finally obtained in
76% yield.

The remaining reactions proceeded in a straightforward
manner. ngganine tert-butyl ester hydrochloride was
liberated as the free amine with one equivalent of
triethylamine in ethyl acetate, and reacted with mesylate
(60) in the presence of N,N’-dimethylaniline (1 equiv), to
give the protected L-alanine tert-butyl ester (61) (76%
yield). Simple hydrolysis of the latter using a mixture

of TFA/H,0 (95:5) afforded Tbfm-L-AlaOH (57) in 69% yield.

2.6.3 Ligand;Exchange Chromatography

This work was carried out by a colleague (Quianhong
Wan) 131,

A solution of Tbfm-L-Ala OH in acetic acid (3 mg/ml)
was loaded onto an analytical HPLC column packed with
graphitised carbon (50 x 4.6 mm). The percolation of the
material through the column was monitored by UV at 320 nm.

When the column was fully saturated with the amino acid
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derivative, the now coated column was then eluted with an
aqueous copper acetate solution (C = 1 mM; monitored by UV
at 254 nm).

In a typical experiment 1 to 3 ug of racemates
dissolved in water were used per injection. Detection of
the amino acids was by UV at 254 nm. For each
enantiomeric mixture resolved, the absolute configuration
was assigned by loading pure samples of each of the
enantiomers on the column in separate experiments.

The results obtained are described below (Table 2).

racemates k’ (min) epr, = ¥'L/yip
+ Pro ID. Zéls 1.6
+ Thr D9 2.33
t Ser g Zé?g 1.68
+ Val D 8.2 1.61

k’ refers to the capacity factor (retention time). app is
the ratio of the capacity factors for the D and L
enantiomers of the analyte and gives an indication of the

selectivity.

Table 2

In all the cases complete resolution was achieved with
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a good selectivity (> 1.5).
In view of the good results obtained, for Tbfm-L-Ala
OH, other Tbfm amino acid derivatives were prepared and

tested as chiral chelators.

Both Tbfm-L-Phe OH (53) and Tbfm-L-Pro OH (62) were
synthesised from mesylate (60) and obtained in good
yields, following the procedure used for Tbfm-L-Ala OH
(57) (section 2.6.2).

Unfortunately, the results obtained by 1ligand-
exchange chromatography on a PGC column proved
disappointing.

In the case of Tbfm-L-Phe OH, the initial resolution
of the racemate (* Pro) was successful and complete
separation of the enantiomers was obtained. However, upon
regenerating the column with the copper acetate solution,
the resolution was lost. Perhaps this was because the
coating of this compound onto the PGC column was carried
out differently. In this case, the adsorption was
obtained by directly immersing the packing material in the
solution instead of pumping the solution through the

column.

Using Tbfm~-L-Pro OH, no resolution of racemates could
be achieved. This is possibly due to the fact that this
compound is not stable in solution (e.g. CH,COOH or CHCl,)

and decomposes to give the corresponding olefin and
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proline (as judged by t.l.c.). Under the slightly acidic
conditions of the experiment, the tertiary amine may be
protonated allowing a possible g-elimination to take

place.

To imérové reliability, the method needs further
development.

In particular, the use of homologous derivatives with
an additional methylene group between the Tbfm group and
the amino acid would be advantageous. This modification

would prevent g-elimination and act as a spacer.

2.7 CONCLUDING REMARKS '

The strong affinity of the Tbfm group for graphitised
carbon (PGC) has found application for both the
purification of peptides and the resolution of racemates
by ligand-exchange chromatography.

Although PGC was used for both these studies, a recent
survey of other support matefials has shown that
equivalent binding of the Tbfm group can be obtained with
activated charcoal. This could provide a cheaper support
material than the rather expensive PGC, and thus its use

should be considered.
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CHAPTER 3 : EXPERIMENTAL

3.1 NOTES

All amino acid derivatives were purchased from either
Fluka, Aldrich or Sigma. Melting points were taken in
open capillaries on an electrically heated Biichi 510
melting poiht apparatus, or on microscope slides on an
electrically heated Reichert 7905 hot stage and are
uncorrected. Thin-layer chromatography (t.1.c.) was
carried out using plastic sheets coated with silica gel 60
GF-254 (Merck 5735) in the following systems:

(A) ethyl acetate/petrol (b.p. 40-60°C) (1:4)
(B) methanol/chloroform (1:9)

(C) toluene

(D) chloroform

(E) ethyl acetate

(F) benzene

(G) dichloromethane

(H) methanol/chloroform/acetic acid (1:9:0.5)
(I) n-butanol/acetic acid/water (3:1:1)

Visualisation of the compounds was achieved by a
suitable combination of- the following methods: iodine
vapour, ultraviolet absorption at 254 nm or 352 nm,
neutral potassium permanganate and bromophenol blue
sprays, Mary’s reagent (4,4’-bis (dimethylamino) diphenyl
carbinol) for acid functions and ninhydrin for compounds

with free amino groups. Optical rotations were measured
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on an AA 1000 polarimeter using a 1 dm cell in the
solvents quoted in the text. High performance 1liquid
chromatography (HPLC) was performed using either a Waters
system i.e. 2 x 600 A pumps, a U6K injector, a 680
automatic gradient controller and a model 441 ultraviolet
detector; or an Applied Biosystems system, i.e. 2 x 1406 A
solvent delivery system, a 1480 A injector/mixer and a
1783 A detector/controller. Analytical separations were
carried out on a Whatman Partisil-5 ODS-3 (4.6 mm ID x 250
mm) and on a ABI (RP18) aquapore OD-300, 300 A pore size,
7 pm spherical silica (4.6 mm ID x 220 mm) column under
the conditions indicated in the text. Flash
chromatography was performed using silica gel 60 (230-400
mesh (Fluka); 60-100 g of silica per gram of crude
material; active length 15-20 cm). Infrared spectra were
recorded on a Perkin Elmer 781 spectrophotometer in the
solvent indicated or by the KBr disc technique, using
polystyrene as the standard (1603 cm™'). Ultraviolet
spectra were fecorded on a Cary 210 spectrophotometer and
fluorescence spectra on a Perkin Elmer LS-5 luminescence
spectrophotometer. Mass spectra were measured on a Kratos
MS 50 TC machine. Proton nuclear magnetic resonance (NMR)
spectra were recorded on either Briiker WP 80 (80 MHz), WP
200 (200 MHz) or WH 360 (360 MHz) machines in the solvent
indicated, using external tetramethylsilane as the
standard (5 = 0.00). Carbon-13 NMR spectra were recorded

on a Briker WP 200 (50 MHz) or WH 360 (90 MHz) machines in
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the solvent indicated, using tetramethylsilane as the
standard. Elemental analyses were carried out on é Carlo
Erba modél 1106 elemental analyser. Single crystal X-ray
structure determination was performed on a Stoé Stadi-4
four-circle diffractometer, graphite-monochromated (CU-K,
radiation; A = 1.54184 X). All solvents were distilled
before use and the following were dried using the reagents
given in parentheses when required: benzene (sodium wire),
chloroform (phosphorus pentoxide), dichloromethane
(calcium hydride), diethyl ether (sodium wire), dioxan
(neutral alumina and ‘sodium wire), methanol
(magnesium-iodine), toluene (sodium wire). Petrol (b.p.
40-60°C) refers to that fraction which boils between 40°C

and 60°C.

3.2 EXPERIMENTAL
Methyl (phenanthren-9-yl,phenyl)glycolate (25)129

To a cold (0°C) solution of 9-bromophenanthrene
(2.57 g, 10 mmol) in dry ether (10 ml) under nitrogen, was
added a solution of n-butyllithium in hexanel27 (8 ml,
11 mmol; 1.1 equiv; 1.38M titratedl44) dropwise over
10 min. The reaction mixture was stirred for one hour at
room temperature. The resultant suspension was allowed to
settle and then the supernatant removed by syringe. The
residue was resuspended in ether (5 ml). This solution
was added; under nitrogen, to a cold (0°C) solution of

methyl benzoylformate (1.64 g, 1.4 ml, 10 mmol) in 50 ml
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of diethylether. The resulting mixture was heated under
reflux for 2h and allowed to stir overnight. After
addition of dilute (10% v/v) HC1l (50 ml; pH=1), the
organic layer was separated, combined with ether washings
(2 x 50 ml) of the aqueous layer, washed with water (2 x
50 ml) and dried with Mgso,. The solvent was removed
under vacuum to give a yellow oil. After purification by
flash chromatography (eluent: (A)), a yellow o0il was
obtained which was triturated with petrol. A white solid
was obtained which was filtered and dried in a vacuum
desiccator to give the required compound (1.75 g, 51%);
m.p. 143-145°C (1it.129 138.5-139.5°C); (Found: C, 79.7; H,
5.24 C,,H,,0, requires: C, 80.7; H, 5.26%); t.l.c. Rg(A)
0.32; Rg(B) 0.76; wvpax CH,Cl, 3690 (free OH), 3510 (H
bonded OH), 3025 (CH stretching, aryl), 2960, 2880, 2860
(CH stretching, alkyl), 1730 (CO, ester), 1600, 1500
(aromatic rings), 1225, 1185, 1170, 1110, 1100, 1070 (CO
stretching) om™'; Apax 296 (9832), 284 (9200), 276
(11981), 254 (48450), 248 (37620) nm; &y (CDCl,, 200 MHz)
8.72 (1H, 4, 3J = 8 Hz, aromatic), 8.66 (1H, d, *J = 8 Hz,
aromatic), 3.16 (1H, 4, 33 = 8 Hz, aromatic), 7.75-7.25
(11H, m, aromatic), 4.32 (1H, s, OH), 3.85 (3H, s, CH,):
sc (CDCl,, 50 MHz) 175.7 (CO, ester), 141.1, 135.6, 131.3,
130.6, 130.3, 129.8 (quaternary aromatic C’s), 129.1,
128.2, 128.1, 127.3, 127.0, 126.9, 126.6, 126.2, 126.1,
122.9, 122.2 (aromatic CH’s), 82.1 (C,, quaternary), 53.4

(CH,); m/z (EI) 342, 283, 105.
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13-Methoxycarbonyldibenzo(a,c) fluorene (26)129
Polyphosphoric acidl45 (60 g) was heated to 110°C and

stirred with a mechanical stirring paddle. To this was
added methyl (phenanthren-9-yl,phenyl)glycolate (5 g, 14.6
mmol). The mixture was stirred for.l hour at 110°C. The
reaction was then cooled to room temperature, diluted with
water (150 ml) and extracted with ethyl acetate (4 x 250
ml). The organic layers were combined, washed with NaHCO,
(10% v/v; 200 ml), water (100 ml) and dried over MgSoO,.
The solvent was removed in vacuo to give a yellow residue.
This crude material was purified by flash chromatography
using toluene as the eluent. - After chromatography the
required compound (2.82 g, 60%) could be isolated. This
solid was recrystallised from CH,Cl,/ petrol (b.p.
40-60°C) to afford a white powder, (1.96 g, 42%); mnm.p.
190-191°C (1it.129 195-197°C); (Found: C, 85.2; H, 4.93
C,,H,¢0, requires: C, 85.2; H, 4.94%); t.l.c. Rg(C) 0.50;
Rp(D) 0.56; wvpax (CH,Cl,), 3040, 3020 (CH stretching,
aryl), 2970 (CH stretching, alkyl), 1730 (CO, ester),
1610, 1600, 1580 (aromatic rings)cm™'; \pax 364 (540), 346
(16200), 322 (18360), 268 (64800) nm sy (CDCl,, 200 MHz),
8.84-8.67 (3H, m, aromatic), 8.36 (1H, 4, 33 = 7.8 Hz,
aromatic), 7.98-7.90 (1H, m, aromatic), 7.80-7.35 (7H, m,
aromatic), 5.16 (1H, s, CH), 3.63 (3H, s, CH,); &c (CDC1,,
50 MHz)', 172.0 (CO, ester), 142.7, 141.9, 137.4, 135.6,

131.1, 130.0, 128.7, 128.4 (quaternary aromatic C’s),
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128.1, 127.0, 126.7, 126.3, 126.2, 124.3, 124.1, 123.8,
123.3, 123.2, 122.9 (aromatic CH’s), 53.4 (CH,), 52.4

(CH); m/z (EI) 324, 265, 262, 132.

13-Hydroxymethyldibenzo(a,c) fluorene (21)

Diisobutylaluminium hydride (4.6 ml, 4.62 mmol; 1 M in
CH,Cl,) was added at -65°C to a solution of
13-methoxycarbonyldibenzo(a,c) fluorene (0.5 g, 1.54 mmol)
in dichloromethane (10 ml). The reaction mixture was
stirred for 3h and the temperature maintained between
-50°C and -40°C. A white precipitate was obtained. The
reaction mixture was treated with a mixture of acetic acid
and water (1:1; 30 ml) and extracted with dichloromethane
(3 x 60 ml). The organic layer was washed with saturated
bicarbonate (50 ml), water (30 ml) and dried over Mgso,.
The solvent was removed in vacuo to afford a crude solid.
This crude solid was purified by flash chromatography
using chloroform as the eluent. The title compound was
obtained as a white SOIid which was washed with petrol
(6.217 g, 48%); m.p. 167-168°C; (Found: C, 89.0; H, 5.39;
C,,H, O requires: C, 89.2; H, 5.41%); t.l.c. Rge(D) 0.26;
Rf(E) 0.64; wvpax (CH,Cl,) 3610 (free OH), 3490 (H bonded
- OH), 3060 (CH stretching), 2940, 2890 (CH stretching,
alkyl), 1610, 1600, 1580 (aromatic rings) cm™'; ipayx 366
(888), 338 (12728), 322 (14504), 266 (27232), 246 (31968)
nm; sy (CDCl,, 200 MHz), 8.88-8.68 (3H, m, aromatic), 8.38

(1H, 4, 33 = 7.9 Hz, aromatic), 8.14-8.08 (1H, m,
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aromatic), 7.81-7.33 (7H, m, aromatic), 4.45 (2H, m, Hy
(CH,) and Hc), 3.85 (1H, m, H,, CH,), 1.64 (1H, s, OH), sc
(cpCcl,, 50 MHz), 146.7, 142.5, 139.4, 134.9, 130.9, 130.1,
128.7 (quaternary aromatic ¢C’s), 127.5, 126.8, 126.1,
125.9, 125.8, 124.7, 124.2, 124.1, 123.8, 123.4, 122.9

(aromatic CH’s), 65.7 (CH,), 50.0 (CH); m/z (EI) 296, 265.

13-Acetoxymethyldibenzo(a,c)fluorene (30)
13-Hydroxymethyldibenzo(a,c) fluorene (215.2 ng,

0.727 mmol) was dissolved in acetic anhydridel46 (5 ml).
To this solution was added one drop of sulphuric acid
(2M) . The reaction mixture was stirred for 30 min. A
white precipitate was obtained which was filtered and
washed with water (150 ml). The solid was finally dried
to constant weight over P,0, in a vacuum desiccator to
afford 13—acetoxymethy1dibenzo(a,c)fluorene as a white
solid, (206.3 mg, 84%); m.p. 135-136°C; (Found: C, 84.9;
H, 5.33 C,,H,,0, requires: C, 85.2; H, 5.33%; t.l.c. Rg(D)
0.57; Re(E) 0.68; rpay (CH,Cl,) 3030 (CH stretching, aryl)
2980, 2920 (CH stretching, alkyl) 1735 (CO, ester), 1610,
1600, 1570 (aromatic rings) cm™'; Mpax 366 (1184), 338
(25160), 322 (27528), 265 (52688), 246 (53020) nm; &y
(cpcl,, 200 MHz), 8.86-8.69 (3H, m, aromatic), 8.38 (1H,
d, 33 = 7.9 Hz, aromatic), 8.30-8.25 (1H, m, aromatic),
7.78-7.35 (7H, m, aromatic), 5.16 (1H, dxd, 3J,,c = 4.1
Hz, 2J3,p = 10.8 Hz, Ha, CH,), 4.56 (1H, dxd, 3Jc,a = 4.1

Hz, 3Jc,p = 9.3 Hz, Hg), 3.76 (1H, dxd, 2Jp,, = 10.8 Hz,
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*Jp,c = 9.3 Hz, Hp, CH,), 2.17 (3H, s, CH,); s¢c (CDCl,, 50
MHz) 171.0 (CO, ester), 146.7, 142.1, 138.7, 134.8 131.1,
130.1, 128.7, 128.6 (Quaternary aromatic C’s), 127.6,
127.0, 126.8, 126.2, 126.1, 125.7, 124.9, 124.8, 124.3,
123.4, 123.3, 122.9 (aromatic CH’s), 67.3 (CH,), 46.5
(CH), 20.9 (CH,); m/z (EI) 338, 277, 265, 139, 43. |
HPLC: column (ODS3-PL5-393, solvents: A(Hzo)} B(CH,CN),
conditions: B(50%) 2 min.

B(50%) 30 min.

> B (95%)
A = 254 nm, flow rate: 1 ml/min., injection: 5 ul, C =

1.42 mg/ml, AUFS = 2, retention time : 21.6 min.

9-Fluorenylmethyl acetate (29)

9-Fluorenylmethanol (0.215 g, 1.1 mmol) was dissolved
in acetic anhydridel46 (5 ml). To this solution was added
2 drops of sulphuric acid (2M). This was stirred for
30 min. The clear solution was poured onto cold water
(20 ml). The precipitate obtained was collected on a
Blichner filter and dried to constant weight over P,0. in a
vacuum desiccator to afford 9-fluorenylmethyl acetate as a
white solid, (0.175g, 67%); m.p. 83-84°C (1lit.l148 g7°C);
(Found: ¢, 80.5; H, 5.98 C,/H,_ O, requires: C, 80.7; H,
5.88%); t.l.c. Rg (D) 0.50; Rf (E) 0.68; wrpax (CH,CL,)
3030 (CH stretching), 2960, 2910 (Cﬁ stretching, alkyl),
1735 (CO, ester), 1610 (aromatic rings) cm™'; ipax 300
(2476), 290 (2065), 268 (7634) nm; sy (CDCl,, 80 MHz),

7.83-7.29 (8H, m, aromatic), 4.46-4.28 (3H, m, CH, CH,),
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2.14 (3H, s, CH,); &¢c (CDCl,, 50 MHz), 170.8 (CO, ester),
143.6, 141.1 (quaternary aromatic C’s), 127.6, 126.9,
124.9, 119.9 (aromatic CH’s), 66.2 (CH,), 46.5 (CH), 20.8
(CH,); m/z (EI) 238, 178, 165, 149, 60, 43.

HPLC: column (ODS3-PL5-393), solvents: A(H,O0), B(CH,CN)
Conditions: B(50%) 2 min.

B(50%) 30 min.

B (95%)
A = 254 nm, flow rate: 1 ml/min.,
injection: 5 ul, C = 1.46 mg/ml, AUFS = 2, retention time

: 8.4 nin.

Ethyl / 2-oxo-2-(phenanthren-9’-yl)acetate (32)

To a stirred solution of 9-bromophenanthrene (5.14 g,
20 mmol) in dry ether (20 ml), was added at 0°C under
nitrogen, a solution of n-butyllithium in hexanel27
(16 ml, 22 mmol; 1.1 equiv; 1.38M titrated)l44 dropwise
over 10 min. The reaction was stirred for 1h at room
temperature. The resultant suspension was allowed to
settle and the supernatant was removed by syringe. The
residue was resuspended in ether (10 ml). This suspension
was added, under nitrogen, to a cold (0°C) solution of
diethyl oxalate (3.4 ml, 25 mmol) in ether (100 ml). The
temperature was maintained between 0°C and 5°C during the
addition. The reaction mixture was then stirred for 2h
between 0°C and 5°C and finally at room temperature for 2h.
After addition of dilute HC1 (100 ml; 10% v/v), the

organic layer was separated, combined with ethyl acetate
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washings (3 x 100 ml) of the aqueous layer, neutralised
with NaHCO, solution (100 ml; 1M), washed with water (50
ml) and dried over MgSO,. The solvent was removed in
vacuo to give an orange o0il which was triturated with
petrol (b.p. 40°C-60°C). The title compound was obtained
as a yellow solid which was filtered and dried, (3.53 g,
63%); m.p. 67-68°C; (Found: C, 77.5; H, 5.02 C,gH, 0O,
requires: C, 77.7; H, 5.04%); t.l.c. Rg¢ (A) 0.56, R¢ (D)
0.52; vpax (CH,Cl,) 3670 (CH stretching, aromatic), 2990,
2940, 2910, 2880 (CH stretching, alkyl), 1735 (CO, ester),
1680 (CO, ketone), 1620, 1575 (aromatic rings) cm™'; \pax
328 (9822), 286 (7784), 252 (34842) nm; &y (CDCl,, 200
MHz) 9.04 (1H, m, aromatic), 8.62 (2H, m, aromatic), 8.23
(14, s, H,, aromatic), 7.92 (1H, d4, 33 = 7.6 Hz,
aromatic), 7.78-7.59 (4H, m, aromatic), 4.51 (2H, q, 3J =
7.1 Hz, CH,), 1.48 (3H, t, *J = 7.1 Hz, CH,), &c (CDCl,,
50 MHz) 188.5 (CO, ketone), 164.4 (CO, ester), 137.2
(aromatic CH), 132.8 (quaternary aromatic), 130.5, 130.2
(aromatic CH’s), 129.2, 128.1 (quaternary aromatic C’s),
128.0, 127.4, 127.1, 126.3, 122.7, 122.6 (aromatic CH’s),

62.3 (CH,), 14.0 (CH,); m/z (EI) 278, 205, 177, 176.

Ethyl (bis-phenanthren-9-yl)glycolate (33)

To a stirred solution of 9-bromophenanthrene (2.57 g,
10 mmol) in dry ether (10 ml) was added, at 0°C under
nitrogen, a solution of n-butyllithium in hexanel27 (g8 ml,

11 mmol; 1.1 equiv.; 1.38 M titrated)l44 dropwise over
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10 min. The reaction mixture was stirred for 1h at room
temperature. This solution was added, under nitrogen, to
a cold (0°C) solution of ethyl,2-oxo-2-(phenanthren-9’-
yl)acetate (2.78 g, 10 mmol) in ether (50 ml). The
temperature was maintained between 0°C and 5°C during the
addition. The reaction mixture was finally stirred at
room temperature for 2h. After addition of dilute HCl
(50 ml; 10% v/v) the organic layer was separated, combined
with ethyl acetate washings (3 x 250 ml) of the aqueous
layer, neutralised with a solution of NaHCO, (1M; 200 ml),
washed with water (200 ml) and finally dried over MgSoO,.
The solvent was removedAin vacuo to give a residue. After
purification by flash chromatography using chloroform/
'petrol (b.p. 40°C-60°C) (4:1), the expected product was
obtained from the fractions containing material of Rf =
0.23. After recrystallisation from dichloromethane/petrol
(b.p. 40°C-60°C), a white solid was obtained which was
filtered and dried to give the title compound (2.11 gq,
46%); m.p. 188-189°C; (Found: C, 83.1; H, 5.23 C,,H, 0O,
requires: C, 84.2; H, 5.26%); t.l.c. Rg (E) 0.71; R¢ (D)
0.48; »rpayx (CH,Cl,) 3680 (free OH), 3510 (H bonded OH),
3060 (CH stretching, aromatic), 2990, 2940 (CH stretching,
alkyl), 1735 (CO, ester), 1600 (aromatic rings) cm™'; \pax
332 (629), 300 (25080), 288 (23560), 256 (123120) nm; &y
(cpcl,, 200 MHz), 8.80-8.69 (4H, m, aromatic), 8.51 (1H,
s, H,,, aromatic), 8.47 (1H, s, H,,, aromatic), 7.72-7.41

(12H, m, aromatic), 4.46 (1H, s, OH), 4.41 (2H, q, 37 =
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7.1 Hz, CH,), 1.17 (3H, t, 3J = 7.1 Hz, CH,), sc (CDCl,,
50 MHz) 175.7 (CO, ester), 135.0, 131.4, 130.6, 130.5,
130.1 (quaternary aromatic C’s), 129.2, 128.2, 127.3,
126.6, 126.2, 126.1, 122.9, 122.3 (aromatic CH’s), 84.3
(C,, quaternary), 62.9 (CH,), 13.8 (CH,); m/z (EI) 383,

206, 177, 176.

17-Ethoxycarbonyltetrabenzo(a,c,qg,i) fluorene (34)

Polyphosphoric acidl45 (20 g) was placed in a three
necked 100 ml round bottom flask equipped with a
mechanical stirring paddle. Ethyl (bis-phenanthren-9-yi)
glycolate (0.402 mg, 0.881 mmol) was then added and the
reaction‘was stirred at 140°C for 4h and subsequently at
room temperature overnight. The reaction mixture was
diluted with water (50 ml) and extracted with ethyl
acetate (4 x 50 ml). The organic layer was neutralised
with NaHCO, (1M; 2 x 30 ml), washed with water (30 ml) and
dried over MgSO,. After removal of the solvent in vacuo a
residue was obtained which was purified by flash
chromatography (eluent : benzene). - The fractions
containing material of Rg = 0.68 were evaporated to give
the title compound as a yellow solid which was washed with
petrol, filtered and dried (189 mg, 49%); m.p. 165-166°C;
(Found: C, 84.4; H, 4.66 C,,H,,0, requires: C, 87.7; H,
5.02%); t.l.c. Rf (F) 0.68, Rg (D) 0.62; rpayx (CH,Cl1,)
3060 (CH stretching, aromatic), 2990, 2960, 2920, 2860 (CH

stretching, alkyl), 1810 (CO, lactone), 1735 (CO, ester),
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1610, 1500 (aromatic rings) cm™'; Mpax 386 (6371), 370
(7964), 302 (22697), 290 (10894), 254 (42208) nm; sy
(CDCl,, 200 MHz) 8.78-8.61 (éH, m, aromatic), 8.28-8.21
(2H, m, aromatic), 7.75-7.55 (8H, m, aromatic), 5.39 (1H,
s, CH), 4.04 (2H, g, ®J = 7.1 Hz, CH,), 0.97 (3H, t, 3J =
7.1 Hz, CH,); éc (CDCl,, 67 MHz) 171.9 (CO, ester), 138.3,
138.2, 131.6, 130.5, 128.6, 127.7 (quaternary aromatic
Cc’s), 127.6, 127.1, 126.2, 126.1, 125.0, 123.9, 123.4,
123.2 (aromatic CH’s), 61.4 (CH,), 54.9 (CH), 13.8 (CH,):

m/z (EI) 438 (M*).

17-Hydroxymethyltetrabenzo(a,c,qg,i)fluorene (31)

Diisobutylaluminium hydride (12.3 ml, 12.3 mmol; 3
equiv.; 1M solution in CH,Cl,) was added dropwise at =-65°C
to a solution of 17-ethoxycarbonyltetrabenzo(a,c,g,1)
fluorene (1.795 g, 4.098 . mmol) in dry distilled
dichloromethane (25 ml). The temperature was maintained
between -65°C and -60°C during the addition. The reaction
mixture was stirred for 1h at =-65°C and at room
temperature for a further hour. The reaction mixture was
cooled to -30°C. An aqueous solution of acetic acid (50
ml; 10% v/v) was then added dropwise. After separation of
the two layers, the aqueous phase was extracted with
dichloromethane (3 x 100 ml). The combined organic phases
were washed with water (70 ml) and neutralised with
NaHCO,. Finally the organic phase was dried over MgSoO,

and evaporated to give a crude oil (1.7 g). After
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purification by flash chromatography using benzene as the
eluent, the fractions containing material of Rf = 0.14
were evaporated to give a vyellow solid. This was
recrystallised from CH,Cl,/petrol (b.p. 40°C-60°C) to
afford the title compound as a yellow solid (1.18 g, 73%);
m.p. 202-203°C; (Found: C, 91.2; H, 4.96 C, H, O requires:
C, 90.9; H, 5.05%); t.l.c. R¢ (F) 0.15, Rg¢ (A) 0.18, Rf
(B) 0.75; wpax (CH,C1,) 3600 (free OH), 3060 (CH
stretching, aromatic), 2940, 2900 (CH stretching, alkyl),
1610, 1500 (aromatic rings), 1045 (CO stretchiné) cm™t;
Mmax 380 (10692), 368 (11484), 302 (27324), 290 (21780),
254 (43560) nm; sy (CDCl,, 200 MHz), 8.80-8.63 (6H, m,
aromatic), 8.27-8.22 (2H, m; aromatic), 7.73-7.56 (8H, m,
aromatic), 5.05 (1H, t, 3J = 4.3 Hz, CH), 4.49 (2H, 4, 33
= 4.3 Hz, CH,), 1.31 (1H, s, OH); &c (CDCl,, 50 MHz),
141.6, 137.3, 131.4, 130.4, 128.5, 127.9 (quaternary
aromatic C’s), 127.4, 126.9, 126.1, 125.9, 125.0, 124.5,
123.4 (aromatic CH’s), 66.5 (CH,), 50.8 (CH); m/z (EI) 396

(M*t), 366.

17-Acetoxymethyltetrabenzo(a,c,qg,i) fluorene (35)

17—Hydroxymethyltetrabenzo(a,c,g,i)fluorene (0.207 g,
0.522 mmol) was dissolved in acetic. anhydridel46 (4 ml).
To this solution was added 2 drops of H,SO, (2M). The
reaction mixture was stirred for 1h. The title compound
was obtained as a yellow solid which was washed with water

(80 ml) and dried to constant weight over P,0, in a vacuum
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desiccator (183.8 mg, 80%); m.p. 209-210°C, (Found: C,
87.0; H, 5.08 C,,H,,0, requires: C, 87.7; H, 5.02%);
t.l.c. Rg (A) 0.32, Rf (F) 0.22; wrpax (CH,Cl,) 3060 (CH
stretching, aromatic), 1740 (CO, ester), 1610, 1500
(aromatic rings), 1230, 1045 (CO, stretching) cm™'; Amax
380 (17885), 368 (19345), 302 (45260), 290 (36865), 254
(72271) nm; &y (CDCl,, 80 MHz), 8.83-8.57 (6H, m,
aromatic), 8.29-8.17 (2H, m, aromatic), 7.78-7.54 (8H, m,
aromatic), 5.12 (1H, t, 33 = 5.5 Hz, CH), 4.60 (2H, d, 3J
= 5.5 Hz, CH,), 1.84 (3H, s, CH,); &c (CDCl,, 50 MHz)
170.7 (CO, ester), 141.8, 137.0, 131?5, 130.4, 128.6,
128.0 (quaternary aromatic C’s), 127.4, 126.8, 126.1,
126.0, 125.0, 124.9, 123.5, 123.3 (aromatic CH’s), 67.9

(CH,), 47.1 (CH), 20.7 (CH,); m/z (EI) 438 (M%), 378, 364.

17-Methylenetetrabenzo(a,c,qg,i) fluorene (38)

A solution of 17-hydroxymethyltetrabenzo(a,c,q,i)
fluorene (50 mg, 0.126 mmol) and .triethylamine (1 ml,
7.17 mmol; 57 equiv.) in dichlqromethane (2 ml) was
stirred overnight at room temperature. T.l.c. (eluent
(C)) showed only the presence of the starting material.
Phosgene (1 ml, 1.93 mole; 15 equiv; 1.93 M in toluene)
was then added. A red colouration of the reaction mixture
was immediately observed and a gas was released. The
reaction mixture was stirred for 5 min, then diluted with
water (50 ml) and acidified with H,SO, (2M; pH=1). After

extraction with dichloromethane (3 x 30 ml), the combined



96

organic phases were washed with water (2 x 50 ml) to
neutrality and dried over MgSoO ++ The solvent was removed
in vacuo to give an orange residue. Purification by flash
chromatography (eluent (C)) gave the title compound as a
red crystalline solid (7.3 mg, 15%); m.p. 169-170°C;
(Found: C, 94.9; H, 4.90 C, H,, requires: C, 95.2; H,
4.76%); t.l.c. : Rf (C) 0.79, Rg (F) 0.87; Apayx 454
,(2700), 328 (44280), 314 (50220), 260 (87480) nm; &y
(cbCl,, 80 MHz) 8.82-8.41 (8H, m, aromatic), 7.77-7.51
(8H, m, aromatic), 6.92 (2H, s, CH,); & (CDCl,, 50 MHz)
147.1, 136.8, 133.4, 131.6, 131.1, 128.5, 127.4
(quaternary aromatic C’s and quaternary C (alkene)),
127.8, 127.3, 126.3, 125.6, 125.2, 124.7, 123.7, 123.5
(aromatic CH’s), 122.8(CH,); m/z (FAB) 378 (M%). HRMS

378.14082, C,,H,, requires : 378.14084 (.) < 1 ppm.

17-(Trimethylsilyl)oxymethyltetrabenzo(a,c,qg,i)fluorene
(39)

A solution of 17-hydfoxymethyltetrabenzo(a,c,g,i)
fluorene (0.65 g, 0.126 mmol) and N,N’-bis-trimethyl-
silyl wureal47 (32.3 mg, 0.158 mmol; 2.6 equiv.) in
dichloromethane (2 ml) was heated under reflux for 3h.
The precipitated urea was filtered off and washed with
dichloromethane (2 x 1 ml). The solvent was removed in
vacuo to give a residue. Purification by wet flash
chromatography (benzene/petrol (b.p. 40-60°C) (75:25))

gave the title compound (47.8 mg, 81%); m.p. 130-131°C;
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(Found: C, 84.2; H, 6.06 Csaﬂzab Si requires: C, 84.6; H,
5.98%); t.l.c. R¢ (F) 0.58, Rf¢ (A) 0.51, Rg (G) 0.76; &y
(cbcl,, 80 MHz) 8.86-8.62 (6H, m, aromatic), 8.49-8.37
(2H, m, aromatic), 7.79-7.51 (8H, m, aromatic), 5.11 (1H,
t, 33 = 5.3 Hz, CH), 4.13 (2H, 4, 33 = 5.3 Hz, CH,), 0.4
(9H, s, 3xCH,); &sc (CDCl,, 67 MHz) 143.4, 136.5, 131.4,
130.3, 129.0, 128.1 (quaternary aromatic C’s), 127.4,
126.5, 125.9, 125.8, 125.6, 124.9, 123.5, 123.0 (aromatic
CH’s), 67.2 (CH,), 51.4 (CH), -1.0 (3xCH,); m/z (EI) 468

(M*), 378, 3e64.

17-Tetrabenzo(a,c,g,i) fluorenylmethyl chloroformate (37)

To a solution of 17-(trimethylsilyl)oxymethyl
tetrabenzo(a,c,qg,i) fluorene (0.177 g, 0.38 mmol) in'
dichloromethane (5 ml) was added phosgene (1.5 ml,
2.9 mmol; 7.5 equiv; 1.93M in toluene). The reaction
mixture was heated under reflux for 2h and then stirred at
room temperature for 48h, under nitrogen. The solvent was
removed in vacuo to give the title compound as a yellow
solid which was recrystallised from dichloromethane/
n-hexane and dried (36.9 mg, 21%); m.p. 188-189°C; (Found:
C, 80.9; H, 4.29; N, 0.45 C,,H,,0,Cl requires: C, 81.1; H,
4.14%); wvpax (CH,C1l,) 3060 (CH stretching, aromatic), 1775
(CO, chloroformate), 1610, 1500 (aromatic rings), 1160,
1140 (CO stretching) cm™'; sy (CDCl,, 200 MHz) 8.79-8.60
(6H, m, aromatic), 8.20-8.15 (2H, m, aromatic), 7.76-7.57

(8H, m, aromatic), 5.17 (1H, t, 3J = 5.7 Hz, CH), 4.77
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(2H, d, 33 = 5.7 Hz, CH,); &c (CDCl,, 50 MHz) 150.5 (CO,
chloroformate), 140.3, 137.2, 131.6, 130.5, 128.2, 127.7
(quaternary aromatic C’s), 127.5, 127.0, 126.3, 126.2,
125.1, 124.5, 123.5, 123.4 (aromatic CH’s), 74.6(CH,),

46.5(CH) .

17-Tetrabenzo(a,c,q,i) fluorenylmethyl N-succinimidyl

carbonate (40)

To a solution of 17-tetrabenzo(a,c,g,i)fluorenyl-
methyl chloroformate (26.8 mg, 0.0585 mmol) and N-hydroxy-
succinimide (6.7 mg, 0.0585 mmol) in dichloromethane (2
ml) was added N,N’-dimethylaniline (7.4 xl, 0.0585 mmol).
The reaction mixture was stirred overnight under nitrogen.
The solvent was removed in vacuo and the residue obtained
wés recrystallised from dichloromethane/petrol (b.p.
40-60°C) to give the title compound as a yellow solid
(11.6 mg, 37%); m.p. 212°C; (Found: C, 77.0; H, 4.25; N,
2.16 C, H,,NO, requires: C, 78.2; H, 4.28; N, 2.61%); rpax
(CH,C1,) 3060 (CH stretching, aromatic), 2990 (CH
stretching, alkyl), 1815, 1790, 1750 (imide carbonyl and
carbonate), 1610, 1500 (aromatic rings) om™'; Apax 368
(39738), 302 (99882), 292 (83772), 255 (128880) nm; &y
(cpCl,, 80 MHz) 8.86-8.60 (6H, m, aromatic), 8.34-8.22
(2H, m, aromatic), 7.86-7.58 (8H, m, aromatic), 5.30 (1H,
t, 33 = 5.9 Hz, CH), 4.76 (2H, d, 3J = 5.9 Hz, CH,), 2.76
(4H, s, 2xCH,, succinimide); éc (CDCl,, 50 MHz) 168.2 (CO,

succinimide), 151.8 (CO, carbonate), 140.7, 137.2, 131.8,
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130.5, 128.4, 127.8 (quaternary aromatic C’s), 127.5,
127.4, 126.4, 126.2, 125.1, 124.9, 123.6, 123.3 (aromatic
CH’s), 74.8 (CH,), 46.6 (CH) 25.3 (2xCH,, succinimide);
m/z (FAB) HRMS (MH*) found: 538.16544; C,sH, ,NO. requires:

538.16543 (.) < 1 ppm.

17-Tetrabenzo(a,c,q,i) fluorenylmethyl-p-nitrophenyl

carbonate (41)

To a solution of 17-hydroxymethyltetrabenzo(a,c,qg,i)
fluorene (0.05 g, 0.126 mmol) and p-nitrophenyl chloro-
formate (35.5 mg, 0.175 mmol; 1.4 equiv.) in dichloro-
methane (2 ml) was added N,N’-dimethylaniline (16 pul,
0.126 mmol). The reaction was stirred at room
temperature, under nitrogen, for 24h. The reaction was
driven to completion by adding more p-nitrophenyl
chloroformate (45 mg, 0.223 mmol; 1.7 equiv.) and by
stirring at room temperature for a further 48h. After
purification by flash chromatography using toluene as the
eluent, the fractions containing material of Rg=0.29 were
evaporated to give a yellow oil. Trituration in petrol
(b.p. 40-60°C) gave the title compound as a yellow solid
(56.5 mg, 80%); m.p. 139-140°C; (Found: C, 77.7; H, 3.94;
N, 2.29 C,,H,,NO, requires: C, 79.1; H, 4.10; N, 2.49%);
t.l.c. Rg (C) 0.29, Rf (A) 0.16; wrpax (CH,Cl,) 3060 (CH
stretching, aromatic), 2960, 2930, 2880 (CH stretching,
alkyl), 1770 (CO, carbonate), 1620, 1600, 1495 (aromatic

rings), 1530, 1350 (conjugated nitro-NO,), 1215 (co
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stretching), 860 (CH bending, p-disubstituted) cm™'; Apay
366 (20035) 301 (52092), 289 (48085), 260 (85751), 252
(88957) nm; 0H (cpcl,, 200 MHz) 8.79-8.76 (4H, m,
aromatic), 8.61-8.57 (2H, m, aromatic), 8.33-8.16 (2H, m,
aromatic), 7.91 (2H, d, Jagp = 8.9 Hz, p-nitrophenyl),
7.76-7.56 (8H, m, aromatic), 6.64 (2H, d, Jpg = 8.9 Hz,
p-nitrophenyl), 5.14 (1H, t, 33 = 4.7 Hz, CH), 4.96 (2H,
d, 33 = 4.7 Hz, CH,):; éc (cbCl,, 50 MHz) 154.9 (cCoO,
carbonate), 151.6 (quaternary aromatic C,7), 144.9
(quaternary aromatic C,r), 140.3, 137.4, 131.5, 130.4,
128.3, 127.7 (quaternary aromatic c¢’s), 127.4, 127.0,
126.2, 125.1, 124.7, 124.1, 123.5, 121.2 (aromatic CH’s),
125.3 (aromatic CH,s,6¢¢), 121.4 (aromatic CH,s r), 71.2
(CH,), 46.8 (CH); m/z (EI) 378, 139, 44; (FAB) 561 (M%),
379. HRMS 561.15759, C,.H,,NO. requires: 561.15761 (.) < 1

pPpnm.

N,-17-Tetrabenzo(a,c,qg,i) fluorenylmethoxycarbonyl

glycine tert-butyl ester (42)

To a sélution of 17-tetrabenzo(a,c,g,1i)fluorenyl-
methyl-p-nitrophenyl carbonate (39.2 mg, 0.07 mmol) and
glycine tert-butyl ester acetate salt (14.7 mg,
0.077 mmol; 1.1 equiv.) in dichloromethane (1.5 ml) was
added N,N'-dimethy{:aniline (18 pl, 0.14 mmol; 2 equiv).
The reaction mixture was stirred at room temperature,
under nitrogen, for 72h. After addition of water (10 ml)

and acidification with KHSO, (2M; pH=1), the reaction



101

mixture was extracted with dichloromethane (3 x 15 ml),
washed with water (3 x 20 ml) and dried over MgSO,. The
solvent was removed in vacuo to give an orange oil which
was triturated in ether. A yellow solid was obtained
which was filtered, washed with petrol (b.p. 40-60°C) and
dried to give the title compound (30.6 mg, 79%):; m.p.
170-171°C; (Found: C, 79.7; H, 5.51; N,b 2.33 C,,H,,NO,
requires: C, 80.3; H, 5.60; N, 2.53%); t.l.c. Rg¢ (H) 0.79,
R (I) 0.95; wvpax (CH,Cl,) 3440 (secondary amide NH), 3060
(CH stretching, aromatic), 2940 (CH stretching, alkyl),
1725 (CO, wurethane, ester and amide 1I), 1600, 1500
(aromatic rings), 1520 (amide II), 1340 (OH bonding) cm™!,
1220, 1160, 1110(CO stretching), 865, 850 (out of plane CH
bending) cm™'; \pax 384 (16323), 367 (17656), 302 (42641),
290 (34313), 262 (62296) nm; sy (CDCl,, 80 MHz) 8.85-8.60
(6H, m, aromatic), 8.39-8.28 (2H,'m, aromatic), 7.81-7.56
(8H, m, aromatic), 5.27 (1H, t, 33 = 6 Hz, CH), 4.98 (1H,
s broad, NH), 4.61 (2H, 4, 3J = 6 Hz, CH,), 3.74 (2H, 4,
3J = 6 Hz, CH, glycine), 1.44 (9H, s, CH,x3); ¢ (CDCla,
50 MHz) 168.7 (CO, ester), 156.1 (CO, urethane), 141.9,
136.7, 131.5, 130.3, 128.7, 127.9 (quaternary aromatic
C’s), 127.4, 126.8, 126.0, 125.8, 125.3, 124.9, 123.5,
123.1 (aromatic CH’s), 82.0 (quaternary C, CMe,), 69.0
(CH,), 47.5 (CH), 43.2 (CH,, glycine), 27.9 (CH,x3); m/2z
(FAB) 553, 379. HRMS 553.22527, C,,H,,NO, requires

553.22529 () < 1 ppm.
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N,-17-Tetrabenzo(a,c,qg,i) fluorenylmethoxycarbonyl

glycine, Tbfmoc GLYOH (36)

A solution of N,-17-tetrabenzo(a,c,qg,i) fluorenyl-
methoxycarbonyl glycine tert-butyl ester (0.392 g,
0.708 mmol) and p-toluenesulphonic acid (39.2 mg,
0.206 mmol) in dichloromethane (15 ml) was heated under
reflux for 4.5h, during which time a precipitate was
formed. This precipitate was filtered, washed with
dichloromethane (2 x 15 ml) and dried to afford ﬁhe title
compound (319 mg, 90%); m.p. 240-241°C; (Found: C, 77.7;
H, 4.5; N, 2.0 C,,H, ,NO, requires: C, 79.7; H, 4.63; N,
2.82%); t.l.c. Rf (H) 0.56, Rg (I) 0.80; »rpax (KBr disc)
3320 (NH stretching), 3060 (CH stretching, aromatic), 1735
(Cco, acid), 1710 (CO, urethane), 1680 (amide I), 1540
(amide II), 1610, 1500 (aromatic 1rings), 1435 (CH
deformations, alkyl), 1310 (OH bending), 1260, 1240, 1175,
1160, 1040 (CO stretching), 1000, 745, 720 (out-of-plane
CH bending) cm™'; ipax 382 (21744), 368 (23297), 303
(55913), 291 (45041), 264 (82005), 255 (88839) nm; oy
(d-dioxan, 200 MHz), 9.05-8.97 (4H, 2xd, aromatic), 8.83
(2H, 4, 3J = 7.8 Hz, aromatic), 8.64 (2H, 4, 3J = 7.8 Hz,
aromatic), 7.95-7.74 (8H, m, aromatic), 6.53 (1H, t, 3J =
5.8 Hz, NH), 5.61 (1H, t, 3J = 5.1 Hz, CH), 4.78 (2H, d,
8 = 5.1 Hz, CH,), 3.96 (2H, d, 3J = 5.8 Hz, CH, glycine);
6c (d-dioxan, 50 MHz) 170.6 (CO, acid), 156.2 (cCoO,
urethane), 142.5, 136.2, 131.3, 130.0, 128.7, 127.7

(quaternary aromatic ¢C’s), 127.0, 126.5, 125.6, 125.4,
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124.5, 123.3, 122.8 (aromatic CH’s), 68.3 (CH,), 47.6
(CH), 41.5 (CH,, glycine); m/z (FAB) 497, 397. HRMS -
498.17053, C,,H, ,NO, requires 498.17052 (.) < 1 ppm.

HPLC: column (RP 18), solvents: A (H,0/TFA(0.1%)),
B(CH,CN/TFA(0.1%)): conditions: B (75%), A (25%) ;
A=229 nm,AUFS=2 or =368 nm,AUFS=1; flow rate: 1 ml/min;
injection: 25 41, ¢=1.3 mg/ml (dioxan/water (1:1)),

retention time: 5.4 min.

(17-Tetrabenzo(a,c,q,i) fluorenyl)methyl methane-

sul fonate) (60)
To a suspension of 17-hydroxymethyltetrabenzo

(a,c,g,i)fluorene (0.20 g, 0.505 mmol) and methanef
sulphonic anhydride (0.92 g, 5.32 mmol, 10.5 equiv.) in
dichloromethane (8 ml) was added N,N’-dimethylaniline
(160 g1, 1.26 mmol; 2.5 equiv.). The reaction mixture was
stirred overnight at room temperature under nitrogen. The
solvent was removed in vacuo to give a residue. After
purification by flash chromatography (eluent (F)), the
fractions containing material of Rf = 0.26 (F) were
evaporated to give an orange oil. Trituration in
diethylether gave the title compound as a yellow solid
which was filtered and dried (181.7 ng, 76%); m.p.
178-181°C; (Found: C, 78.2; H, 4.59 C,,H,,0,S requires: C,
78.5; H, 4.64%); t.l.c. R¢ (C) 0.13, Rf (F) 0.26; rpax

(CH,Cl,) 3060 (CH stretching, aromatic), 2920 (CH
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stretching, alkyl), 1610, 1500 (aromatic rings), 1360,
1175 (SO,), 1230, 1040 (CO stfetching), 990, 970, 940
(out-of-plane CH deformation) cm™'; sy (CDCl,, 200 MHz)
8.74 (4H, 2x4, arbmatic), 8.58 (2H, d4, 33 = 7.9 Hz,
aromatic), 8.16 (1H, d4, 3J = 6.6 Hz, aromatic), 8.15 (1H,
d, 3J = 6.2 Hz, aromatic); 7.75-7.54 (8H, m, aromatic),
5.01 (1H, t, 33 = 5.0 Hz, CH), 4.76 (2H, d, 3J = 5.0 Hz,
CH,), 2.19 (3H, s, CH,):; &c (CDCl,, 50 MHz) 140.1, 137.3,
131.5, 130.4, 128.1, 127.6 (quaternary aromatic C’s),
127.4, 127.1, 126.3, 126.2, 125.1, 124.4, .123.5, 123.4
(aromatic CH'’s), 72.4 (CH,), 47.1 (CH), 36.6 (CH,); m/z
(FAB) 474 (M%), 379. HRMS 474.12898, C,,H,,0,5 requires:

474.12896 (.) < 1 ppm.

N@-17-Tetrabenzo(a,c,q,i) fluorenylmethyl-L-alanine
tert-butyl ester (61)

To a suspension of alanine tert-butyl ester
hydrochloride (80.7 mg, 0.444 mmol; 2 equiv.) in ethyl
acetate (4 ml) was added triethylamine (62 xl, 0.444 mmol;
2 equiv.). The reaction mixture was stirred for 3h at
room temperature. The precipitated triethylamine
hydrochloride was filtered off, washed with ethyl acetate
(2 x 0.5 ml) and dried (53.9 mg, 88%). To the filtrate
containing the free amino acid ester was added
(17-tetrabenzo(a,c,qg,i) fluorenyl)methyl methanesuifonate
(105.2 mg, 0.222 mmol) and N,N’-dimethylaniline (28.1 ul,

0.222 mmol). The reaction mixture was stirred overnight
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at room temperature. After addition of water (20 ml) and
acidification with KHSO, (2M; pH=1), the reaction was
extracted with dichloromethane (3 x 40 ml). The combined
organic phases were washed with water (2 x 35 ml; pH 6-7)
and dried over MgSO,. After filtration the solvent was
removed in vacuo to give an orange oil. Following
purification by flash chromatography using chloroform and
then a mixture of chloroform/methanol (9:1) as the eluent,
the fractions containing material of Rg = 0.79 (B) were
evaporated to give a yellow o0il. Diethyl ether was added
and subsequently removed in vacuo to give the title
compound as a Yellow foam (88.5 mg, 76%); m.p. 65-73°C;
(Found: C, 84.0; H, 6.39; N, 2.80 C,,H,,NO, requires: C,
84.9; H, 6.31; N, 2.68%); t.l.c. Rf (B) 0.79, Rg(I) 0.86;
*max (CH,Cl,) 3060 (CH stretching, aromatic), 2960, 2940,
2870 (CH stretching, alkyl), 1725 (CO, ester), 1610, 1500
(aromatic rings), 1370 (CH, symmetrical deformation),
1220, 1150, 1045 (Co stretching), 850 (out-of-plane CH
bending) cm™'; Apayx 383 (18014), 368 (18886), 302 (43874),
290 (36610), 254 (74382) nm; &y (CDCl,, 200 MHz), 8.82-
8.64' (6H, m, aromatic), 8.39-8.25 (2H, m, aromatic),
7.75-7.57 (8H, mn, aromatiq), 4.96 (1H, dxd, 3Ja;c = 4.7
Hz, 3Jp,c = 4.4 Hz, CH), 3.56 (1H, dxd, 2Ta,p = 12.2 Hz;
*Ja,c = 4.7 Hz, Ha(CH,;)), 3.45 (1H, dxd, 2J,,p = 12.2 Hz,
3Jp,c = 4.4 Hz, Hb(CH,)), 2.77 (1H, q, 33 = 7.0 Hz, « CH),
"1.15 (9H, s, CH,x3), 0.87 (3H, 4, 3J = 7.0 Hz, CH,): é¢

(cbcl,, 50 MHz) 174.3 (CO, ester), 143.7, 143.1, 136.7,
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136.5,. 131.2, 130.2, 128.6, 128.5, 127.9, 127.8
(quaternary aromatic C’s), 127.3, 126.6, 125.7, 125.5,
124.8, 123.3, 123.2 (aromatic CH’s), 80.1 (quaternary C,
C(Me),), 57.4 (a CH), 52.0 (CH,), 49.0 (CH), 27.5 (CH ,x3),
18.2 (CH,); m/z (FAB) 524 (MH'), 468. HRMS 524;25895,

C,,H,,NO, requires: 524.25894 (.) < 1 ppm.

N°f-17-Tetrabenzo(a,c,g,i)fluorenylmethyl-L—alaninel

Tbfm-L-Ala OH (57)

A solution of N&-17-tetrabenzo(a,c,qg,i) fluorenyl-
methyl-L-alanine tert-butyl ester (52.3 mg, 0.1 mmol) in
trifluoroacetic acid (0.475 ml) and water (0.025 ml) was
sonicated for 3.5h. The solvent was evaporated under
reduced pressuré to give a residue. Trituration in ether
gave the trifluoroacetate salt of the title compound as a
yellow solid, which was filtered off, washed with ether
and dried (40.4 mg, 69%). A small aliquot was dissolved
in a mixture of CH,COOH and H,0 and lyophilised to give an
analytically pure sample of the acetate; m.p. 139-142°C;

(Found: ¢, 79.7; H, 5.25; N, 2.75 C, ,H,,NO, requires: c,

79.7; H, 5.50; N, 2.66%); [alp (TFA salt) + 163.4° (C = 1
in CH,COOH); t.l.c. Rf 0.50 (I), Rg 0.20 (H); »pax (KBr)
3400(NH), 3070 (CH stretching aromatic), 2920, 2850(CH
stretching, alkyl), 1700 (CO, acid), 1620(C00~), 1500
(aromatic rings), 1450, 1435 (CH deformation, alkyl),
1240, 1200, 1040 (CO stretching), 750, 730 (out-of-plane

CH bending) cm~'; Apax (TFA salt) 382 (22917), 365
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(27759), 300 (69720), 288 (56809), 252 (122660) nm; oH
(d,-acetic acid, 200 MHz) 8.81-8.72 (4H, m, aromatic),
8.57 (2H, d, °3J=8.5 Hz, aromatic), 8.21-8.14 (2H, m,
aromatic), 7.77-7.54 "~ (8H, m, aromatic), 5.11 (1H, ¢t
(broad), CH), 4.53 (1H, dxd (broad), Hz(CH,)), 4.37 (1H,
dxd (broad), Hp(CH,)), 3.69 (1H, q, 33 = 7.2 Hz, o CH),
0.90 (3H, d, 33 = 7.2 Hz, CH,); éc (d,- acetic acid, 50
MHz) 172.5 (cO, acid), 138.2, 137.7, 137.4, 137.3, 131.52,
131.48, 130.1, 130.0, 127.58, @ 127.54, 126.9, 126.8
(quaternary aromatic C’s), 127.2, 126.7, 126.2, 126.0,
125.8, 124.3, 123.7, 122.8 (aromatic CH’s), 57.8 (a CH),
49.2 (CH,), 44.0 (CH), 13.4 (CH,); m/z (FAB) 468 (MHY),
379. HRMS 468.19637, C,,H,.NO, requires: 468.19634 (.) <

1 ppm.

N®-17-Tetrabenzo(a,c,qg,i) fluorenylmethyl-L-phenylalanine

tert-butyl ester (63)

To a suspension of L-phenylalanine t-butyl ester
hydrochloride (0.594 g, 2.30 mmol; 2 equiv) in ethyl
acetate (22 ml) was added triethylahine (319.8 ul,
2.30 mmol; 2 equiv). The reaction mixture Qas stirred for
2.5 h at room temperature. The precipitated triéthylamine
hydrochloride was filtered off, washed with EtOAc (2 x
1 ml) and dried (0.314 g, 99%). To the filtrate
containing the free amino acid ester was added (17-tetra-
benzo(a,c,g,i) fluorenyl)methyl methanesulfonate (0.546 g,

1.152 mmol), N,N’-dimethylaniline (146 xl, 1.152 mmol) and
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dichloromethane (5 ml). The reaction mixture was stirred
overnight at room temperature undér nitrogen. After
addition of water (100 ml) and acidification to pH = 1
with KHSO, (2 M), the reaction was extracted with
dichloromethéne (3 x 200 ml). The combined organic phases
were washed with water to pH 6-7 (2 x 200 ml) and dried
over MgSoO,. After filtration; the solvent was evaporated
under reduced pressure to give ,anb orange oil. After
purification by flash chromatography using benzene
followed by a mixture of benzene and methanol (97:3) as
the eluent, the fractions containing material of Ry = 0.09
(benzene) were evaporated to give a yeliow oil. Diethyl
ether was added and subsequently removed in vacuo to give
the title compound as a yellow foam (0.537 g, 78%); m.p.

65-74°C; (Found: C, 85.9; H, 6.24; N, 2.38 C,;H,;,NO,

requires: C, 86.1; H, 6.18; N, 2.34%); [afp + 41.6° (Cc =
1, CH,Cl,); t.l.c. Rf (F) 0.09, Rf¢ (H) 0.80; »rpax (KBr)
3060, 3030 (CH stretching, aryl), 2980, 2920, 2850 (CH
stretching, alkyl), 1720 (CO, ester), 1610, 1500 (aromatic
rings), 1450, 1435 (CH deformations, alkyl), 1390, 1370
(CH,, symmetrical deformations), 1240, 1150, 1045 (CO
stretching), 850, 750, 725, 700, 680 (CH, out-of-plane
deformation) cm™'; Apax 382 (22742), 368 (23742), 303
(54982), 290 (46235), 254 (93469) nm; 8y (CDCl,, 200 MHz)
8.84-8.64 (6H, m, aromatic), 8.31-8.20 (2H, m, aromatic),
7.76-7.58 (8H, m, aromatic), 6.97-6.82 (3H, m, aromatic

(meta and para), phenylalanine), 6.64-6.59 (2H, m,
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aromatic (ortho), phenylalanine), 4.90 (1H, apparent t,
3Jc,a = 4.2 Hz, 3oy, = 4.5 Hz, Hc (CH)), 3.71 (1H, 4 x d,
2Ja,p = 12.2 Hz, 3Jp c = 4.5 Hz, Hp (CH,)), 3.45 (1H, d x
d, 2Ja,p = 12.2 Hz, 3J,,c = 4.2 Hz, Hy (CH,)), 2.84 (1H,
t, 33 = 6.5 Hz, o CH), 2.41 (2H, d, 3J = 6.5 Hz, g CH,),
'2.03 (1H, s (broad), NH), 1.05 (9H, s, CH, x 3);: g
(cpcl,, 50 MHz) 173.1 (CO, ester), 143.5, 142.8, 137.1,
136.7, 131.3, 130.29, 130.26, 128.5, 128.0, 12779
(quaternary aromatic C’s), 128.7, 128.2, 127.6, 127.3,
126.7, 125.8, 125.6, 124.8, 124.5, 123.3 (aromatic CH’s),
80.4 (quaternary C, C(CH,),), 63.4 (a CH), 51.8 (CH,),
49.1 (CH), 39.0 (B CH,), 27.5 (CH, x 3); m/z (FAB) 600
(MH*), 544, 379. HRMS 600.29021, C,,H,,NO, requires

600.29024 (.) < 1 ppm.

Na-17—Tetrabenzo(a,c,q.i)fluorenvlmethvl—L-phenvlalanine,

Tbfm-L-Phe OH (53)

A solution of N@-17-tetrabenzo(a,c,qg,i) fluorenyl-
methyl-L-phenylalanine tert-butyl ester (421.1 mg, 0.702
mmol) in trifluoroacetic acid (3.6 ml) and water (0.2 ml),
was sonicated for 3.5h at room temperature. The solvent
was removed in vacuo to give a brown residue. Trituration
in diethylether gave the title compound as a yellow solid
which was chilled overnight, filtered, washed with ether,
and finally dried (352.7 mg, 92%); m.p. 178-180°C; (Found:

C, 85.2; H, 5.47; N, 2.57 C,,H, NO, requires: C, 86.2; H,

5.37; N, 2.59%); [alp =-40.4° (C = 1, TFA); t.l.c. Rg (H)
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0.36, Rf (I) 0.62; »pay (KBr) 3090, 3060, 3030 (CH
stretching, aryl), 1620 (CO0~), 1500 (aromatic rings),
1240, 1190, 1040 (CO stretching), 750, 725, 700 (CH
out-of-plane deformation) cm™'; Apax 384 (18868), 369
(21267), 304 (52447), 292 (41894), 264 (78991), 255
(86346) nm; sc (TFA, 50 MHz) 169.5 (CO, acid), 137.9,
136.9, 136.1, 134.2, 131.8, 131.4, 130.5, 129.8, 126.3,
126.1, 125.8 (quaternary aromatic C’s) 128.7, 127.9,
127.2, 127.0, 126.8, 124.8, 123.44, 123.34, 123.29, 122.2
(aromatic CH’s), 62.2 (a CH), 50.9 (CH,), 43.2 (CH), 34.2
(BCH,); m/z (FAB) 544 (MHY), 379. HRMS 544.22762,

C,,H,,NO, requires: 544.22764 (.) < 1 ppm.

Na-17-Tetrabenzo(a,c,g,i)fluorenzlmethyl-L~proline
tert-butyl ester (64)

To a suspension of L-proline tert-butyl ester
hydrochloride (411.5 mg, 1.981 mmol; 2 equiv) in ethyl
acetate (20 ml) was added triethylamine (275 gl; 1.981
mmol; 2 equiv). The reaction mixture was stirred for 2.5h
at room temperature. The precipitated triethylamine
hydrochloride was filtered off, washed with EtOAc (2 x
0.5 ml) and dried (255.4 mg, 94%). To the filtrate
containing the free amino acid ester was added
(17-tetrabenzo(a,c,qg,i) fluorenyl)methyl methanesulfonate
(469.5 mg, 0.99 mmol) and dichloromethane (5 ml). The

reaction mixture was stirred overnight at room temperature
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under nitrogen. A clear orange solution was obtained.
After addition of water (100 ml) and acidification with
KHSO, (2M) to pH = 1, the reaction mixture was extracted
with dichloromethane (3 x 200 ml). The combined organic
phases were washed with water (2 x 200 ml) to pH 6-7 and
dried over MgSoO,. After filtration the solvent was
removed 1in vacuo to give .an orange oil. After
purification by flash chromatography using benzene as the
eluent, the fractions containing material of Reg = 0.23
were evaporated to give a yellow oil. Diethyl ether was
added and subsequently removed in vacuo to afford the
title compound as a yellow foam which was finally dried in
a vacuum desiccator (435.8 mg, 80%); m.p. 78-87°C; (Found:

C, 84.8; H, 6.43; N, 2.43 C, H, ,NO, requires: C, 85.2; H,

6.42; N, 2.55%); [afp =56.6° (C = 1, CH,Cl,); t.l.c. Rf
(H) 0.59, Re (F) 0.23; »pax (CH,Cl,) 3060 (CH stretching,
aryl), 2960, 2940, 2870 (CH stretching, alkyl), 1725 (CO,
ester), 1610, 1500 (aromatic rings), 1395, 1370 (CH,,
symmetrical deformations), 1220, 1150, 1040 (co
stretching) cm™'; payx 384 (23210), 368 (23820), 302
(43060), 254 (92838) nm; 6y (CcDCl,, 200 MHz) 8.84-8.65
(7H, m, aromatic), 8.32 (1H, m, aromatic), 7.74-7.57 (8H,
m, aromatic), 5.14 (1H, 4 x 4, 3Jc,a = 4.19 Hz, 3J¢c,b =
4.21 Hz, Hc (CH)), 3.77 (1H, d x 4, 2Ja,p = 13.9 Hz, 3J, ¢
= 4.2 Hz, Hy (CH,)), 3.06 (2H, m, Hb (CH,) and o« CH), 2.74
(1H, m, Pro), 2.36 (1H, m, Pro), 1.87-1.57 (4H, m, Pro),

1.32 (9H, s, CH, x 3); éc (CDCl,, 90 MHz) 174.0 (CO,
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ester), 145.9, 143.6, 136.2, 135.9, 131.3, 131.2, 130.3,
130.1, 129.2, 128.7, 128.2, 128.1 (quaternary aromatic
Cc’s), 127.3, 126.7, 126.5, 126.2, 125.6, 125.5, 125.4,
125.3, 124.8, 124.7, 123.4, 123.1, 122.7 (aromatic CH'’s),
80.2 (quaternary C, C (CH,),), 66.8 (a CH), 59.4 (5 CH,),
53.6 (CH,), 49.5 (CH), 29.6 (8 CH,), 27.8 (CH, x 3), 23.6
(y CH,); m/z (FAB) 550 (MH*), 494, 379. HRMS 550.27461,

C,,H, ,NO, requires: 550.27459 (.) < 1 ppm.

N&@-]17-Tetrabenzo(a,c,qg,i) fluorenylmethyl-I.-proline

Tbfm-L-Pro OH (62)

A solution of. N&®-17-tetrabenzo(a,c,g,i)fluorenyl-
methyl-L-proline tert-butyl ester (316.6 mg, 0.576 mmol)
in trifluoroacetic acid (3 ml) and water (158 xl) was
sonicated for 3.5h at room temperature. The solvent was
removed in vacuo to give a brown residue. Diethyl ether
was added and the title compound was obtained as a yellow
precipitate, -which was chilled pvernight, filtered and
dried (295.3 mg, 84%); m.p. 121-124°C; (Found: C, 76.3; H,
4.89; N, 2.39 C,,F,H,,NO, requires: C, 73.1:; H, 4.61; N,

2.31%); [o]p = + 28.6° (C = 1, CH,Cl,); t.l.c. Rf (H)

0.28, Rf (I) 0.36; vpax (KBr) 3400 (NH), 3070 (CH
stretching, aryl), 2960 (CH stretching, élkyl), 1720, 1690
(CO, acid), 1500 (aromatic rings), 1450, 1435 (CH
deformations, alkyl), 1240, 1180, 1130, 1045 (Cco
stretching), 755, 730 (out-of-plane, CH deformation) cm~';

‘max 384 (12564), 368 (14359), 302 (36796), 290 (29392),
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262 (54745), 254 (61027) nm; éx (CDCl,, 200 MHz) 8.74-8.48
(6H, m, aromatic), 8.04-7.96 (2H, m, aromatic), 7.75-7.47
(8H, m, aromatic), 4.99 (1H, apparent s, Hs, CH), 4.50
(1H, d x 4, 2J5,p = 13.5 Hz, 3T, c = 4.8 Hz, Ha (CH,)),
4.10 (1H, apparent d, .2Jb,a = 13.5 Hz, Hp (CH,)), 3.49
(lH, d x d, 33 = 5.3 Hz, 3 = 5.2 Hz, o CH, Pro), 2.28
(1H, m, Pro), 1.83-1.07 (5H, m, Pro); éc (CDCl,, 90 MHz)
172.3 (co, acid), 141.6, 139.9, 137.7, 137.4, 131.7,
131.4, 130.5, 130.4, 128.1, 127.9, 127.7 (quaternary
aromatic C¢’s), 127.3, 127.25, 126.5, 126.3, 126.2, 125.3,
125.1, 124.0, 123.8, 123.6, 123.5 (aromatic CH’s), 69.7 («
CH), 60.7 (& CH,), 55.3 (CH,), 47.1 (CH), 28.5 (B8 CH,),
24.3 (y CH,):; m/z (FAB) 494 (MH'), 379. HRMS 494.21201,

C,sH,,NO, requires: 494.21199 (.) < 1 ppm.

N@-17-Tetrabenzo(a,c,q,i) fluorenylmethoxycarbonyl~
L-phenylalanine tert-butyl ester, Tbfmoc-L-Phe 0OtBu (54)

To a suspension of L-phenylalanine tert-butyl ester
hydrochloride (126.7 mg, 0.491 mmol) ir; ethyl acetate
(6 ml) was added triethylamine (68.5 pl, 0.491 mmol). The
reaction mixture was stirred for 2.5h at room temperature.
The precipitated triethylamine hydrochloride was filtered
off, washed with ethyl acetate (2 x 0.5 ml) and dried
(65.3 mg, 97%). The filtrate was evaporated to give a
résidue which was redissolved in acetic acid. Following
lyophilisation the acetate salt was obtained as a white

solid (83.9 mg, 61%).
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To a solution of 17-tetrabenzo(a,c,g,i)fluorenyl-
methyl-para-nitrophenyl carbonate (139.4 mg, 0.248 mmol)
and L-phenylaianine tert-butyl ester acetate (83.9 mg,
0.298 mmol; 1.2 equiv) in dichloromethane (5 ml) was added
N,N’-dimethylaniline (63 gl, 0.497 mmol; 2 equiv). The
reaction mixture was stirred at room temperature under
nitrogen for 120h. After addition of water (10 ml) and
acidification with KHSO, (2M) to pH=1, the reaction
mixture was extracted with dichloromethane (3 x 20 ml).
The combined organic phaées were washed with water (2 x
15 ml) to pH 6-7 and dried over MgSO,. After filtration
the solvent was evaporated under reduced pressure to give
an orange oil. After purification by flash chromatogréphy
using toluene as the eluent, the fractions containing
material of Rg=0.04 were evaporated to give a yellow
solid. Recrystallisation from ether/petrol (b.p. 40-60°C)
gave the title compound as a pale yellow solid which was
filtered, washed with petrol and finally dried (73.9 mq,
46%); m.p. 158-162°C (dec); t.l.c. Rg(C) 0.04, Re(H) 0.84;
*rmax (KBr) 3280 (NH stretching), 3060, 3030 (CH
stretching, aryl), 2980, 2930 (CH stretching, alkyl), 1735
(CO, ester), 1715 (CO, urethane), 1680 (amide I), 1610
(aromatic rings), 1545 (amide II), 1500 (aromatic rings)
1440 (CH deformations, alkyl), 1390, 1370 (CH,,
symmetrical deformations), 1290, 1255, 1220, 1155, 1050
(CO stretching), 850, 750, 720, 700 (out-of-plane CH

deformation) cm~'; m/z (FAB) 643 (M*), 379. HRMS
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643.27225, C, ,H,,NO, requires : 643.27224 (.) < 1 ppm.

N&-17-Tetrabenzo(a,c,q,i) fluorenylmethoxycarbonyl-L-
phenylalanine, Tbfmoc-L-Phe OH (55)

A solution of N&-17-tetrabenzo(a,c,qg,i) fluorenyl-
methoxycarbonyl-L-phenylalanine tert-butyl ester (68.2 mg,
0.106 mmol) in trifluoroacetic acid (950 ul) and water (50
pl) was sonicated for 2.5h. The solvent was removed in
vacuo to give a purple residue. A mixture of diethyl
ether and petrol b.p. 40-60°C (1:1) was added. The
precipitate obtained was <chilled overnight, filtered,
washed with petrol and finally dried in a vacuum

desiccator over P,0, to give the title compound (57.6 mg,

93%); m.p. 137-140°C; [a]p’ -50.8 (C=0.25, CH,Cl,): t.l.c.
: Re(H) 0.43, Re(I) 0.89; vpaxy (KBr) 3410 (NH stretching),
3060, 3030 (CH stretching, aryl), 2960, 2860 (CH
stretching, alkyl), 1715 (CO, acid and urethane), 1610,
1500 (aromatic rings), 1435, 1420 (CH deformations,
alkyl), 1340 (OH bending), 1215, 1050 (CO stretching),
750, 730, 700 (out-of-plane CH deformation) cm™'; Apay 384
(15794), 368 (16896), 302 (39670), 290 (32324), 262
(59505), 254 (64647) nm; &y (CDCl,, 200 MHz) 8.80-8.58
(6H, m, aromatic), 8.30-8.19 (2H, m, aromatic), 7.65-7.54
(8H, m. aromatic), 7.19-7.07 (5H, m, aromatic (Phe)), 5.13
(1H, apparent t, CH), 4.98 (1H( d, 3J=8.4 Hz, NH),
4.79-4.64 (2H, m, Hy (CH,) and aCH (Phe)), 4.30-4;24 (1H,

m, H, (CH,)), 3.08 (2H, m, B8 CH, (Phe)); &c (CDCl,, 90
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MHz), 175.8 (CO, acid), 155.8 (€O, wurethane), 142.6,
141.0, 136.8, 136.5, 135.3, 131.5, 130.3, 130.1
(quaternary aromatic C’s), 129.0, 128.6, 127.4, 127.3,
127.1, 126.8, 126.6, 125.9, 125.7, 125.5, 125.1, 124.9,
124.8, 123.4, 123.1, 123.0 (aromatic CH'’s), 69.2 (CH,),
54.4 (a CH), 47.4 (CH), 37.4 (B CH,); m/z (FAB) 587 (M%),
379. HRMS 588.21744, C, H, NO, requirés : 588.21747 () <

1 ppm.

N@-17-Tetrabenzo(a,c,q,i) fluorenylmethoxycarbonyl-1-

methionine methyl ester, Tbfmoc-L-Met OCH, (56)

To a suspension of L-methionine methyl @ester

hydrochloride (0.300 g, 1.50 mmol) in ethyl acetate (6 ml)
was added triethylamine (209.4 41, 1.50 mmol). The
reaction mixture was stirred for 40h at room temperature
under nitrogen. The precipitated triethylamine
hydrochloride was filtered off, washed with ethyl acetate
(2 x 0.5 ml) and dried (222.3 mg; overweight). Analysis
of this salt by t.l.c. (CHCl,/MeOH/CH,COOH (9:1:0.5))
revealed after ninhydrin spray the presence of some
L-methionine methyl ester hydrochloride. The filtrate was
evaporated under reduced pressure and the residue obtained
was redissolved in glacial acetic acid. After
lyophilisation the acetate salt of L-methionine .methyl
ester was obtained as a white solid (220.4 mg, 66%). To a
solution of 17-tetrabenzo(a,c,qg,1i) fluorenylmethyl-para-

nitrophenyl carbonate (0.238 g, 0.424 mmol) and
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L-methionine methyl ester acetate (113.7 mg, 0.509 mmol;
1.2 equiv) in dichloromethane (5 ml) was added
N,N’-dimethylaniline (107.6 pl, 0.848 mmol; 2 equiv). The
reaction mixture was stirred at room temperature, under
nitrogen and in the dark, for 96h. After addition of
water (20 ml) and acidification with KHSO, (2M) to pH=1,
the reaction mixture was extracted with dichloromethane (3
X 40 ml). The combined organic phases were washed with
H,0 (2 x 40 ml) to pH 6-7 and dried over MgSo,. After
filtration the solvent was removed in vacuo to give an
orange oil. Diethy7/ether was édded and the title compound
was obtained as a yellow precipitate which was chilled for
40h, filtered, washed with ether and dried (130.9 mng,
53%); m.p. 157-158°C; t.l.c. Rg (D) 0.20, Rf (B) 0.78;
rmax (KBr) 3290 (NH stretching), 3070 (CH stretching,
aryl), 2950, 2920 (CH stretching, alkyl), 1750 (cCo,
ester), '1715 (CO, urethane), 1680 (amide 1I), 1610
(aromatic rings), 1540 (amide II), 1500 (aromatic fings),
1430 (CH deformations, alkyl), 1280, 1260, 1220, 1170;
1050 (co Astretching), 750, 720 (out-of-plane CH
deformation) cm~'; &y (CDCl,, 200 MHz) 8.80-8.63 (6H, m,
aromatic), 8.30 (2H, d, 3J=7.6 Hz, aromatic), 7.73-7.57
(8H, m, aromatic), 5.22 (2H, m, CH and NH), 4.69 (1H, m,
Hy (CH,)), 4.51 (2H, m, Hp (CH,) and o CH (Met)), 3.73
(3H, s, CH, (ester)), 2.39 (2H, t, 3J=8.1 Hz, 4 CH,
(Met)), 2.02 (3H, s, € CH, (Met)), 1.86 (2H, m, g CH,

(Met)); m/z (FAB) 586 (MHY), 379. HRMS 586.20517,

A
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c,,H,,NO,S requires : 586.20519 (.) < 1 ppm.

3.3 SOLID PHASE SYNTHESIS

All protected amino acid derivatives were purchased
from Novabiochem and have L-stereochemiétry. Solid phase
peptide synthesis was carried out on an Applied Biosystems
430A peptide synthesiser. The DMF used was supplied by
Rathburn Chemicals Ltd. (peptide synthesis grade) . The
first residue of each sequence (i.e. the C-terminal
residue) was coupled to the p-alkoxybenzyl alcohol resin
outside the synthesiser. The extent of coupling was
determined by deprotecting a small sample of the 1loaded
resin and.quantitatively checking the olefin produced by
UV at 300 nm in the case of Fmoc-peptides and at 364 nm in
the case of bemoc-peptides (see Appendix 1II). Each
residue was coupled twice (2 equiv.), firstly by the
symmetrical anhydride method and secondly by the HOBt
active ester method (‘’double coupling’) (except Arg, Asn,
Gln double coupled via HOBt ester and Gly coupled once via
symmetrical anhydride (4 equiv.)). Preformed symmetrical
anhydrides were prepared from Fmoc-amino acids (1 mmol)
and DICI (0.5 mmol) with an activation time of 15 minutes,
and HOBt esters from Fmoc-amino acids (0.5 mmol), DICI
(0.5 mmol) and HOBt (0.5 mmol) with an activation time of
30 minutes. Coupling reactions were carried out over a
period of 30-60 minutes. Capping of unreacted amino

functions was performed for 6 minutes 'using acetic
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anhydride and pyridine in DMF. Deprotection of the
Fmoc-peptide-resin was achieved over a 12 minute period
(5+3+3+1 minutes) using a solution of 20% piperidine in
DMF. The resin was washed thoroughly with DMF at the end
of each cycle. As a rough monitor of the couplings, the
product solution from the deprotection steps was fed
through an ultraviolet detector (313 nm) and its
absorption recorded to give a series of peaks. Removal of
peptides from the resin and simultaneous cleavage of‘side
chain protecting groups were performed using a mixture of
trifluoroacetic acid/water/scavenger (95:5:5) for 2-3
hours. Chromatégraphy of NC@-protected peptides was
carried out using graphitised carbon (PGC 220-224; 150-180
pm, 100 m?/g) in a glass column. HPLC was carried out on
a Waters system using an ABIbaquapore Prep 10 C-18 300 &
pore size 20 um spherical silica (10 mm ID x 250 mm)
column for preparative separations and an ABI RP 18
aquapore OD 300 7 um spherical silica (4.6 mm ID x 220 mm)
column for analytical separations. A gradient was used,
as specified 'in parentheses, between solvent A (0.1% TFA
in water) and solvent B (0.1% TFA in acetonitrile). The
flow rate was 1 ml/min for analytical HPLC and 5 ml/min
for preparative HPLC. Elution of the samples was
monitored by ultraviolet absorption at 214 nm. Amino acid
analyses were carried out on a LKB 4150 alpha amino acid
analyser following sealed tube hydrolysis in cénstant-

boiling hydrochloric acid at 110°C for 18-36 hours.
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N®-9-Fluorenylmethoxycarbonyl glycylserylmethionyl-

valylleucylserine, Fmoc Gly Ser Met Val Leu Ser OH (44)

The resin-bound peptide Fmoc Ser (0YBu) Met Val Leu
Ser (0%Bu) (130.5 mg, 0.05 mmol) was sonicated in a
solution of 20% piperidine in N,N-dimethylformamide (5 ml)
for 20 min, then filtered and finally washed well with
N,N-dimethyl- formamide, dichloromethane and dioxan. Fmoc
Gly OH (89.2 mg, 0.3 mmol; 6 equiv.) was dissolved in
dioxan (2 ml); 1,3-diisopropylcarbodiimide (47 ul, 0.3
mmol; 6 equiv.) was then added and the reaction mixture
was sonicated for 5 min. This solution was then added to
the resin-bound peptide previously swollen in dioxan (1
ml). The reaction mixture was sonicated for 4.5h. The
- resin-bound peptide was filtered, washed with dichloro-
methane, ether, and dried (129.8 mg); product resin
functionality in mmol/g: 0.334, resin 1loading/coupling
percentage: 88; A, , nm = 0.76 (resin-bound peptide: 2.52
mg). To a mixture of resin-bound peptide (126.1 mg, 0.042
mmol) anisole (0.25 ml), eth%x;ethy%éulphide (0.25 ml) and
water (0.25 ml) was added trifluoroacetic acid (10 ml).
The reaction mixture was sonicated for 2h. The resin was
filtered, washed with trifluoroacetic acid (2 x 1 ml) and
chloroform (4 ml). The solvent was removed in vacuo to
give a residue. The peptide was precipitated on addition
of ether, filtered, washed with ether and dried (42.7 mg);
(Found: Ser, 1.90, Gly, 1.05, Val, 0.99, Met, 1.02, Leu,

1.01); m/z (FAB) 853, 837, 815 (MH'). HRMS 815.36488,
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C,H;N,0,,S, requires: 815.36492 (.) < 1 ppmn.
HPLC: column RP 18, solvents: A (H,O0/TFA (0.1%)), B

25 min. A (10%);

(CH,CN/TFA (0.1%)); conditions: A (90%)
A = 229 nm; AUFS = 0.2; flow rate: 1 ml/min.; injection:
25 pl (C = 0.4 mg/0.5 ml (dioxan)); retention time: 14.2

min.

Na-17-Tetrabenzo(a,c,g,i)fluofenylmethoxycarbonyl-

glycylserylmethionylvalylleucylserine, Tbfmoc Gly Ser Met

Val ILeu Ser OH (45)
The resin-bound peptide Fmoc Ser (0tBu) Met Vval Leu
ser (oBUt) (65.3 mg, 0.025 mmol) was sonicated in a
solution of 20% piperidine in DMF (5 ml) for 20 min. The
resin-bound peptide was then filtered and washed well with
DMF, dichloromethane and dioxan. Tbfmoc Gly OH (74.5 mg,
0.15 mmol; 6 equiv.) was sonicated for 30 min. in dioxan
(2 ml). 1,3-Diisopropylcarbodiimide (23.5 pxl, 0.15 mmol;
6 equiv.) was then added and the reaction mixture was
sonicated for 5 min. This solution was then added to the
resih-bound péptide previously swollen in dioxan (1 ml).
The reaction mixture was sonicated for 5h. The resin was
filtered, washed well with dichloromethane, dioxan and
ether, and then dried (58.3 mg):; | product resin
functionality in mmol/g: 0.28; resin loading/coupling
percentage: 80; A,,, pnpm = 0.43 (resin-bound peptide: 0.85
mg). To a mixture of resin-bound peptide (57.3 mg, 0.016

mmol), anisole (0.25 ml), ethylmethylsulphide (0.25 ml)



122

and water (0.25 ml), was added trifluoroacetic acid (5
ml). The reaction mixture  was sonicated for 2h. The
resin was filtered and washed with trifluoroacetic acid (1
ml) and chloroform (4 ml) and the solvent was removed in
vacuo. Trituration of the residue in ether gave the
desired peptide as a yellow solid which was filtered,
washed well with ether and dried (17.2 mg, 69%); (Found:
Ser, 1.8, Gly, 0.08, Val, 1.00, Met, 0.96, Leu, 1.00; m/z
(FAB) 1053, 1037, 1015 (MH'). HRMS 1015.42761,
C, H,,N.,O0,,S, requires: 1015.42752 (.) < 1 ppmn.

HPLC: column RP18, solvents: A (H,0/TFA (0.1%)); B

22 min, A (5%); X

(CH,CN/TFA (0.1%)):; conditions: A (75%)
= 229 nm; AUFS = 1; flow rate: 1 ml/min.; injection: 25 ul

(C = 0.2 mg/0.2 ml (dioxan)); retention time: 16.1 min.

Glycylserylmethionylvalylleucylserine, H Gly Ser Met Val
Leu Ser OH (46)

A solutionA of Tbfmoc Gly Ser Met Val Leu Ser OH
(29.2 mg, 28.8 umol) in a mixture of dioxan and water
(2:1; 15 ml) was loaded on a 9 mm diameter column packed
with graphitised carbon (4 g). The column was then eluted
with a mixture of dioxan and water (2:1; 60 ml). The
deprotection was carried out by eluting the column with
20% piperidine in a mixture of dioxan and water (2:1; 20
ml). The fractions containing the peptide (monitored by
t.l.c., Rfg = 0 (MeOH/CHCl,/CH,COOH (1:9:0.5) (using

ninhydrin) were combined and evaporated to give a residue.
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The peptide was precipitated with- ether, filtered and
dried (14.5 mg, 85%); (Found: Ser, 1.92, Gly, 0.98, Val,
1.03, Met, 0.87, Leu, 1.02; m/z (FAB) 609, 593 (MH').
HRMS 593.29689, C,_, H, ,O,N.S requires: 593.29685 (.) < 1

Ppm.

N&-(17-Tetrabenzo(a,c,qg,i) fluorenylmethoxycarbonyl)
glycylarginylthreonylleucylseryllaspartyltyrosylasparaqyl-
isoleucylglutaminyllysylglutamylserylthreonylleucylhistidyl-
leucylvalylleucylarginylleucylarginylglycylglycine,
Tbfmoc-ubiquitin (53-76) OH (48)

To the Fmoc-ubiquitin (54-76) resin-bound peptide
(150 mg, 22.65 gmol) in DMF (1 ml) was added acetic
anhydride (21.4 41, 226 umol; 10 equiv.) and pyridine.
(18.2 pl, 226 umol; 10 equiv.). The reaction mixture was
sonicated for 30 min. After filtration and washing with
DMF and ether, the resin-bound peptide was sonicated for
15 min in a solution of 20% piperidine in DMF (25 ml).
The resin bound peptide was then filtered and washed well
with DMF and ether. Tbfmoc Gly OH (45 mg, 0.09 mmol; 4
equiv.) was sonicated for 30 min. in dioxan (1.5 ml) until
complete dissolution. To this solution was added
1,3-diisopropylcarbodiimide (14 xl, 0.09 mmol; 4 equiv.)
and l-hydroxybenzotriazole (12.2 mg, 0.09 mmol; 4 equiv.).
The reaction mixture was sonicated for 2 min. This
solution was then added to the resin-bound peptide

previously swollen for 30 min. in dioxan (1.5 ml). After
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sonication for 3.5h, the resin-bound peptide was filtered,
washed with dioxan and ether and dried overnight in a
desiccator under vacuum (148.1 mg).

Substitution efficiency: The Tbfmoc résin-bound peptide
(2.1 mg) was sonicated for 30 min. in a solution of 20%
triethylamine in DMF (10 ml). The specific absorption at
364 nm was recorded and the following results were derived
from it: product resin functionality in mmol/g: 0.133;
resin loading/coupling percentage: 88; A,,, pm = 0.505
(resin-bound peptide: 2.1 mg).

To the resin-bound Tbfmoc-peptide (146 mg) was added water
(75 ul), thiocanisole (75 ul), anisole (75 ul) and
trifluoroacetic acid (3 ml). 'The reaction mixture was
sonicated for 2.5h. The resin was filtered, washed with
TFA (2 x 0.5 ml) and chloroform (2 x 1 ml), and dried (24
mg) . The filtrate was evaporated under reduced pressure
to give a residue. Trituration in ether gave the crude
peptide as a yellow solid which was chilled overnight,
filtered and dried (68.5 mg). A suspension of crude
Tbfmoc-ubiquitin (53-76) (12 mg) in CH,CN/H,0 (1:1; 0.1%
TFA; 12 ml) was then sonicated for 2h until complete
dissolution had occurred. Purification of this product
was finally achieved by preparative HPLC using a reverse
phase C-18 column (10 x 250 mm) with a gradient of A:B, 20
to 80% B over 25 min. and ultra?iolet detection at 214 nm,
to yield pure Tbfmoc ubiquitin (53-76) OH after lyophil-

isation as a white powder (4.5 mg); amino acid analysis:
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Asx, 2.14, Thr, 1.94, Ser, 1.87, Glx, 2.38, Gly, 2.73,
val, 1.14, Ile, 0.94, Leu, 5.02, Tyr, 0.94, His, 1.01,
Lys, 0.94, Arg, 2.94; m/z (FAB) 3147.4 (MH'),

HRMS 3149.64063, C,, H,,,N,;0,., requires: 3149.64048 (.) <

25 min.
—_—

1 ppm; HPLC (A:B, A (90%) A (10%); 214 nm; C =

0.2 mg/0.2 ml (A), injection: 25 yl), Rt = 18.2 min.

N%- (Acetyl)arginylthreonylleucylserylaspartyltyrosyl-
asparagylisoleucylglutaminyllysylglutamylserylthreonyl-
histidylleucylvalylleucylarginylleucylarginylglycylglycine,
N@-acetyl-ubiquitin (54-76) OH (49)

The resin-bound peptide Fmoc-ubiquitin (54-76)
(100 mg, 0.0151 mmol) was sonicated for 30 min. in a
solution of 20% piperidine in DMF (25 ml), then filtered,
and finally washed well with DMF and ether. To the resin
bound peptide previously swollen for 30 min. in DMF (1 ml)
was added acetic anhydride (143 ul, 1.51 mmol; 100 equiv.)
and pyridine (122 41, 1.51 mmol; 100 equiv.). The
reaction mixture was sonicated for 1h. The resin-bound
peptide was filtered and washed with DMF and ether. To
the resin-bound N@®-acetyl-peptide was added water (50 ul),
thioanisole (50 pl), anisole (50 xl) and trifluoroacetic
acid (2 ml). The reaction mixture was sonicated for 2.5h.
The resin was filtered, washed with TFA (2 x 0.5'm1) and
chloroform (2 x 0.5 ml). The solvent was removed in
vacuo. Trituration in ether gave the product as a white

precipitate which was chilled overnight, filtered and
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dried (43.6 mg). Purification of this peptide (23.4 mg)
was by preparative HPLC using the same reverse phase C-18
column with a gradient of A:B, 10 to 60% B over 16 min.
and UV detection at 214 nm, to give pure N%-acetyl-
ubiquitin (54-76) OH as a white solid after lyophilisation
(9.7 mg); amino acid analysis: Asx, 1.98, Thr, 1.82, Ser,
1.69, Glx, 2.33, Gly, 2.36, Val, 1.14, Ile, 0.91, Leu,
5.06, Tyr, 0.85, His, 1.01, Lys, 0.98, Arg, 2.87; m/z
(FAB) 2712.1 (MHY), HRMS 2712.49903, C,,.H,,,N,,0,.
requires 2712.49891 (.) < 1 ppm; HPLC (A:B, A (90%)

25 min. » (10%); 214 nm; C = 0.2 mg/0.2 ml (A), injection:

25pl1), Ry = 13.2 min.

Behaviour of N®-acetyl-ubigquitin (54-76) OH and Tbfmoc
ubiquitin (53-76) OH on PGC

A solution of Tbfmoc ubiquitin (53-76) OH (48) (5 mg)
and N@%-acetyl-ubiquitin (54-76) OH (49) (5 mg) wés
sonicated for one hour in a mixture of CH,CN/H,0/TFA
(5 ml; 6:4:0.5) and loaded onto a 5 mm diameter glass
column packed with graphitised carbon (1.4 g; PGC 220-224;
150-180 ugm; 100 m?/g; length after packing (140 mm)). The
column was then eluted with a 50% aqueous solution of
CH,CN and monitored by HPLC. For each fraction the
solvent was removed in vacuo, lyophilised and examined by
analytical HPIC.

The N@®-acetyl-peptide (5.1mg recovered) was totally

eluted by 30 ml of the mixture (Rt=13.2 min). Nothing was
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eluted by the next 325 ml of the mixture. The column was
then washed with pure dioxan (600 ml). HPLC showed that
the Tbfmoc peptide (Rt=18.2 min) was slowly eluted from
the column along with some impurities.

The deprotection was <carried out wusing a 20%
piperidine solution in a mixture of dioxan and water (1:1;
10 ml) followed by elutibn of the column with dioxan
(50 ml). The solvent was evaporated under reduced
pressure to give a residue, trituration of which in ether
gave a white solid (3.3 mg) corresponding to ubiquitin

(53-76) OH (50) (Ry = 12.6 min).

Glycylarginylthreonylleucylserylaspartyltyrosylasparaqyl- ‘
isoleucylglutaminyllysylglutamylserylthreonylleucylhistidyl-
leucylvalylleucylarginylleucylarginylglycylglycine,
‘ubiquitin (53-76) OH (50)

A solution of Tbfmoc-ubiquitin (53-76) OH (30 mg;
crude peptide) in a mixture of CH,CN/H,0 (1:1; 0.5% TFA;
30 ml) was sonicated for 30 min un£11 complete dissolution
and loaded on a 5 mm diameter glass column packed with
graphitised carbon (1.4g; PGC 220-224; 150-180 um;
100 m?/g; length after packing: 140 mm). The column was
first eluted with a mixture of CH,CN/H,0 (1:1; 0.5% TFA;
50 ml). After lyophilisation a residue (6.1 mg) was
obtained which gave a major peak on HPLC (R¢ = 13 min,,
Ne-acetyl-ubiquitin (55-76) or ubiquitin (54-76)). The

column was then eluted with a mixture of CH,CN/H,0 (1:1;



128

50 ml). A residue (0.4 mg) was obtained after
lyophilisation which was found by HPLC to contain
impurities. The deprotection was carried out using a 20%
piperidine solution in a mixture of CH,CN/H,0 (1:1; 50
ml). The solvent was removed in vacuo to give a residue
which was triturated-in ether, filtered and dried (11 mg).
This crude peptide (11 mg) was finally purified by
preparative HPLC (reverse phase C-18 column (10 x 250 mm) ;
gradient (A:B), 10 to 60% B over 25 min; detection at
214 nm) to give ubiquitin (53-76) OH as a white solid
after lyophilisation (4.5 mg, 15%); amino acid analysis:
Asx, 2.04, Thr, 1.88, Ser, 1.67, Glx, 2.27, Gly, 3.37,
val, 1.01, Ile, 0.90, Leuy 4.99, Tyr, 0.93, His, 1.01,
Lys, 0.96, Arg, 2.95; m/z (FAB) 2727.8 (MH*), HRMS

2727.50986, C,, H,,,N,,0,, requires: 2727.50981 (.) <

1 ppm: HPLC (A:B, A (90%) 22 DD 2 (10%); 214 nm; C = 0.4

mg/0.4 ml (A), injection: 25 xl), Ry = 12.6 min.

N@-(17-Tetrabenzo(a,c,q,i) fluorenylmethoxvcarbonyl)

glycylisoleucylprolylprolylaspartylglutaminylglutaminyl-
arginylleucylisoleucylphenylalanyla1anylglxcyllysxlglutaminyl-
leucylglutamylaspartylglycylarginylthreonylleucylserylaspartyl-
tyroszlasgaragzlisoleucxlglutaminxllysylglutamzlse;zlthreonyl—

leuczlhistidylleucylvalglleucylarginylleucylarginylglycyl-
glycine,Tbfmoc ubigquitin (35-76) OH (52)

To the Fmoc wubiquitin (36-76) resin-bound peptide

(109.3 mg, 7.88 umol) in DMF (1 ml) was added acetic
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anhydride (14.8 1, 157.6 pumol; 20 équiv) and pyridine
(12.8 pl, 157.6 umol; 20 equiv). The reaction mixture was
sonicated for 1h. After filtration and washing with DMF
and ether, the resin-bound peptide was sonicated for 15
min in a solution of 20% piperidine in DMF (25 ml). The
resin-bound peptide was then filtered and washed well with
DMF and ether. Tbfmoc GlyOH (19.6 mg, 39.4 umol; 5 equiv)
was sonicated for 30 min in dioxan (1 ml). To this
solution was added 1,3- diisopropylcarbodiimide (6.2 pul,
39.4 pumol; 5 equiv) and 1-hydroxybenzotriazole (5.3 ng,
39.4 umol; 5 equiv). The reaction mixture was sonicated
for 5 min. This solution was theﬁ added to the resin-
bound peptide previously swollen in dioxan (1 ml) for 1h.
The reaction mixture was sonicated for 19h. The resin-
bound peptide was filtered, washed with dioxan,
dichloromethane and ether, and finally dried for 48h in a
vacuum desiccator (102 mg).

Substitution efficiency: The bemoc resin-bound peptide
(2.9 mg) was sonicated for 30 min. in a solution of 20%
triethylamine in DMF (10 ml). The specific absorption at
364 nm was recorded and the following results were derived
from it: A = 0.265; product resin functionality in gmol/g:
50.51; resin 1loading/coupling percentage: 70. The
coupling was then repeated under the same conditions (4
equivalents of each Tbfmoc GlyOH, 1,3-diisopropyl-
carbodiimide and 1-hydroxybenzotriazole; reaction time:

3.5h). The resin-bound peptide was filtered, washed with
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dioxan, dichloromethane and ether, and finally dried
overnight in a vacuum desiccator (99.5 mg).

Substitution efficiency: A = 0.265 (resin-bound peptide :
2.7 mg); product resin functionality in umol/g: 54.26;

resin loading/coupling percentage: 75.

To the resin-bound Tbfmoc peptide (96.8 mg) was added
water (75 pl), thioanisole (50 pl) and TFA (2.1 ml). The
reaction mixture was sonicated for 2.5h. The resin was
filtered, washed with TFA (2 x 0.5 ml) and CHCl, (2 x 1
ml), and dried (19.1 mg). The solvent was removed in
vacuo to give a residue. Trituration in diethyl ether
gave the crude peptide as a yellow solid which was chilled
overnight, washed well with ether and finally dried

(49.2 mg). HPLC (A:B; A (90%) 25 min.

A (10%; 214 nm; C
= 0.5 mg/0.5 ml (A/B (1:1)):; injection 30 pl) Ry =

19.2 min.

Glycylisoleucylprolylprolylaspartylglutaminylglutaminyl-
arginxlleuczlisoleucylphenylalanylélanylglycyllysylglutaminyl-
leucylglutamylaspartylglycylarginylthreonylleucylserylaspartyl-
tyrosxlasparagxlisoleucylglutaminyllysylglutamxlserylthreonyl—
leucylhistidylleucylvalylleucylarginylleucylarginylglycyl-
glycine, ubiquitin (35-76) OH (51)

A suspension of crude Tbfmoc-ubiquitin (35-76) OH

(30 mg) in a mixture of CH,CN/H,0 (1:1; 0.5% TFA, 25 ml)

was sonicated for 20 min (until complete dissolution) and
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loaded on a 5 mm diameter glass column packed with
graphitised carbon (1.5 g; PGC 220-224; 150-180 um;
100 m?/g; active length: 15 cm). The column was first
eluted with a mixture of CH,CN/H,0 (1:1; 0.5% TFA; 50 ml).
After lyophilisation of the eluent a residue (2 mg) was
obtained which gave a broad peak on HPLC (Rt = 13.8 min
(impurities)). The column was then eluted with a mixture
of CH,CN/H,0 (1:1; 50 ml). A white solid (4.5 ﬁg) was
obtained after lyophilisation which was found by HPLC also
to contain impurities (broad peak, Rt = 14.1 min). The
column was again eluted with 50 ml of a mixture of
CH,CN/H,0 (1:1) and a residue (0.3 mg) was obtained after
lyophilisation (R¢ = 14.2 min). The deprotection was
carried out using a 20% piperidine solution in a mixture
of CH,CN/H,O0 (1:1; 50 ml) and was fbllowed by an elution
of the column with CH,CN/H,0 (1:1; 50 ml). The solvent
was removed in vacuo to give a brown residue. Diethyl
ether was added and the precipitate obtained was chilled
overnight, filtered and washed well with ether, and
finally dried (11.7 mg). The crude peptide (24.8 mg) was
finally purified by preparative HPLC (reverse phase C-18
column (10 x 250 nm); gradient (A:B), 20 to 60% B over 22
min; detection at 214 nm) to give pure ubiquitin (35-76)
OH as a white solid after lyophilisation (4.4 mg):; amino
acid analysis: Asx, 3.98, Thr, 1.83, Ser, 1.75, Glx, 6.67,
Pro, 1.91, Gly, 5.10, Ala, 0.96, Val, 1.01, Ile, 2.99,

Leu, 7.00, Tyr, 0.94, Phe, 1.04, His, 1.11, Lys, 1.91,
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Arg, 3.81; m/z (FAB) 4734.2 (MH'). HRMS 4734.57186,

C,oeH;44N;;0,; requires: 4734.57161 (.) < 1 ppm; HPLC

(A:B, A (90%) 22 BiN- » (30%); X = 214 nm; C = 0.1 mg/

0.1 ml (A); injection: 12 pl), Rt = 13.8 min.



10.

133

REFERENCES

E. Fischer and E. Fourneau, Ber. Dtsch. Chem. Ges.,
1901, 34, 2868.

R.B. Merrifield, J. Am. Chem. Soc., 1963, 85,
2149.

R.B. Merrifield, Angew. Chem., Int. Ed. Engl.,
1985, 24, 799.

E. Atherton, D.L.J. Clive, and R.C. Sheppard, J.
Am. Chem. Soc., 1975, 97, 6584.

W.S. Hancock, D.J. Prescott, P.R. Vagelos, and
G.R. Marshall, J. Org. Chem., 1973, 38, 774.

R.C. Sheppard, ’‘Proceedings of the 11th European
Peptide Symposium, Vienna, 1971’, North Holland
Publishing Co., Amsterdam, 1973, pp. 111-126.

R. Arshady, E. Atherton, M.J. Gait, K. Lee, and
R.C. Sheppard, J. Chem. Soc., Chem. Commun.,
1979, 423.

R. Arshady, E. Atherton, D.L.J. Clive, and R.C.
Sheppard, J. Chem. Soc., Perkin Trans. 1, 1981,
529.

E. Atherton, E. Brown, R.C. Sheppard, and A.
Rosevear, J. Chem. Soc., Chem. Commun., 1981,
1151.

B. Gutte and R.B. ‘Merrifield, J. Biol. Chen.,

1971, 246, 1922.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

134

A.R. Mitchell, B.W. Erickson, M.N. Ryabstev, R.S.
Hodges, and R.B. Merrifield, J. Am. Chem. Soc.,
1976, 98, 7357.

J.P. Tam and R.B. Merrifield, in ’‘The Peptides’,
eds. S. Udenfriend and J. Meienhofer, Acadenic
Press, New York, 1987, vol. 9, p. 185.

J.P. Tam, W.F. Heath, and R.B. Merrifield, J. Am.
Chem. Soc., 1983, 105, 6442.

S.S. Wang, J. Am. Chem. Soc., 1973, 95, 1328.
S.S. Wang and I.D. Kulesha, J. Org. Chem., 1975,
40, 1227.

J. Meienhofer, M. Waki, E.P. Heimer, T.J.
Lambros, R.C. Makofske, and C;D. Chang, Int. J.

Pept. Protein Res., 1979, 13, 35.

‘R, Colombo, S. Vesely, and F. Colombo,

Proceedings of the Eighth American Peptide
Symposium, 1983, 91.

Cc.D. Chang, A.M. Felix, M.H. Jimenez, and J.
Meienhofer, Int. J. Pept. Protein Res., 1980, 15,
485.

D.G. Mullen and G. Barany, J. Org. Chem., 1988,
53, 5240.

R. Ramage, C.A. Barron, S. Bielecki, and D.W.
Thomas, Tetrahedron Lett., .1987, 28, 4105.

D.H. Rich and S.K. Gurwara, J. Am. Chem. Soc.,

1975, 97, 1575.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

135

F.S. Tjoeng and G.A. Heavner, J. Org. Chen.,
1983, 48, 355.

J.P. Tam, F.S. Tjoeng, and R.B. Merrifield, J.
Am. Chem. Soc., 1980, 102, 6117. .

J.P. Tam, F.S. Tjoeng, and R.B. Merrifield{
Tetrahedron Lett., 1979, 51, 4935.

A. Hirao, S. Itsuno, I. Hattori, K. Yamaguchi, S.
Nakahama, and N. Yamazaki, J. Chem. Soc., Chen.
Commun., 1983, 25.

W.M. Bryan, J. Org. Chem., 1986, 51, 3371.

P. Sieber, Tetrahedron Lett., 1987, 28, 2107.

M. Bergmann and L. Zervas, Ber. Dtsch. Chen.
Ges., 1932, 65, 1192.

G.W. Anderson and A.C. McGregor, J. Am. Chen.
Soc., 1957, 79, 6180.

P. Sieber and B. Iselin, Helv. Chim. Acta, 1968,
51, 614.

Y. Masui, N. Chino, and S. Sakakibara, Bull.
Chem. Soc. Jpn., 1980, 53, 464.

E. Winsch, E. Jaeger, L. Kisfaludy, and M. Low,
Angew. Chem., Int. Ed. Engl., 1977, 16, 317.

B.W. Erickson and R.B. Merrifield, J. Am. Chen.
Soc., 1973, 95, 3750.

R.L. Noble, D. Yamashiro, and C.H. Li, J. Am.
Chem. Soc., 1976, 98, 2324.

L.A. Carpino and G.Y. Han, J. Am. Chem. Soc.,

1970, 92, 5748.



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

136

G.B. Fields and R.L. Noble, Int. J. Pept. Protein
Res., 1990, 35, 161.

M.R. Florence, Ph.D. Thesis, University of
Edinburgh, 1987.

R. Valentine, Specialify Chemicals, 1988, 20.

R. Ramage and J. Green, Tetrahedron Lett., 1987,
28, 2287.

J. Green, O.M. Ogunjobi, R. Ramage, A.S.J.
Stewart, s. McCurdy, and R. Noble, Tetrahedron
Lett., 1988, 29, 4341.

W. Konig and R. Geiger, Chem. Ber., 1970, 103,
2041.

F. Cavelier, J. Daunis, and R. Jacquier, Bull.
Soc. Chim. Fr., 1990, 127, 210.

M. Bodanszky, ‘Principles of Peptide Synthesis’,
Springer-Verlag, Berlin, 1984, pp. 119-157.

G. Barany and R.B. Merrifield, in ‘The Peptides:
Analysis, Synthesis, Biology, Volume 2, Special
Methods in Peptide Synthesis, Part A’, eds. E.
Gross and J. Meienhofer, Academic Press, New
York, 1980, pp. 166-249. |

M. Bodanszky, ‘Peptide Chemistry’, Springer-
Verlag, Berlin, 1988; PP. 115-118.

E. Fischer, Ber. Dtsch. Chem. Ges., 1903, 36,
2094.

H. Leuchs, Ber. Dtsch. Chem. Ges., 1906, 39, 857.

L.A. Carpino, B.J. Cohen, K.E. Stephens, S.Y.



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

137

Sadat-Aalaee, J.H. Tien, and D.C. Langridge, J.
Oorg. Chem., 1986, 51, 3732.

M. Beyermann, M. Bienert, H. Niedrich, L.A.
Carpino, and D. Sadat-Aalaee, J. Org. Chen.,
1990, 55, 721.

T; Curtius, Ber. Dtsch. Chem. Ges., 1902, 35,
3226.

T. Shioiri, K. Ninomiya, and S. Yamada, J. Am.
Chem. Soc., 1972, 94, 6203.

J. Honzl and J. Rudinger, Collect. Czech. Chem.
Commun., 1961, 26, 2333.

Y.S. Klausner and M. Bodanszky, Synthesis, 1974,
549.

R.A. Boissonnas, Helv. Chim. Acta., 1951, 34,
874.

T. Wieland and H. Bernhard, Liebigs Ann. Chen.,
1951, 572, 190.

J.R. Vaughan, Jr., J. Am. Chem. Soc., 1951, 73,
3547.

R. Ramage, D. Hopton, M.J. Parrott, R.S.
Richardson, G.W. Kenner, and G.A. Moore, J. Chem.
Soc., Perkin Trans. 1, 1985, 461.

R. Ramage, C.P. Ashton, D. Hopton, and M.J.
Parrott, Tetrahedron Lett., 1984, 25, 4825.

T. Gray, Ph.D. Thesis, University of Edinburgh,

1989.



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

138

I.J. Galpin and A.E. Robinson, Tetrahedron, 1984,
40, 627.

E. Fischer, Ber. Dtsch. Chen. Ges.,b 1902, 35,
1095.

T. Curtius, Ber. Dtsch. Chem. Ges., 1904, 37,
1284.

T. Curtius, J. Prakt. Chem., 1904, 70, 57.

R. Schwyzer, B. 1Iselin, and M. Feurer, Helv.
Chim. Acta, 1955, 38, 69; R. Schwyzer, M. Feurer,
B. Iselin, and H. Kagi, ibid., 1955, 38, 80; R.
Schwyzer, M. Feurer, and B. Iselin, ibid., 1955,
38, 83.

M. Bodanszky, Nature, 1955, 175, 685.

J. Pless and R.A. Boissonnas, Helv. Chim. Acta,
1963, 46, 1609.

J. Kovacs, L. Kisfaludy, and M.Q. Ceprini, J. Am.
Chem. Soc., 1967, 89, 183.

W. Konig and R. Geiger, Chem. Ber., 1973, 106,
3626.

G.W., K Anderson, J.E. Zimmerman, and F.M. Callahan,
J. Am. Chem. Soc., 1964, 86, 1839.

J.C. Sheehan and G.P. Hess, J. Am. Chem. Soc.,
1955, 77, 1067.

W. Konig and R. Geiger, Chem. Ber., 1970, 103,
788, 2024, 2034.

H.A. Staab, Liebigs Ann. Chem., 1957, 609, 75.



73.

74‘

75.

76.

77.

78.

79.

80.

81.

82.

-83.

139

B. Belleau and G. Malek, J. Am. Chem. Soc., 1968,
90, 1651.

B. Castro, J.R. Dormoy, G. Evin, and C. Selve,
Tetrahedron Lett., 1975, 14, 1219.

R. Knorr, A. Trzeciak, W. Bannwarth, "and D.
Gillessen, Tetrahedron Lett., 1989, 30, 1927.

G. Barany and R.B. Merrifield, in ’‘The Peptides:
Analysis, Synthesis, Biology, Volume 2, Special
Methods in Peptide Synthesis, Part A’, eds. E.
Gross and J. Meienhofer, Academic Press, New
York, 1980, pp. 122-149.

M. Bodanzsky, in ‘Peptide Chemistry’, Springer-
Verlag, Berlin, 1988, pp. 55-73.

D. Hudson, J. Org. Chem., 1988, 53, 617.

E. Kaiser, R.L. Colescott, C.D. Bossinger, and
P.I. Cook, Anal. Biochem., 1970, 34, 595.

V.K. Sarin, S.B.H. Kent, J.P. Tam, and R.B.
Merrifield, Anal. Biochem., 1981, 117, 147.

B.F. Gisin, Anal. Chim. Acta, 1972, 58, 248.

W.S.. Hancock and J.E. Battersby, Anal. Biochen.,
1976, 71, 260.

A.M. Felix and M.H. Jimenez, Anal. Biochen.,

1973, 52, 377.



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

140

T. Christensen, P. Villemoes, and K. Brunfeldt,
in ’‘Peptides: Proceedings of the Fifth American
Peptide Symposium’, eds. M. Goodman and J.
Meienhofer, Halsted Press, New York, 1977, pp.
569-571.

K. Brunfeldt, P. Roepstorff, and J. Thomsen, Acta
Chem. Scand., 1969, 23, 2906.

E. Atherton, J.L. Holder,- M. Meldal, R.C.
Sheppard, and R.M. Valerio, J. Chem. Soc., Perkin
Trans. 1, 1988, 2887.

E. Atherton and R.C. Sheppard, in ’Solid Phase
Peptide Synthesis a Practical Approach’, IRL
Press, Oxford, 1989, pp. 107-130.

L.D. Markley and L.C. Dorman, Tetrahedron Lett.,
1976, 21, 1787.

E.T.M. Wolters, G.I. Tesser, and R..J.F. Nivard,
J. Org. Chem., 1974, 39, 3388.

M. Weigele, S.L. DeBernardo, J.P. Tengi, and W.
Leimgruber, J. Am. Chem. Soc., 1972, 94, 5927.

J. Wieland, C. Birr, and H. Wissenbach, Angew.
Chem., Int. Ed. Engl., 1969, 8, 764.

H. Wissmann and R. Geiger, Angew. Chem., Int. Ed.
Engl., 1970, 9, 908.

J. Porath and P. Flodin, Nature, 1959, 183, 1657.
P. Mourot and M. Oliver, Sep. Sci. Technol.,

1989, 24, 353.



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

141

J.W. brijfhout and W. Bloemhoff, Pept. Chen.,
1987 (Pub. 1988), 191.

D.E. Krieger, B.W. Erickson, and R.B. Merrifield,
Proc. Natl. Acad. Sci. USA, 1976, 73, 3160.

K. Suzuki, Y. Sasaki, and N. Endo, Chem. Pharm.
Bull., 1976, 24, 1.

C. Birr, C. Reitel, and T. Wieland, Angew. Chemn.,
Int. Ed. Engl., 1970, 9, 731.

F.E. Dwulet and F.R.N. Gurd, Anal. Biochenmn.,
1976, 76, 530.

R.B. Merrifield and A.E. Bach, J. Org. Chen.,
1978, 43, 4808.

R.S. Hodges, T.W.L. Burke,‘ and C.T. Mant, J.
Chromatogr., 1988, 444, 349.

G.C. Viscomi, A. Ziggiotti, and A.S. Verdini, J.
Chromatogr., 1989, 482, 99.

T. Tanimura, J.J. Pisano, Y. Ito, and R.L.
Bowman, Science, 1970, 169, 54. |

K. Hostettmann, Planta me&ica, 1980, 39, 1.

J. Diaz, R. Guégan, Y. Muneaux, P. Perreaut, M.
Vedel, P. Cabrera, C. Deleuze, M. Beaumont, P.
Bellon, J. Clément, P. Lyx, and C. Muneaux, Bull.
Soc. Chim. Fr., 1989, 493.

E. Ciejek, J. Thorner, and M. Geier, Biochenm.
Biophys. Res. Commun., 1977, 78, 952.

J. Henry, personal communication.

A.J. Alpert, BioChromatography, 1987, 2, 131.



109.

110.

111.

112.

113.

114.

115.

1l1le.

117.

118.

119.

120.

121.

122.

123.

142

A.J. Alpert, J. Chromatogr., 1988, 444, 269.

R. Axén, J. Porath, and S. Ernback, Nature, 1967,
214, 1302.

G. Lindeberg, J. Tengborn, H. Bennich, and U.
Ragnarsson, J. Chromatogr., 1978, 156, 366.

I. Kato and C.B. Anfinsen, J. Biol. Chem., 1969,
244, 5849,

K. Hofmann, M.J. Smithers, and F.M. Finn, J. An.

Chem. Soc., 1966, 88, 4107.

A. Bodanszky and M. Bodanszky, Experientia, 1970,
26, 327.

T.J. Lobl, M.R. Deibel, Jr., and A.W. Yem, Anal.
Biochem., 1988, 170, 502.

J. Porath, J. Carlsson, I. Olsson, and G.

"Belfrage, Nature, 1975, 258, 598.

Y. Nakagawa, T-T. Yip, M. Belew, and J. Porath,
Anal. Biochem., 1988, 168, 75.

M. Wilchek, Advan. Exp. Med. Biol., 1974, 42, 15.
J.H. Knox, B. Kaur, and G.R. Millward, J.
Chromatogr., 1986, 352, 3.

T.K. Bandyopadhyay and A.J. Bhattacharya; Indian
J. Chem., Sect. B, 1981, 20B, 856.

A. Rahman and O.L. Tombesi, Anales Asoc. Quim.
Argentina, 1972, 61, 15.

K. Chakravorty, R.A. Rao, and R.R. Rao, Indian J.
Chem., Sect. B, 1976, 14B, 185.

F.W. Wassmundt, J. Org. Chem., 1968, 33, 3322.



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

. 137.

143

A. Padwa, S. Goldstein, R. Loza, and M. Pulwer,
J. Org. Chem., 1981, 46, 1858.

W. Carruthers and H.N.M. Stewart, J. Chem. Soc.,
1965, 6221.

J.  Blum, M. Ashkenasy, and Y. Pickholtz{
Synthesis, 1974, 352.

B.R. Dent and B. Halton, Aust. J. Chem., 1986,
39, 1789.

H.O. House, C-Y. Chu, J.M. Wilkins, and M.J.
Umen, J. Org. Chem., 1975, 40, 1460.

A.C. Hopkinson, E. Lee-Ruff, and M. Maleki,
Synthesis, 1986, 366.

P.E. Eaton, G.R. Carlson, and J.T. Lee, J. Org.
Chem., 1973, 38, 4071.

This work was carried out b§ Q. Wan, University
of Edinburgh.

D.D. Perrin, *Dissociation constants of organic
bases in aqueous solution’, Butterworths, London,
1965, p. 74.

Prepared by A.S.J. Stewart and K. Shaw,
University of Edinburgh.

Prepared by T. Muir and K. Shaw, University of
Edinburgh.

Prepared by O0.M. Ogunjobi and K. Shaw, University
of Edinburgh.

H.R. Kricheldorf, Liebigs Ann. Chem., 1975, 1387.

E. Schroder, Liebigs Ann. Chem., 1965, 688, 250.



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

144

S.V. Rogozhin and V.A. Davankov, J. Chem. Soc.,
Chem. Commun., 1971, 490.

W.H. Pirkle and T.C. Pochapsky, Chem. Rev., 1989,
89, 347.

E.J. Corey and G. Schmidt, Tetrahedron Lett.,
1979, 399.

E.J. Corey and J.W. Suggs, Tetrahedron Lett.,
1975, 2647. |

A.J. Mancuso and D. Swern, Synthesis, 1981, 165.
W.P. Griffith, S.V. Ley, G.P. Whitcombe, and A.D.
White, J. Chem. Soc., Chem. Commun., 1987, 1625.
E. Juaristi, A. Martinez-Richa, A. Garcia-Rivera,
and J. S. Cruz-Sanchez, J. Org. Chem., 1983, 48,
2603.

G. Berti, ‘A. Da Settimo, G. Gregori, and F.
Mancini, Ann. Chim. (Rome), 1962, 52, 514.

E.C. Horning, ’Organic Syntheses, Collective
Volume 3’, Ed. E.C. Horning, John Wiley and Sons,
New York, 1955, p. 452.

W. Verboon, GfW. Visser, and D.N. Reinhoudt,
Synthesis, 1981, 807.

P.M.G. Bavin and M.J.S. Dewar, J. Chem. Soc.,

1955, 4477.



PROOF LIST Operator:BONZO T£068 Date: 23-0(7-91- Page: 26

8CN: O 606,785 Qwner:LOADER Clvl: O Table: MON
Record Status: Acc/Hol -
Original operator: IRENE 22-10-91 Update operator: IRENE 22-10-91
Proof List : y 00-00-00 (last print) MARC Request :tn
MARC to CIRC :tn Remove from CIRC : n
Non-Circulating : n LSP Request |
001 Geac00606785X
004 00£ae162423667 -
008 91102251990 st L 00001 eng
Date <911022>Natur <s>Datel <1990>Date2 < >Cntry  <st >Illus < >Intel < >Matde <L>Form <
Gov <0>Conf <0>Fest <0>Index <0>Tithd <1>Litfm < >Biog < >Lang <eng>Per < >BL < «
049 00£aE
100 10£aRaphyfhGilles
245 10faSolid phase peptide synthesisfdby Gilles Raphy
260 00£c1990 . .
502 00faThesis (Ph.D.)-=University of Edinburgh, 1991

No errors found
HOLDING§ INFORMATION

001 Geac00606785X% :
966 00£c1£1SP.COLEfmREFfsTheses Sect.i
966 2 00£b30150013802142£fc2£1CHEMEmNORMALEsTheses Section

Error Summary of record
Tag 966 0Occ 01 Error no. 00044
Missing mandatory subfield b



145

COMPOQUND INDEX

Page No.
Methyl (phenanthren-9-yl, phenyl)glycolate 83
13-Methoxycarbonyldibenzo(a, c) fluorene 85
13-Hydroxymethyldibenzo(a,c) fluorene 86
13-Acetoxymethyldibenzo(a,c) fluorene 87
9-Fluorenylmethyl acetate 88
Ethyl, 2-oxo-2-(phenanthren-9/~-yl)acetate 89
Ethyl (bis-phenanthren-9-yl)glycolate 90
17-Ethoxycarbonyltetrabenzo(a,c,qg,i) fluorene 92
17-Hydroxymethyltetrabenzo(a,c,qg,i) fluorene 93
17—Acefoxymethyltetrabenzo(a,c,g,i)fluorene 94
l17-Methylenetetrabenzo(a,c,qg,i) fluorene 95
17-(Trimethylsilyl)oxymethyltetrabenzo(a,c,q,i)-
fluorene ’ . 96
17-Tetrabenzo(a,c,qg,1i) fluorenylmethyl 97
chloroformate
17-Tetrabenzo(a,c,qg,i) fluorenylmethyl N- 98
succinimidyl carbonate ‘
17-Tétrabenzo(a,c,g,i)fluorehylmethyl-p-nitro- 99
phenyl cafbonate
N“-l?-Tetrabenzo(a,c,g,i)fluorénylmethoxy- 100

carbonyl glycine tert-butyl ester
NX-17-Tetrabenzo(a,c,qg,i) fluorenylmethoxycarbonyl 102

glycine



146

(17-Tetrabenzo(a,c,qg,i) fluorenyl)methyl methane-

sulphonate

N@-17-Tetrabenzo(a,c,qg,i) fluorenylmethyl-L-
alanine tert-butyl ester

N&@-17-Tetrabenzo(a,c,qg,i)fluorenylmethyl-L-
alanine

N@-17-Tetrabenzo(a,c,qg,i) fluorenylmethyl-L-
phenylalanine tert-butyl ester

N&-17-Tetrabenzo(a,c,g,1i) fluorenylmethyl-L-
phenylalanine

N®-17-Tetrabenzo(a,c,qg,i) fluorenylmethyl-L-
proline tert-butyl ester

" N¥=17-Tetrabenzo(a,c,qg,i) fluorenylmethyl-L-
proline | |

N&-17-Tetrabenzo(a,c,qg,i)fluorenylmethoxy-
carbonyl-L-phenylalanine tertebutyi ester

N&-17-Tetrabenzo(a,c,qg,i) fluorenylmethoxy-
carbonyl-L-phenylalanine |

N&-17-Tetrabenzo(a,c,q, i) fluorenylmethoxy-

carbonyl-L-methionine methyl ester

Fmoc Gly Ser Met Val Leu Ser OH
Tbfmoc Gly Ser Met Val Leu Ser OH
H Gly Ser Met Val Leu Ser OH

Tbfmoc-ubiquitin (53-76) OH

Page No.

103

104

106

107

109

110

112

113

115

116

120

121

122

123



147

N@-Acetyl-ubiquitin (54-76) OH

Behaviour of N®-acetyl=-ubiquitin (54-76) and
Tbfmoc ubiquitin (53-76) OH on PGC

Ubiquitin (53-76) OH

Tbfmoc-ubiquitin (35-76) OH

Ubiquitin (35-76) OH

Page No.

125

126

127
128

130



APPENDIX

Page No.
Fluorescence Spectrum of 17-Hydroxymethyl- I
tetrabenzo(a,c,g,i) fluorene (31)
Absorbance versus Concentration for I1

the Deprotection of Tbfmoc Gly OH (36)



e

C = 0.959 uM (CH,Cl,) ]

E' " jiExcitation: 383 nm
S B R

+ —f— -{Excitation slit: 2.5

Emission: Xpax: 424 nm X _ _{Emission slit: 2.5

7

i
- TN X
- ]7 X\ -
I 7 N Fix Scale: 0.2 :
I \ z
- ~ Chart Speed: 1 nm/sec.-

L
-— j._. 4 ] — =‘
et Bt et ot _7__ b -
— R DU AP DN DR S \
i + €
I ] ) C
— e \ ™
e N P [ AUUNRY ; SOV Y I . _i___ R - o e I
| el
_ RN IS BN _L;';/_ B SN, P SR i F O N SRR S
{ JA
- / 3 2 1
Y A 1 —]—+
| - ] 1 1
...... e ]_ RN DUNURS ] I ]
S R EEU VA DR RO SRR DR A i ] _ I
SRR R RS RV AR - i |
} | I
7 H—
- 7 - ] |
= _/ [N RURDUGY RN R R S 11 1. e
o B |
P R /_____ el . 111
=) = &
- 1

- ——— § Sl 1

B DR S \

- _ = \
\

S0
400
350



II

for

ion

: Absorbance versus concentrat

f Tbfmoc Gly OH (36)

ion o

the Deprotect

in DMF)

N

0% Et

2




COURSES ATTENDED

Organic Research Seminars (various speakers).

Current Topics in Organic Chemistry (various speakers,

‘University of Edinburgh).

" NMR Spectroscopy (Dr. I.H. Sadler, University of

Edinburgh).

Solid Phase Peptide Synthesis, Symposium (various

speakers, University of Oxford).

Peptide and Protein Group of the Biochemical Society and

Royal Society of Chemistry (various speakers, Gregynog).

Medicinal Chemistry (Professor R. Baker, Merck Sharp &

Dohme) .

Scottish Protein Group (various speakers, University of

Edinburgh).



