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INTRODUCTION

Over the last ten years there has been a rapid growth in interest in the chemistry of large peptides
and proteins. "2 The study of the mechanisms of hormone action, and of enzyme-substrate-, antigen—
antibody- and protein-DNA *-interactions has now moved to the forefront of contemporary chem-
istry. One of the main difficulties facing researchers in these fields is that of obtaining sufficient
quantities of the peptide or protein in a pure state. The isolation of proteins from natural sources
can be laborious and often provides only tiny quantities of material. Among the contemporary
methods for peptide and protein synthesis are the biotechnological techniques which are currently
widely used for the provision of protein molecules. One of the most useful methods is the cloning
of genes followed by the expression of the naturally occurring peptide or protein in suitable host
systems.** Powerful as they are, these techniques have their drawbacks. Once expressed, the isolation
of the desired peptide from the fermentation medium can be difficult, and although such methods
can be used to provide modified protein structures,”’ they are not really appropriate for the
production of the large number of analogues which are routinely needed for structure-activity
relationship studies.

The advances in chemical peptide synthesis over the last 50 years have made the synthesis of
large peptides and proteins a realistic possibility. Chemical synthesis is probably the most practical
way of providing useful quantities of material, and in addition allows the systematic variation of
structure necessary for the development of peptides for therapeutic use.'® Analogues of the peptide,
and modified structures containing specifically-labelled amino acids or non-DNA-encoded amino
acids, and also peptide mimetics, are more efficiently made by chemical synthesis. However, for
large peptide molecules,’’ the synthesis of chemically homogeneous material is a challenging under-
taking and success in the endeavour cannot necessarily be guaranteed.

Organic chemists since Emil Fischer'? have addressed the problems that the chemical synthesis
of proteins entail. The syntheses of insulin by Zahn,'* Katsoyannis,'* Kung'® and Rittel,'® and
of ribonuclease A by Yajima and Fujii,'™'® are milestones in the field. Also noteworthy are the
attempts of Kenner and associates'® to synthesise a lysozyme analogue. The synthesis of large
peptides in solution, in which the various intermediate compounds are purified and characterised
is, in principle, the surest way of obtaining homogeneous material. However, this approach to the
synthesis of large peptides is fraught with problems, the most troublesome being that of solubility.
Fully protected peptides are often so insoluble even in solvents such as DMF or DMSO, that
chemical reactions of such species are effectively rendered impossible. Other important problems
associated with the synthesis of peptides in solution are the possible epimerisation at the activated
C-terminal amino acid of the peptide segments in the coupling steps and the lack of sufficiently
powerful methods for purifying large protected peptides. In spite of the problems, synthesis in
solution is one of the major methods of peptide synthesis and continues to find important appli-
cations. The large scale synthesis of shorter peptides, the synthesis of peptides composed of unusual
or uncommon amino acids,?® the synthesis of cyclic peptides,?! of cyclic and of linear depsi-
peptides,?>?? and the semisynthesis of protein molecules?® are all often carried out in solution.

One of the most important contemporary methods for the chemical synthesis of peptides is the
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linear solid-phase peptide synthesis (SPPS) developed by Merrifield.?*?® This approach, together
with the improvement in chromatographic techniques, particularly the development of HPLC,
revolutionised peptide synthesis. In SPPS the first amino acid of the sequence, protected at its N *-
terminal and at its side-chain (if necessary) is attached to a solid support or resin by a covalent
‘bond: an ester for peptide acids or an amide for peptide amides. Once the first amino acid is
attached, the amino acid sequence of the peptide is built up on the solid support by a series of N*-
deprotection and amino acid coupling steps. When the desired sequence has been synthesised, the
peptide is released from the resin (usually by acidolysis) affording the crude peptide which is then
purified. The great advantages of the method are its simplicity and the speed with which peptides
can be synthesised. Linear SPPS is represented schematically in Fig. 1.
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Fig. 1. Schematic representation of linear SPPS. Amino acids are represented by squares, the protected a-
amino group by a dlamogd apd the protected side-chain functional groups by triangles. The C-terminal
of the peptide is bound to an insoluble solid support designated R for resin.
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In SPPS, the peptide is almost always built up from the C-terminal towards the N-terminal (C
to N strategy). Although synthesis in the opposite direction (N to C strategy) is possible,? it is
much less popular, not least because the dangers of epimerisation are much more pronounced.

The main problem in linear SPPS, apart from certain sequence-dependent side-reactions during
couplings and the final cleavage of the peptide from the solid support, is that of non-quantitative
yields in the amino acid coupling steps and in the N* deprotection reactions. This leads to deletion
peptides and to terminated peptide sequences all of which are present in the crude mixture after the
final cleavage step of peptidic material from the solid support.° Since these undesired peptides may
very closely resemble the target molecule, high resolution separation methods must be used in order
to obtain the desired product in a pure state. In its most extreme form, non-quantitative coupling
can lead to so-called ‘difficult sequences’ in which low coupling yields are observed for a series of
amino acids in a sequence.’'*? Peptides having these sequences often cannot be satisfactorily
synthesised by linear SPPS and either require special protocols or a different type of synthetic
strategy. The B-amyloid protein of Alzheimer’s disease is such a case. This protein, which consists
of 42-amino acid residues, is very insoluble and has been synthesised by conventional linear
SPPS.3* 3% However it has been difficult to establish with certainty, whether or not the f-amyloid
protein produced in these syntheses is free from deletion or termination peptides.’*** Lansbury has
recently synthesised this protein in a pure state using a convergent synthetic strategy.’¢

Linear SPPS is nonetheless, a highly optimised technique and Kent ez al.>’*° have reported on
a series of linear solid-phase syntheses of large peptide molecules and proteins, demonstrating that
large peptides can be made to acceptable standards of purity by the stepwise methodology. Linear
SPPS is not however, a general solution to the problem of the synthesis of protein molecules and it
may be that other approaches will prove equally, if not more, useful in the long run.

An attractive method for synthesising large peptides would be to build up the desired amino
acid sequence by the coupling of purified and fully characterised peptide segments on a solid support.
The synthesis of a large peptide built up in this way is inherently more reliable than one synthesised
by the linear coupling of the constituent amino acids. The characterisation and purification of each
of the peptide segments provide a series of checks on the nature of the material being synthesised,
which is absent in the linear approach. In this type of segment coupling synthesis the advantages of
the rapidity of SPPS, and those of the purification and characterisation of the intermediates of
classical solution synthesis, are combined and the final product is more likely to be homogeneous.
An additional advantage is that the purification of the desired peptidic material at the end of the
synthesis should be facilitated.*' Incomplete couplings between peptide segments results in peptides
that should be significantly different from each other in terms of their solubilities and chro-
matographic behaviour, since they will differ by one complete segment of the sequence. In the case
of a linear synthesis the difference between the peptides formed after a low coupling yield of one
amino acid, in terms of their respective solubilities and chromatographic properties, is often so small
as to be negligible, particularly as the size of the peptide chain increases. The potential improvement
in the ease of purification of the final mixture is one of the most important advantages of the
convergent solid-phase approach to the synthesis of large peptides.

In the late 70s our research group began work on such an approach to peptide synthesis with a
long term goal of developing a methodology for the chemical synthesis of large peptide and protein
molecules. We have introduced the name convergent SPPS to describe this strategy and the procedure
is represented schematically in Fig. 2.

Convergent solid-phase peptide synthesis involves the following stages:

1. Solid-phase synthesis of protected peptide segments and the detachment of these from the resin
in such a way that the N®-protecting group, in addition to those of the side-chain functional
groups, are retained and that the C-terminal of the segment is either the free carboxylic acid or
a derivative of this which is suitable for coupling. Protected peptide segments are usually chosen
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Fig. 2. Schematic representation of convergent SPPS.

so that either Gly or Pro is at the C-terminal in order to avoid epimerisation at the C-terminal
amino acid during the segment coupling steps. _

Purification and characterisation of the protected peptide segments.

Coupling of the purified segments on a solid support, in this way building up the amino acid
sequence of the desired peptide or protein.

Detachment of the completed amino acid sequence from the resin and removal of the side chain
protecting groups. This latter process need not necessarily be carried out to completion in one
step since the regiospecific formation of disulfide bridges, for example, may demand that thiol
functions remain protected after the detachment of the peptide from the resin.

Formation of disulfide bridges or other synthetic operations depending on the specific case, and
final purification of the desired target molecule. -

In this review we consider work in the areas of

Solid-phase synthesis of protected peptide segments ;
Purification of protected peptide segments;
Solid-phase coupling of protected peptide segments ;

as related to the goal of the chemical synthesis of large peptide molecules. We do not consider work
related to the detachment of free peptides from the solid-support nor the formation of disulfide

bridges, since these important issues are also relevant to linear SPPS and have been addressed in
detail by other authors.*>**
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1. SOLID-PHASE SYNTHESIS OF PROTECTED PEPTIDE SEGMENTS

The first stage in a CSPPS strategy is the solid-phase synthesis of the various protected peptide
segments corresponding to the desired amino acid sequence of the target molecule. Protected, as
opposed to free, peptide segments are required because generally speaking, in order to couple them
in an unambiguous manner, peptide segments must be protected at all reactive functional groups
except those which are required for coupling.

For SPPS, three types of protection are required. The functional groups of the amino acid side-
chains must be protected with groups which are stable to the repetitive treatments necessary for
removal of the N* amino protecting group of the growing peptide chain and for repeated amino
acid couplings. Such side-chain protecting groups are usually called ‘permanent’ protecting groups.
The protecting group of the N* amino function is normally referred to as a ‘temporary’ protecting
group. The third type of protection may be considered to be peptide-resin anchorage which protects
the C-terminus of the peptide throughout the various synthetic processes required to elaborate the
desired sequence, until such time as it is to be detached from the resin.

a. N Protecting group (“temporary")
b. Side-chain protecting groups ("permanent")
c. Resin-peptide anchorage

_ Fig. 3. Protection scheme for solid-phase peptide synthesis.

For the solid-phase synthesis of peptides the N* protecting group is almost always a urethane
derivative. The most important N* protecting groups are the Boc- and Fmoc- groups (Fig. 3). The
Boc group (1) is removed*>*’ with moderately strong acid such as 33% TFA in DCM, while the
Fmoc group (2) is removed*® on treatment with a solution of a secondary amine, usually 20%
piperidine in DMF. Two other important but less widely used N*-protecting groups in solid-phase
peptide synthesis are the Bpoc group (3), labile to weak acid,***® and the Dts group (4) removable
by thiolysis.*' The classical Z group®? (5), which can be removed by hydrogenolysis or by acidolysis
with strong acid, has not found widespread use in SPPS.

OOty o
. i ~
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Since the different side-chains of the DNA-encoded amino acids encompass the majority of the
common functional groups in organic chemistry, several different types of side-chain protecting
groups are required for peptide synthesis. However, these side-chain protecting groups are usually
based on the Bzl- or the /Bu-group. For amino acids having alcohols or carboxylic acids in the side-
chain, these can be protected either as Bzl ethers or as Bzl- or cHex-esters. As an alternative they
may be protected as tBu ethers or esters. For other types of functional groups, €.g. the amino group
of Lys, the thiol group of Cys, the imidazole of His or the guanidino group of Arg, more specialised
protection may be required. Many different protecting groups for peptide synthesis have been
described.** The two most widely-used protection strategies in SPPS are the Boc/Bzl- and the
Fmoc/tBu-strategies. In the former the Boc group is used for N* protection and the side-chains of
the various amino acids are protected with Bzl- or cHex-based protecting groups. In the latter
strategy the Fmoc group is used as N* protection and the side-chains are protected with ¢Bu-based
protecting groups.

For the synthesis of protected peptide segments, the peptide must be detached from the resin
under conditions which do not provoke the premature deprotection of any of the protecting groups.
This requirement differentiates CSPPS from linear SPPS since in the latter the peptide is detached
from the solid support by acidolysis of the peptide resin, using strong acid (often liquid HF). In
addition to detaching the peptide from the resin this acidolysis usually removes all protecting groups
and consequently is not useful for the synthesis of protected peptide segments. In order to synthesise
these by the solid-phase method, the cleavage of the peptide-resin bond must be brought about
using milder conditions such as saponification or transesterification. Alternatively, the peptide—resin
anchorage may be chemically modified in such a way that the peptide—resin bond can be cleaved
selectively. This requirement imposes stringent limitations upon the nature of the peptide—resin
anchorage, but this aspect of peptide research has proved to be a very fertile area and many different
types of anchorage have been described. Stability to all of the conditions necessary to effect synthesis
of the peptide is a pre-requisite but at the same time it must be possible to detach the protected
segment from the solid support in high yield, under conditions which are sufficiently mild to prevent
epimerisation at the C-terminal amino acid and also to allow the ‘temporary’ and ‘permanent’
protecting groups to be maintained.

Itisimportant therefore that there be a high degree of compatibility between the various different
types of protecting groups such that one type may be removed in the presence of the others. An
orthogonal protecting scheme has been defined by Barany and Merrifield®' as being one based on
completely different classes of protecting groups such that each class of groups can be removed in
any order and in the presence of all other classes of protecting group. Protecting schemes in peptide
synthesis are usually not strictly orthogonal but rather are based upon the difference in rate when
the same chemical reaction (usually acidolysis) is used to remove different classes of protecting
groups.

If the Boc/Bzl strategy is to be used for the synthesis of protected peptide segments then ideally
the cleavage reaction should not be brought about by acidolysis. Better results will probably be
achieved using photolysis or base-mediated cleavage. If the Fmoc/tBu strategy is used then cleavage
of the peptide from the resin usually cannot be performed under basic conditions ; mild acidolysis
is the method of choice here. Other types of cleavage reaction may be used, e.g. thiolysis or allyl
group transfer, depending upon the peptide segments to be synthesised and the protection scheme
used. We review only those protection strategies and solid-phase anchoring linkages which have
found some application in the synthesis of protected peptide segments.

1.1. Photolytic cleavage of protected peptides from the solid support _
Photolysis** of the peptide-resin bond is a mild, non-invasive technique which in principle is
compatible with both of the main protection strategies used in SPPS. These inherent advantages
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have been the motivation for the investigation of this technique, by ourselves and by others, for the
production of protected peptide segments having a free carboxylic acid at the C-terminus.

1.1.1. Nitrobenzyl resins. Rich and Gurwara®’ reported on the use of the ortho-nitrobenzyl resin
(6). Irradiation of a suspension of the peptide~resin in MeOH at 350 nm brought about cleavage
of the peptide segments from the solid support.

'c1

¢ NO;

Aromatic amino acids are not affected by the cleavage conditions and acid-labile protecting
groups are also completely stable. The protected tripeptide Boc-Ser(Bzl)-Tyr(Bzl)-Gly-OH was
released in approximately 60% yield, but the cleavage yields dropped appreciably for longer pro-
tected peptides. Rich*® subsequently developed the o-nitrobenzyl resin (7) from which protected-
peptide free carboxylic acids can be cleaved more efficiently by photolysis.

I ()
Br i;l
N

o 9

Resin (7) is formed by the reaction of 4-bromomethyl-3-nitrobenzoic acid (8) at its carboxylic
acid terminal with an aminomethyl polystyrene resin.

NO,

Br
OH

8 O

The unit (8) may be regarded as a ‘handle’ (or ‘linkage agent’ or ‘linker’). Barany and Merrifield
have defined®” a ‘handle’ as being a bifunctional molecule which permits the attachment of the first
amino acid to the resin in two discrete steps. The distinction between what constitutes a handle and
what constitutes a functionalised resin is a somewhat arbitrary one, but the term?*® is much-used in
contemporary SPPS. Broadly speaking, the handle may be used in two ways. The first amino acid
of the sequence to be synthesised can be attached by esterification in solution to one of the functional
groups (often a benzyl alcohol) of the handle. This unit (now called a ‘pre-formed handle’*®) is then
made to react with an amino-functionalised resin, at the other functional groups of the handle
(usually a carboxylic acid). In this way the protected amino acid-handle unit is incorporated onto
the solid support and the synthesis of the peptide can be carried out. Alternatively, the handle can
be attached directly to the resin at one of its functional groups and the first amino acid of the peptide
is then esterified onto the free functional group of the handle-resin.

In 1981 we reported ®® on the use of the Nbb resin (9). Similar to (7) but formed by the attachment
of the acid (8) to a BHA resin, it is also photolabile and useful for the synthesis of protected peptide
segments. The resins (7) and (9) and similar structures are fully compatible with the Boc/Bzl SPPS
strategy and are partially compatible with the Fmoc/zBu strategy.

We have used the Nbb-resin (9) extensively, in work related to the investigation of CSPPS. The
first amino acid of the peptide must be incorporated using the cesium salt method,®' either by
esterifying the amino acid onto the handle in solution to give the preformed handle®® or by attaching
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it to the handle previously incorporated onto the resin. In a synthesis of apamin,®? the 1-6 segment
of the sequence was synthesised on the resin (9) and detached by photolysis to give the protected
peptide carboxylic acid Boc-Cys(Acm)-Asn-Cys(Acm)-Lys(Z)-Ala-Pro-OH in yields of 65-70%.
After purification, this segment was coupled to the 7-18 peptide bound to a BHA resin, giving the
complete apamin sequence. In a different approach,®® the 1-12 protected peptide segment was
synthesised on the resin (9) and detached by photolysis in 89% yield to give Boc-Cys(Acm)-Asn-
Cys(Acm)-Lys(Z)-Ala-Pro-Glu(OBzl)-Thr(Bzl)-Ala-Leu-Cys(Acm)-Ala-OH, which after puri-
fication was coupled to three analogous 13-18 peptides bound to an MBHA resin in order to provide
apamin analogues differing in the C-terminal region.

R8N

We have also used the resin (9) in the convergent solid-phase synthesis of the sequence of the
toxin II from the scorpion Androctonus australis.**** The protected nonapeptide segment Boc-Asn-
Ala-Cys(Acm)-Tyr(cHex)-Cys(Acm)-Tyr(cHex)-Lys(Z)-Leu-Pro-OH was detached from the resin
by photolysis in 76% yield, and the protected peptides Boc-Val-Lys(Z)-Asp(O¢Bu)-Gly-OH, Boc-
Glu(OBzl)-Ser(Bzl)-Gly-OH and Boc-Asp(OBzl)-His-Val-Arg(Tos)-Thr(Bzl)-Lys(Z)-Gly-OH
were cleaved in yields of 72%, 59% and 53% respectively. In an ongoing project we are currently
engaged in the total synthesis of the protein uteroglobin®® by a CSPPS strategy.®™¢® Boc-Asp
(OcHex)-Asp(OcHex)-Thr(Bzl)-Met(O)-Lys(ClZ)-Asp(OcHex)-Ala-Gly-OH, Boc-Leu-Thr(Bzl)-
Glu(OcHex)-Lys(ClZ)-Ile-Val-Lys(ClZ)-Ser(Bzl)-Pro-OH and Boc-Asn-Leu-Leu-Leu-Gly-Thr
(Bzl)-Pro-OH have been detached from the resin in yields of 70%, 74% and 47% respectively.
Other protected peptide segments corresponding to the entire uteroglobin sequence have been
obtained by photolysis in yields of the order of 70%.5°

In addition to this work, other investigators have used 4-bromomethyl-3-nitrobenzoic acid as
a handle for the synthesis of protected peptide segments. Bayer’ has reported on the synthesis of
the decapeptide Boc-Glu(OBzl)-Arg(Tos)-Gly-Phe-Phe-Tyr(C1Z)-Thr(Bzl)-Pro-Lys(BrZ)-Ala-OH
which corresponds to the 21-30 segment of the insulin B chain, using the handle (8) attached to a
polyoxyethylene-polystyrene graft copolymer. Photolysis of a suspension of the resin in MeOH gave
the protected peptide in 80% yield. Pillai”' used a similar resin for the synthesis of thioredoxin
partial sequences. Cleavage yields were of the order of 60-70%.

Barany and Albericio®® have reported on the use of (8) in the synthesis of [Leu’]-enkephalin
using a' three dimensional orthogonal protection scheme, in which the Dts group (4) (labile to
thiolysis) was used for N® protection and the side-chain functionalities were protected as sBu
derivatives (labile to acids). The protected peptide corresponding to the sequence of [Leu®]-enke-
phalin was cleaved photolytically in a yield of 62%. This work demonstrates that the resin (7) is
stable to thiolysis in addition to its well-known stability to acidic conditions. The same authors’?
have also described the application of resin (7) to the synthesis of human gastrin-I by solid-phase
segment coupling using the Fmoc/¢Bu strategy. Fmoc-{Glu(OtBu) s]-Ala-OH was synthesised on,
and cleaved from, the resin (7) in 59% yield.

Tam’ has synthesised the tridecapeptide Boc-Asn-Lys(CIZ)-Tyr(BrZ)-Thr(Bzl)-Thr(Bzl)-
Glu(Ole)-Tyr(BrZ)-Ser(le)-Ala-Ser(le)-Val-Lys(ClZ)-Gly-OH of the V,; domain of murine
myeloma immunoglobin M603 using the resin (7) and has investigated the photolytic detachment

of the peptide from the resin (yield 54%), its purification and subsequent reattachment to the same
resin, in order to continue the process of chain elongation.

0O,
9
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There are several drawbacks that must be considered when using resins incorporating the handle
(8) for the synthesis of protected peptide segments. First of all these resins are not fully compatible
with the Fmoc/tBu strategy. The peptide-handle bond is not completely stable to treatment with
piperidine so that the synthesis of long peptides using the Fmoc/¢Bu strategy is not advisable. The
coupling of the third amino acid of the sequence (regardless of the peptide synthesis strategy used)
must be carried out under conditions which minimise the formation of DKPs.”® DKP formation is
more of a problem when the Fmoc/tBu strategy is used and can only be avoided with this handle
by coupling a protected dipeptide, consisting of the second and third amino acids of the sequence,
to the first amino acid of the peptide.”> When the Boc/Bzl strategy is used DKP formation can be
avoided either by using the protocols described by Suzuki’® or by ourselves.”” These methods involve
in situ neutralisation of the resin after acidolytic deprotection of the Boc group. In the former
method the coupling agent is DCC whereas in the latter BOP is used. A final limitation of the
method is that only relatively small quantities (up to 500 mg) of resin may be photolysed at any
one time. This latter restriction is thought to be a consequence of the formation of azo and
azoxy compounds from the o-nitrosobenzaldehyde’® produced in the photolysis reaction. These
compounds are a deep red colour and act as an internal light filter, thereby reducing the cleavage
yields. The effect becomes more pronounced with increasing quantities of resin. We have found that
optimum results from the photolysis reaction are achieved by suspending up to 500 mg of peptide
resin in a 4: 1 mixture of DCM or toluene and TFE. Degassing, followed by irradiation at 360 nm
with stirring for 12-16 h, in our hands gives reproducible cleavage yields of up to 85%.

In an effort to overcome the self-quenching of the photolysis reaction of these resins, particularly
when larger quantities are used, Pillai’® investigated the photolabile resin (10) which was designed
to limit the formation of the o-nitrosobenzaldehyde byproduct.

Br O
Me NO,
10

Unfortunately, although this resin performed reasonably well in providing the protected peptide
segment Boc-Asp(OBzl)-Val-Tyr(Bzl)-Val-Glu(OBzl)-OH upon photolysis at 320-350 nm of 1 g
batches of resin in yields of up to 50%, the cleavage yields dropped significantly when peptide resins
incorporating more than 5 amino acid residues were photolysed.

Pillai®® has also described the synthesis of model protected peptide segments on the nitro-
benzhydryl resin (11).

The protected Merrifield-peptide Boc-Leu-Ala-Gly-Val-OH may be cleaved from the resin (11) by
photolysis at 350 nm, in 55-60% yield. '

1.1.2. Phenacyl resins. Wang®' investigated the photolysis of the a-methylphenacy! ester®? anchor-
ing linkage (12) for the preparation of protected peptide segments using the Boc/Bzl strategy.
Photolysis of the peptide-resin at 350 nm yielded the segment Z-Lys(Z)-Phe-Phe-Gly-OH in 70%
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yield. The photolytic cleavage yield of the peptide from the resin (12) was superior to that obtained
when the same peptide was synthesised using the o-nitrobenzyl ester anchoring linkage.

g®
Br
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The resin (12) has also been used by Tjoeng®® for the synthesis of Boc-Phe-Thr(Bzl)-Phe-
Ser(Bzl)- Asp(OBzl)-Phe-Tyr(Dcb)-Met-Glu(OBzl)-Trp(For)-Val-Arg(Tos)-Gln-Pro-Pro-Gly-OH
corresponding to the 27-42 hexadecapeptide of the sequence of the heavy chain from myeloma
immunoglobin M603. The authors report on several side reactions which must be overcome in
order to synthesise peptides successfully using this resin. Incorporation of the second amino acid of
the sequence can be hampered by the cyclisation of the amino group of the first amino acid (upon
base treatment of the resin after removal of the Boc N” protecting group) onto the carbonyl group
of the phenacyl resin, thus leading to Schiff base formation. The incorporation of the second and
third amino acids may proceed in low yield because of the formation of DKPs. These side reactions
can be avoided by coupling previously-prepared peptide segments onto the solid support, although
this does limit the usefulness of the resin. These difficulties notwithstanding, the target hexa-
decapeptide was synthesised successfully on (12) and cleaved by photolysis in 91% yield.

The use of the photolabile handle (13) attached to an aminomethyl polystyrene resin was
reported by Tjoeng and Heavner® for the synthesis of the protected peptide segment Z-Arg(Z,Z)-
Lys(Z)-Asp(OBzl)-Val-Tyr(Bzl)-OH, part of the sequence of thymopoietin.

OH
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Br
o 13

The cleavage yields were of the order of 90%. The authors report that the side reactions observed
for the resin (12) occurred in negligible amounts when the handle (13) was used.
Bellof and Mutter®® have described the use of the phenacyl handle (14).

Me o\)LQH
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N*-Boc-protected [Leu’}-enkephalin [Boc-Tyr(Bzl)-Gly-Gly-Phe-Leu-OH], synthesised on a resin
incorporating (14) was cleaved by photolysis in 71% yield. _

Gauthier®® has used the chloro-analogue of the handle (14), attached to a BHA resin, for the
synthesis of mammalian glucagon, in an elegant example of CSPPS. The protected peptide segments
Boc-Asp(OcHex)-Ser(Bzl)-Arg(Tos)-Arg(Tos)-Ala-GIn-Asp(OcHex)-Phe-OH and Boc-Thr(Bzl)-
Ser(Bzl)-Asp(OcHex)-Tyr(Dcb)-Ser(Bzl)-Lys(CIZ)-Tyr(Dcb)-Leu-OH, corresponding to the 15-
22 and 7-14 sequences respectively, were synthesised on the solid support, and were detached by
photolysis in yields of over 85%. These segments were then used to build up the sequence of glucagon
on a BHA resin incorporating the 23-29 sequence of the molecule.

1.2. Acidolytic cleavage of protected peptides from the solid support
In linear SPPS, peptides synthesised on Bzl-type resins are normally detached from the support
by acidolysis with strong acid, usually liquid HF. This method is incompatible with the preparation
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of protected peptide segments since in both the Boc/Bzl and Fmoc/tBu strategies, most of the
protecting groups used are removed by HF treatment. In order to allow the solid-phase synthesis
of protected peptide segments, the conditions for acidolytic cleavage must be as mild as possible.
1.2.1. The Wang resin. Wang®’ has reported on the synthesis and use of the p-alkoxybenzyl
alcohol-resin (15). Peptides synthesised using this resin can be cleaved from the solid support using

TFA.
o N
H'0\/©/
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The standard Boc/Bzl- or Fmoc/t Bu- strategies for the preparation of protected peptide segments
are not fully compatible with the conditions required to bring about cleavage from the resin (15).
In the former strategy the TFA treatments required to remove the N*-protecting group would lead
to cleavage of the peptide from the resin and in the latter, the side-chain protecting groups will be
removed upon treatment of the peptide—resin with TFA. The resin (15) can nevertheless be used for
the synthesis of protected peptide segments if modified peptide synthesis strategies are adopted, for
example using Bzl-type side-chain protecting groups and N® protecting groups which are stable to
TFA. The peptide can be built up on the resin using Bpoc- or Fmoc-N°-protected amino acids, since
the mild acidolytic conditions required for the removal of the former group, or the basic conditions
required for the removal of the latter, do not normally cause premature cleavage of the peptide
from the resin, nor do they cause loss of side-chain protecting groups. If the last amino acid of the
sequence is incorporated with the Z or Fmoc N° protecting group then protected peptide segments
can be obtained by cleavage of the peptide from the resin with TFA. In this way Wang synthesised
Z-Lys(Z)-Phe-Phe-Gly-OH among other segments. Cleavage yields are of the order of 60%. The
resin (15) has become one of the most successful resins in SPPS and is used extensively, more usually
for the preparation of free peptides using the Fmoc/tBu strategy.

Wang and Kulesha®® also used the p-alkoxybenzyl alcohol-resin in a synthesis of the active core
of ovine pituitary growth hormone. H-Arg(Tos)-Glu(OBzl)-Leu-Glu(OBzl)-Asp(OBzl)-Val-OH
was detached from resin (15) by treatment with 50% TFA in DCM, conditions which remove the
Bpoc N* protecting group so that the peptide segment is obtained as the N-terminal free amine salt.
The side-chain protecting groups are maintained, however.

Felix®’ has reported on the use of the resin (15) for the synthesis of peptide segments with their
side chain functional groups unprotected but with Fmoc N* protection. Peptides synthesised using
the Fmoc/¢Bu strategy are cleaved from this resin using TFA which also removes the tBu side-chain
protecting groups but leaves the Fmoc group in place.

We®® have used resin (15) for the synthesis of protected peptide segments comprising the sequence
of LHRH. Fmoc N* protection and TFA-stable side-chain protection was used.®® Fmoc-Leu-
Arg(Tos)-Pro-Gly-OH and pGlu-His(Tos)-Trp-Ser(Bzl)-Tyr(Dcb)-Gly-OH were detached from
the resin by treatment with TFA. The segments were subsequently purified and coupled on a solid
support in a model synthesis of LHRH.

We?®"2 have also applied this strategy to the synthesis of the peptides Fmoc-Tyr(cHex)-
Cys(Acm)-Gin-Trp-Ala-Ser(Bzl)-Pro-Tyr(cHex)-Gly-OH, Fmoc-Glu(OBzl)-Ser(Bzl)-Gly-OH,
Fmoc-Tyr(cHex)-1Ile-Val-Asp(OBzl)- Asp(OBzl)-Val-Asn-Cys(Acm)-Thr(Bzl)-Tyr(cHex)-Phe-Cys
(Acm)-Gly-OH and Fmoc-Arg(Tos)-Asn-Ala-Tyr(cHex)-Cys(Acm)-Asn-Glu(OBzl)-Glu(OBzl)-
Cys(Acm)-Thr(Bzl)-Lys(Z)-Leu-Lys(Z)-Gly-OH, corresponding to the sequence of the toxin II
of the scorpion Androctonus australis. Cleavage yields were over 95% in each case.

A similar approach to the synthesis of protected peptides corresponding to the sequence of
human cardiodilatin has been used by Nokihara.®?
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The formation of DKPs when the Wang resin is used is not normally a serious problem, although
when sequences which are especially prone to form DKPs are synthesised, it may be advisable to use
shorter deprotection times for the Fmoc group of the second amino acid of the sequence.”® The
Wang resin (15) is significantly more labile to acid than the conventional Merrifield polystyrene
resin, but its acid-lability is still not sufficient for it to be used efficiently for the synthesis of protected
peptide segments which have their side-chains protected with #Bu groups or which have the Boc
group as N° protection.

The development of the solid-phase segment condensation strategy as an approach to peptide
synthesis has stimulated the search for ever more acid-labile peptide—resin anchorages, resulting in
a series of highly acid-labile resins and linkers. These are compatible with the Fmoc/¢tBu strategy
since the use of acidic conditions is avoided throughout the synthesis. Protected peptides can then
be detached from such resins by mild acidolysis.

1.2.2. Highly acid-labile resins and linkers. Sheppard and Williams®*** first reported on the use
of highly acid-labile handles in SPPS. Peptides synthesised using the linker (16) may be detached
from the resin by treatment with TFA but this leads to loss of the ¢Bu side-chain protecting groups.
If linker (17) is used, however, protected peptides may be detached from the solid support using

1% TFA in DCM, conditions which do not cause the deprotection of the :Bu-based protecting
groups. -

(0] : _
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The utility of the handle (17) was demonstrated in the synthesis of the gastrin segments Fmoc-
Glu(OzBu)-Ala-Tyr(zBu)-Gly-OH and Fmoc-Leu-[Glu(O7Bu)] ,-OH in more than 95% yield.

The resin (18), known as SASRIN has been described by Mergler.***” Peptides synthesised on
this resin can be detached in high yield using 1% TFA in DCM.

MeO

Ho\;© 18
SASRIN is somewhat more acid-labile than the handle (17) so that, although the Fmoc/tBu strategy
must be used for peptide synthesis, the acidolytic cleavage conditions are sufficiently miid to allow
the Boc group to be maintained. SASRIN has been used to synthesise a range of protected peptide
segments in order to demonstrate its usefulness. As illustrative examples, Boc-Asp(O¢Bu)-Val-Pro-
Lys(Boc)-Ser(¢Bu)-OH corresponding to the 1-5 sequence of kassinin and Z-Asn-Lys(Boc)-Phe-
His(Boc)-Thr(t Bu)-Phe-Pro-Gin-Thr(zBu)-Ala-Ile-Gly-OH corresponding to the 17-28 sequence
of human calcitonin®’ were cleaved from the resin in 90% crude yield and 43% vyield after counter
current distribution, respectively,

Jung®®*? has used SASRIN for the synthesis of protected peptide segments corresponding to
the sequences of the nucleocapsid protein of the HIV virus, and of a model peptide for the VP,
protein of the foot and mouth disease virus. SASRIN has also been used in the solid-phase synthesis
of mono- and di-saccharide-containing glycopeptides. '

Riniker'?"'%? has developed the HMPB linker (19), which is related to the handle (17) but has
two extra CH, groups. between the carboxyl group and the oxygen atom of the aryl-alkyl ether.
These two extra CH, units diminish the electron-withdrawing effect of the carboxyl group at the
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ether oxygen, allowing it to function as a more powerful electron donator thereby increasing the
lability of the handle to acid, resulting in milder detachment conditions.

0

HO 19

This linker, when attached to a BHA resin provides a highly acid-sensitive solid support for
peptide synthesis using the Fmoc/tBu strategy. Three protected peptides corresponding to the 1-
10, 11-23 and 24-33 segments of human calcitonin were synthesised using this handle. These
segments were detached from the solid support by treatment with 1% TFA in DCM for 6-8 min
at room temperature. Riniker'®® has developed a synthetic approach to the synthesis of larger
peptides, called the ‘lipophilic segment coupling strategy’, which is based on the use of the HMPB
handle and on the use of tBu-, trityl-, and Boc-groups for side-chain protection. In this approach
the protected peptide segments are coupled in solution and the strategy has been applied successfully
to the synthesis of human neuropeptide Y.

Albericio and Barany!** have reported on the use of the HAL handle (20), which is related to

the handle (21) known as PAL.
OWYOH
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PAL is useful for the synthesis of peptide C-terminal amides'®*'%® under mild conditions using the
Fmoc/tBu strategy. '

o\/\/\n,on
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Peptides synthesised on the handle (20) attached to a suitable resin can be cleaved by treatment
with 0.1% TFA in DCM for 60 min at 25°C. In order to demonstrate its usefulness, the peptides
Fmoc-[Glu(OzBu)]s-Ala-OH, Fmoc-[Tyr(:Bu)}s-Ala-OH and Fmoc[Lys(Boc)]s-Ala-OH, related
to the sequence of human gastrin-I, were synthesised. ‘

Rink '°” has described the synthesis of the protected nonadecapeptide segment Boc-Asp(OrBu)-
Arg(Mtr)-Gly- Phe- Tyr(¢Bu)-Phe-Ser(s Bu)-Arg(Mtr)-Pro-Ala-Ser(tBu)- Arg(Mtr) -Val-Ser(tBu)-
Arg(Mtr)- Arg(Mtr)-Ser(tBu) Arg(Mtr)-Gly-OH among others, on the resin (22) using the
Fmoc/ tBu strategy. Cleavage of peptides from tms resin may be brought about by treatment with

0.2% TFA in DCM for 3-5 min.

A dréwback of the resin (22) is that its sensitivity to acids is so pronounced that premature
‘cleavage of peptide from the resin occurs if HOBt is used in the amino acid-coupling steps. In order
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to use HOBt with this resin, the coupling solution must be buffered with DIEA. Addition of extra
base is also recommended when using symmetrical anhydrides or active esters for amino acid
coupling. _

Barlos'%®'% has developed the 2-chlorotrityl resin (23) for use in CSPPS.

®
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This resin is compatible with the Fmoc/¢Bu strategy and initial work focused on the synthesis of
protected peptide segments such as Fmoc-Arg(Mtr)-Pro-Lys(Boc)-Pro-OH, related to the 1-4
sequence of substance P, and of Fmoc-Phe-His(Trt)-Thr(sBu)-Phe-Pro-OH, Fmoc-Leu-Ser(¢Bu)-
Thr(¢Bu)-Cys(Trt)-Met-Leu-Gly-OH and Fmoc-Cys(Trt)-Gly-Asn-Leu-Ser(tBu)-Thr(:Bu)-Cys
(Trt)-Met-Leu-Gly-OH, which are related to the sequence of calcitonin. Amino acids can be esterified
onto the resin (23) in high yield and with negligible racemisation. The formation of DKPs on
incorporation of the third amino acid is suppressed due to the significant bulk of the trityl resin.''®
Cleavage of peptides from (23) can be accomplished in excellent yield by treatment of the peptide—
resin with a mixture of ACOH-TFE-DCM, and cleavage times are 1-2 h. Yields are usually greater
than 90%. In one of the most important demonstrations of CSPPS to date, Barlos has used the
resin (23) for the synthesis of prothymosin «, a protein consisting of 109 amino acid residues."!"

A trityl linker useful in the solid-phase synthesis of protected peptide segments using the
Fmoc/tBu strategy has recently been reported by Tesser.'' %!

1.2.3. Other acid-labile resins. Wang and Merrifield''*''* described the use of the r-alkyl alcohol
resin (24), in combination with Z or with phthaloyl-N® protecting groups.

. 7
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Z-Lys(Z)-Phe-Phe-Gly-OH was cleaved from this support by the action of 50% TFA in DCM. This
resin however has not become popular in SPPS.

Carpino''® has synthesised the t-alkyl alcohol handle (25) and used it for the synthesis of the
eleven residue peptide, bradykinin potentiator B.

oA on

2§
The peptide was cleaved from the resin by treatment with TFA-thioanisole for 3 h at 25°C.
The r-alkoxycarbonylhydrazide resin (26) was developed by Wang and Merrifield."' !5 Aci-
dolysis of protected peptides bound to resin (26) gives rise to the protected peptide hydrazides,
which may then be purified and converted to the corresponding azides, for coupling to other

segments. °
<
H
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The tetrapeptide hydrazide Z-Phe-Val-Ala-Leu-NHNH, and the decapeptide hydrazide Z-Ala-
Val-Ser(Bzl)-Glu(OBzl)-Ile-Gln-Phe-Met(O)-Asn-Leu-NHNH,, were synthesised on this resin and
detached by treatment with 50% TFA in DCM for 30 min. Yields for the cleavages were 36% and
42% respectively.

The resin (26) has been used by Tesser''” for the synthesis of Msc-Tyr-Gln-Leu-Glu-Asn-Tyr-
NHNH, comprising the A'*'® sequence of ovine insulin. The last amino acid of the sequence was
incorporated as its Msc N* protected derivative.!'® Cleavage from the resin was brought about by
treatment with 50% TFA in DCM, conditions which leave the N°® protecting group intact but which
remove the tBu-based side-chain protecting groups. The cleavage yield was 62%.

The resin (27) is the carbazoyloxybenzyl derivative of the Wang resin (15) and was used®™'!®
for the preparation of the protected peptide hydrazides Boc-Gly-Phe-Phe-Tyr(Bzl)-NHNH,,
Z(NO,)-Gly-Val-Ala-Leu-NHNH, and Fmoc-Gly-Phe-Phe-Tyr(Bzl)-Thr(Bzl)-NHNH,.

DL
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The peptide segments were released from the resin in yields of up to 50%, by treatment with 50%
TFA in DCM.

We®® have experimented with the resin (27) for the synthesis of Fmoc-Leu-Arg(Tos)-Pro-Gly-
NHNH,; and pGlu-His(Tos)-Trp-Ser-(Bzl)-Tyr(Dcb)-Gly-NHNH ,, peptides which correspond to
the sequence of LHRH. We found that the hydrazides were obtained in low yields, mainly because
of a significant drop in the level of functionalisation after incorporation of the second amino acid
of the sequences. We also found that the hydrazides obtained after cleavage were difficult to purify.

1.3. Nucleophile- and base-mediated cleavage of protected peptides from the solid support

1.3.1. Cleavage of the peptide—resin anchorage by a B-elimination reaction. Several fluorene-based
handles, which allow cleavage of peptides from the solid support by a B-elimination mechanism,
have been described. These handles are only compatible with the Boc/Bzl synthesis strategy. Mutter
and Bellhof 2% have investigated the use of the resin (28) in the synthesis of the model peptide Boc-

Leu-Ala-Gly-Val-OH.
H

The authors report that the peptide-resin anchorage is completely acid-stable under the synthesis
conditions, although upon prolonged exposure to DIEA in DMF some cleavage of the peptide from
the resin occurs. Since this base is normally used for resin neutralisation after removal of the N*
Boc group, this premature cleavage could become troublesome in the synthesis of longer peptides.
In order to avoid cleavage of the peptide during the synthesis, the authors recommend that the
DMF be freshly distilled before use and that the DIEA be added to the resin only after the addition
of the next activated amino acid of the peptide sequence. Quantitative cleavage of the model peptide
from resin (28) was brought about by treatment with 15% piperidine in DMF for 5 min. A different
synthetic approach to the resin (28) has been described by Tjoeng.'?!

Felix'22 has reported on the use of the resin (29) for the synthesis of the protected heptapeptide
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Boc-Val-Val-Ser(Bzl)-His(Tos)-Phe-Asn-Lys(Z)-OH corresponding to the sequence 1-7 of rat-
transforming growth factor «, in an overall yield of 46%.

Cleavage from the solid support was brought about by treatment with 15% piperidine in DMF for
5 min. The authors suggest that less premature cleavage from the support should occur with 29)
than with (28) because the extra methylene group between the fluorene nucleus and the carbonyl
function should render (29) somewhat more stable to base-catalysed cleavage. However, partial
premature cleavage of the anchorage is provoked by the free amino group of amino acids such as
Gly, Phe or Ser(Bzl) during peptide synthesis. The authors recommend the use of HOBt in the
coupling reactions in order to avoid this. Oroszlan and co-workers'2? have also used the resin (29)
for the synthesis of a series of nonapeptide C-terminal amides required for structure—activity studies
of HIV proteinases. The protected peptide segments Boc-Val-Ser(Bzl)-Gln-Asn-Tyr(BrZ)-OH and
Boc-Val-Ser(Bzl)-Gln-Asn-Tyr(BrZ)-Pro-OH were synthesised and detached in yields of 83% and
71% respectively. After purification they were coupled to several different MBHA resin-bound
peptides, in order to give the nonapeptides required for the study.
We have reported on the use of the handle (30) in peptide synthesis. !
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This handle is more stable than supports (28) or (29) with respect to premature cleavage during
peptide synthesis. This may be because the link between the fluorene nucleus and the side-chain is
an electron-donating N-amide group. The handle (30) is completely stable to solutions of DIEA in
DMF so that premature loss of peptide chains from the support during synthesis is .avoided.
However, lability to secondary amines such as piperidine is maintained, allowing protected segments
to be released from the resin in high yield. The model peptide Boc-Leu-Ala-Gly-Val-OH and the
segment Boc-Asp(OcHex)~Asp(OcHex)-Thr(le)-Met—Lys(ClZ)-Asp(OcHex)-Ala-Gly-OH cor-
responding to the 31-38 sequence of uteroglobin®® were synthesised and detached from the resin in
high yields using 20% morpholine in DMF over 2 h.

We have also described'2%'2¢ the NPE handle (31), useful for the solid-phase synthesis of both
oligonucleotides and of peptides. Using this handle attached to an MBHA resin, protected peptides
may also be detached from the solid support by a base-catalysed -elimination reaction.

NO,
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Several model peptides were synthesised using this handle and it was determined that there is
essentially no DKP formation during the incorporation of the third amino acid, that a wide range
of protecting groups are completely stable to the cleavage conditions, and that cleavage proceeds
with almost negligible epimerisation of the C-terminal amino acid. Peptides can be cleaved from the
support by treatment with 0.1 M DBU in dioxane or 20% piperidine in DMF, for 2 h at room
temperature. Cleavage yields are very high (> 95%) and the peptide crudes are very clean. Initial
results with this handle are very encouraging'?” and it may be that it will become more widely used
in the synthesis of protected peptide segments.

Tesser'2®!?? reported the synthesis of several model peptides including Z-Glu(O¢Bu)-His-Phe-
Arg(NO,)-Trp-Gly-OH, corresponding to the 510 sequence of ACTH, on the resin (32).

HO/\/SOZ\/®
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The peptides were detached by base-catalysed B-elimination, brought about by treatment of the
resin with a mixture of sodium hydroxide in dioxane-MeOH for 3 min. The cleavage yields were of
the order of 66%. Using this procedure the detachment of protected peptides from the resin (32)
proceeded more rapidly than from a standard Merrifield resin.

Schwyzer'?® has reported on the use of the related handle (33) which in principle also allows
detachment of the peptide from the resin by S-elimination.
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The handle (33) is compatible with the Boc/Bzl synthesis strategy. Cleavage of several protected
amino acids from the resin-handle was investigated. The cleavage conditions are mild and rapid;
typically treatment of the resin with 0.1 M NaOH or Ba(OH), for several minutes.

The linker (34) has been described by Katti.'*' The authors report that this linker is compatible
with both the Boc/Bzl- and Fmoc/rBu- strategies.
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The first amino acid is esterified onto the alcohol terminal of the linker and the thioether is then
oxidised to the corresponding sulfone. This preformed handle* is then attached to a suitable amino-
functionalised resin and the synthesis continued by standard procedures. In order to demonstrate
the usefulness of the handle, [Leu®]-enkephalin was synthesised using both the Fmoc/tBu- and
Boc/Bzl-strategies. In each case the final cleavage was brought about by treatment of the resin with
. a solution of aqueous sodium hydroxide in dioxane-MeOH. Cleavage yields were greater than 90%.
The handle is not useful for synthesis of peptides which have amino acids which are sensitive to
oxidation, such as Met, Cys or Trp, at the C-terminus.

1.3.2. The Kaiser oxime resin. The p-nitrobenzophenone oxime resin (35) synthesised and
developed by Kaiser and his group has been used extensively in studies on CSPPS.'3%133 The first
of a series of communications'** exploring the use of polymer-bound oxime esters as supports for
the synthesis of protected peptide segments appeared in 1980. The use of oxime esters in peptide

v
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synthesis in solution had previously been investigated by Losse.'**!*¢ Peptides synthesised on the
oxime resin can be detached by hydrazinolysis or aminolysis using a suitable amino acid ester. This
allows the preparation of a range of protected peptides differing at the C-terminus. An alternative
procedure for the cleavage reaction is the treatment of the peptide—resin with HO-Pip. This gives
rise initially to the HO-Pip ester of the protected peptide segment. Treatment of this ester with Zn
in AcOH then gives rise to the corresponding free carboxylic acid. These procedures do not lead to
epimerisation at the C-terminal amino acid nor to loss of acid-sensitive protecting groups. The
yields for the cleavage reaction are usually high.

The resin ((35) is compatible with Boc N* protection and with Bzl-/cHex-based side-chain
protection. Kaiser and collaborators have used this resin'®’ for the preparation of the protected
peptide segments Z-Leu-Leu-Glu(OBzl)-Ser(Bzl)-Leu-OzBu, Nps-Leu-Ser(Bzl)-Leu-O¢Bu, Nps-
Leu-Gln-Ser(Bzl)-Leu-Leu-Ser(Bzl)-Leu-OtBu, Nps-Leu-Leu-Gin-Trp(For)-Leu-O¢Bu and Boc-
Lys(ClZ)-Arg(Tos)-Lys(ClZ)-Arg(Tos)-Gln-GIn-NH),, comprising the sequence of an analogue of
melittin.'*® All peptide segments were cleaved from the oxime resin by aminolysis with H-Leu-
OtBu. Yields for the cleavage reaction were between 46% and 65%.

Resin (35) has also been used for the synthesis of model peptides'**'*® for apolipoprotein
A-1.""" Boc-Lys(Z)-Glu(OBzl)-Lys(Z)-Leu-OH, Boc-Lys(Z)-Glu(OBzl)-Leu-Leu-Glu(OBzl)-Lys
(Z)-Leu-OH and Boc-Pro-Lys(Z)-Leu-Glu(OBzl)-Glu(OBzl)-Leu-OH were synthesised using the
oxime resin and cleavage with HO-Pip, in yields of around 80%. These peptide segments were subse-
quently purified and coupled on the resin (35) to give a peptide consisting of 21 amino acid
residues. Detachment from the resin was achieved by aminolysis with H-Ala-OBzl, affording a 22-
residue fully-protected peptide which after deprotection gave the desired 22-residue model peptide.
The yield for the aminolysis step was 73%. A 44-residue model peptide consisting of two of the
22-residue peptides was also synthesised by segment condensation on the oxime resin.

Kaiser'4%'43 also used (35) for the synthesis, of ‘helichrome’ a-designed hemeprotein, for which
the sequence H-Ala-Glu-Gin-Leu-Leu-Gin-Glu-Ala-Glu-Gin-Leu-Leu-Gin-Glu-Leu-NH, was
required. Since this sequence is a repeat of two identical subunits, the segment Boc-Ala-Glu(OBzl)-
GlIn-Leu-Leu-GIn-Glu(OBzl)-OH was synthesised on the oxime resin and divided into two
batches. Using one batch, the protected peptide carboxylic acid was obtained by cleavage with
HO-Pip followed by reduction with Zn in AcOH. Using the other portion of the peptide-resin,
the peptide was detached by aminolysis with H-Leu-NH,. Segment coupling was carried out in
solution.

The most ambitious syntheses carried out by Kaiser using the oxime resin are those of a 60
residue peptide corresponding to the homeo domain of Antennapedia'** and of ribonuclease T,.'*3
The protected peptide segments corresponding to the sequence of these proteins were synthesised
using (35) and after detachment and purification were coupled together either on the oxime resin
or in solution to give the complete sequences. Final cleavage of the peptide from the resin, removal
of the protecting groups and purification then gave the desired proteins. Unfortunately in the case
of ribonuclease T, the biological activity of the synthetic material was very low.

Kaiser'® also investigated the combination of a p-nitrobenzophenone oxime handle with a

A1
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polyamide resin.'*”'*® This alternative to the resin (35) was studied because of difficulties en-
countered in the synthesis of certain specific sequences and in the coupling of some segments on
resin (35). The investigators speculate that the polyamide resin might be superior to (35) because
of its more hydrophilic polymeric matrix. It remains unclear whether or not this represents an im-
provement over the original polystyrene-based resin (35).

Resin (35) has been used by Lansbury'*’ for the preparation of protected peptide segments
related to the f-amyloid protein of Alzheimer’s disease.'*%!'*! Boc-Leu-Met-Val-Gly-OH, Boc-
Ser(Bzl)-Asn-Lys(ClZ)-Gly-Ala-Ile-Ile-Gly-OH,  Boc-Val-Phe-Phe-Ala-Glu(OBzl)-Asp(OcHex)-
Val-Gly-OH and Boc-Asp(OtBu)-Ala-Glu(OBzl)-Phe-Arg(Mts)-His(Bom)-Asp(OcHex)-Ser(Bzl)-
Gly-Tyr(Dcb)-Glu(OBzl)-Val-His(Bom)-His(Bom)-Glu(OBzl)-Lys(ClZ)-Leu-OH were synthe-
sised on (35) using BOP as coupling reagent'’>!** and were cleaved from the resin by treatment with
HO-Pip, followed by reduction with Zn in AcOH. The advantages of CSPPS have been high-
lighted by Lansbury’s total synthesis of the fA4-amyloid protein. ¢

The resin (35) has also been used by Taylor'3*!*¢ for the synthesis of peptide models required
for the study of the functional conformations of biologically active peptides,'>”!>® and for the

- synthesis of the cyclic peptide tyrocidine A. Nishino'®® has used the Kaiser oxime resin for the
synthesis of [D-pyrenylalanine**] gramicidin S.

A disadvantage of the Kaiser oxime resin is that it is labile to nucleophiles. This can lead to
loss of peptide from the resin upon neutralisation with base after acidolytic removal of the N* Boc
group. Also, precautions must be taken against the formation of DKPs in the coupling of the third
amino acid, by using in situ neutralisation of the resin after removal of the Boc group and by
carrying out the coupling with BOP or with related compounds.’®”’

1.3.3. Fluoridolysis of the peptide—resin anchorage. The rather original idea of using silicon-
based peptide-resin anchorages that can be cleaved by treatment with fluoride ion was explored
independently by both Barany and Mullen'¢"!$? and Ramage.'¢*!¢* Barany and Mullen have
investigated the use of the resin (36) which is compatible with the Fmoc/tBu strategy but not with
the Boc/Bzl strategy, since it is not stable to the acidolysis required to remove the N* Boc group.
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The model peptide Fmoc-Glu(OrBu)-Ala-Tyr(tBu)-Gly-OH was synthesised on, and cleaved
from the support (36), using tetra-n-butylammonium fluoride in DMF, in the presence of thiophenol
and DIEA. Although fluoride ion can be used to deprotect the Fmoc group,'¢® the cleavage
conditions used by the investigators allow the N*-Fmoc protected peptide to be cleaved from the
resin in 90% yield. '%?
Ramage has investigated the use of the silicon-containing resin (37) for the synthesis of the

protected peptide Dpp-Leu-Val-Gly-Phe-Ala-Leu-OH, and also for the synthesis of a protected
peptide segment corresponding to the 1-35 sequence of ubiquitin.
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In these syntheses the final amino acids of the sequences were incorporated not as the N* Fmoc
derivatives, but rather as the N* Boc- or alternatively as the N* Dpp-derivatives. '*¢ The protected
ubiquitin segment was obtained in 48% yield. Again this resin is compatible with the Fmoc/tBu
strategy but not with the Boc/Bzl strategy.

Ueki and Amemiya'®” have reported on the cleavage of Boc-Tyr-D-Ala-Gly-Phe-Leu-OH. from
a Pam resin!®%!%° by the action of tetra-n-butylammonium fluoride in DMF. The peptide is cleaved
from the resin in a yield of 45%. Unfortunately the BrZ group used for the protection of the Tyr
side-chain is not stable to the cleavage conditions thus restricting the usefulness of the procedure.

1.3.4. Cleavage of glycolamide ester anchorages. Daunis'"° and Calas'""'"? used the solid support
(38) to prepare protected peptide segments. The cesium salté! of the first amino acid (protected at
its N* terminal) is made to react with the bromo-functionalised solid support, giving rise to an
anchorage which has a glycolamide ester linkage between the resin and the peptide.

o H
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This type of ester is stable to the repeated acidolytic conditions required for the elaboration of
peptides using the Boc/Bzl strategy, but may be cleaved readily by nucleophiles. The resin (38) was
used'”! for the preparation of two peptides related to the sequence of chromosomal histone H4,
which were first elaborated in their protected forms and then the Dnp protecting group of His was
removed by thiolysis. The peptides were then detached from the resin by methanolysis giving rise
to the peptide methyl esters in overall yields of approximately 50%. Since these segments were
required with protecting groups at only the N- and C-terminals, the other side-chain functional
groups were removed by hydrogenolysis to afford the desired products Ac-Gly-Ala-Lys-Arg-His-
Arg-Lys-Val-OMe and Ac-Gly-Ala-Lys-Leu-Arg-His-Arg-Lys-Val-OMe.

Calas'”? used the same resin for peptide synthesis using the Fmoc/sBu strategy. This dem-
onstrates that although the resin (38) is base-labile, it is stable to the conditions of the Fmoc/¢Bu
strategy, adding to the versatility of the solid support. If N°-protected peptide segments are desired
then the final amino acid of the sequence must be incorporated as its N*-Boc derivative or some
other N* derivative which is stable to the basic cleavage conditions, usually treatment with aqueous
NaOH. Using this procedure Boc-Arg-Lys(Boc)-Asp(Ot Bu)-Val-Tyr(1Bu)-OH was synthesised in
good yield.

1.3.5. Miscellaneous methods.

1.3.5.1. Ammonolysis, hydrazinolysis and aminolysis. In linear SPPS using Merrificld-type resins, the
peptides are normally detached by acidolysis with strong acid, giving free peptides. However,
protected peptide segments may be detached from such resins by ammonolysis'’*'"¢ or hydra-
zinolysis of the C-terminal peptide-resin benzyl ester linkage.'”’-'®! This gives rise either to the
protected peptide C-terminal amides or hydrazides. These latter compounds may be converted into
the azides for subsequent coupling reactions.

Wang''? prepared several protected peptide hydrazides by subjecting the peptide-resins to
hydrazinolysis. The cleavage yields were of the order of 60%. Wang?’ also applied the same
procedure to the synthesis of the active core of the ovine pituitary growth hormone. The protected
peptides were detached from the resin in good yields by hydrazinolysis.

Continuing an important series of contributions to the ficld, Wang'#2 described the first auto-
mated synthesis of a protected peptide segment, cleaved from the resin by hydrazinolysis. The
sequence used as a model was the peptide hydrazide Boc-Gly-Phe-Phe-Tyr(Bzl)-Thr(Bzl)-NHNH,.
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Mizoguchi'**'** investigated the use of the haloacyl polystyrene resins (12) and (39) for the
solid-phase synthesis of protected peptide segments.

o 39

Protected peptides were obtained by ammonolysis of the peptide-resin using NH, in MeOH and
yields were of the order of 60%. Protected peptides may also be cleaved from these resins by
hydrazinolysis.?'

We*®? have detached the apamin 1-6 sequence from the Nbb resin (9) by hydrazinolysis, obtain-
ing the protected peptide hydrazide Boc-Cys(Acm)-Asn-Cys(Acm)-Lys(Z)-Ala-Pro-NHNH, in a
yield of 88%, compared with a cleavage yield of 65-70% for the photolysis.

Epton'®’ used a phenolic support for the synthesis of several protected peptide hydrazides. The
amino acid sequences were synthesised on the support and cleaved by hydrazinolysis. The same
type of resin was used for a synthesis of the opioid peptide dynorphin.'#¢

Marshall and Liener'®’ reported on the support (40), based on the methylthiomethyl group.'8?

(»)
O

The sequence Z-Arg(NO,)-Ser(Bzl)-Val-Glu(OBzl)-O-resin was synthesised and treatment of the
peptide-resin with hydrogen peroxide converted the sulfide to the corresponding sulfone. Aminolysis
with H-Gly-OEt gave rise to the fully protected pentapeptide Z-Arg(NO,)-Ser(Bzl)-Val-Glu(OBzl)-
Gly-OEt. Although the amide bond is not affected by the treatment with hydrogen peroxide, Met,
Trp and Cys would suffer oxidation and the method is not compatible with the use of these amino
acids. The support (40) and the related (41) were used by Flanigan and Marshall'®® for the synthesis

of cyclic peptides.
o (»)
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Wieland'®® has described the use of the handle (42) in the solid-phase synthesis of peptides.

o
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"The first amino acid is attached to the handle at the hydrazide functional group. This preformed
Thandie®® is then attached to an appropriate amino-functionalised resin and the peptide chain is



Convergent solid-phase peptide synthesis 11087

elongated. The peptide-resin is treated with NBS, oxidising the hydrazide to the corresponding azo
compound, which then undergoes facile hydrolysis giving the desired peptide. Detachment from
this resin is also possible by aminolysis with amino acid esters or by ammonolysis. This latter
procedure of course gives rise to the C-terminal amides.

Kenner also reported on the use of this type of ‘safety-catch’ principle in SPPS.'! The resin (43)
is stable to the normal conditions of SPPS and the peptide—resin bond is also stable to basic
hydrolysis. However, N-methylation with diazomethane leads to an N-methylated peptidyl-
sulfonamide resin from which protected peptides can be cleaved by mild basic hydrolysis or

hydrazinolysis.

43

H,N—
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1.3.5.2. Transesterification and saponification. Transesterification of polystyrene-based resins as a
means of detaching protected peptides from the solid support has been quite extensively investi-
gated.'?>'?¢ This process produces protected peptide esters which can be transformed into the
azides, via the corresponding hydrazides, for subsequent coupling to other segments. Alternatively
the peptide esters may be saponified giving the free carboxylic acids which can then be coupled.
This approach was used by the Merck, Sharpe and Dohme group'®” in their convergent solid-phase
synthesis of rat atrial natriuretic factor, a peptide consisting of 26 amino acids. The protected
peptide segments Boc-Ala-Gln-Ser(Bzl)-Gly-OH, Boc-Arg(NO,)-Ile-Gly-OH and Boc-Arg(NO,)-
Arg(NO,)-Ser(Bzl)-Ser(Bzl)-Cys(Acm)-Phe-Gly-Gly-OH were synthesised on a polystyrene resin
and detached by transesterification with MeOH containing Et;N. The méthyl esters were then
saponified to give the protected peptide carboxylic acids. The protected peptide-methyl esters of
the first two segments were obtained in yields of 78% and 97% respectively. The third segment was
obtained as the protected peptide carboxylic acid after saponification of the crude peptide methyl
ester, in a yield of 49%. After purification the segments were coupled on a polystyrene resin.
Barton'?® has developed a useful transesterification procedure using DMAE. Peptides syn-
thesised on a chloromethyl resin were cleaved from the support by treatment with DMAE-DMF
(1:1). Quantitative cleavage of the peptide from the resin was achieved in 70 h at room temperature.
This procedure gives rise to the protected-peptide DMAE esters which can be hydrolysed to the
corresponding free carboxylic acids under mild conditions by treatment with H,O in DMF. Barton’s
work also indicates that the reaction rates for the transesterification reaction also depend upon the

nature of the C-terminal amino acid, lower reaction rates being observed for Pro and other sterically-

hindered amino acids such as Val or Ile.

Merrifield'*® reported on the cleavage of protected peptides from Bzl resins by saponification.
Spatola®®® has described the cleavage of protected peptide segments from Bzl resins using K,CO,
in the presence of the phase-transfer reagent tetra-n-butylammonium hydrogen sulfate. Protected
peptide segments were cleaved from the resin in high (70~100%) yields. However some removal of
the Bzl ester protecting groups of Asp and Glu was also observed.

We??!292 have used the Nbb resin (9) in work related to the synthesis of peptides wth repetitive
sequences corresponding to the maize glutelin-2 protein, and have detached the protected peptides
by treatment with NaOH in dioxan-MeOH (yield 84%) and NaOH-DMAE-H,0 (yield 88%). The
photolysis yield was 66%.

Tam?** described the preparation of protected peptide segments on the oxyacyl resins (12) and
(39). The peptide Boc-Gly-Gly-Leu-Val-Gln-Pro-Gly-OH was obtained by treatment of the peptide—
resin with thiophenoxide ion (yield 22%), with aqueous NaOH (yield 57%) and by photolysis (yield
48-82%). Use of KCN/18-crown-6 in DMF led to a significant improvement in yield (up to 97%)

b
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but certain side-chain protecting groups e.g. the Dnp group in Boc-His(Dnp)-OH are unstable to
the cleavage conditions.

Mizoguchi'®* '8¢ cleaved the protected peptide Boc-Leu-Leu-Leu-Tyr(Bzl)-OH from the resins
(12) and (39) in moderate yield by saponification with NaOH.

Birr?**2°% has described the convergent solid-phase synthesis of the mast cell degranulating
peptide from bee venom using the resin (12). The protected peptide segments Ddz-Ile-Lys(Z)-
Cys(Acm)-Asn-Cys(zBu)-Lys(Z)-Arg(Tos)-OH, Ddz-His(Boc)-Val-lle-Lys(Z)-OH and Ddz-Pro-
His-Ile-Cys(Acm)-OH were synthesized on the solid support and detached by treatment of the
peptide resin with 0.1 M benzyltrimethylammonium hydroxide in MeOH-dioxan (1 :1). Cleavage
yields ranged from 30% to 60%. After purification the protected peptide segments were coupled on
the same resin. Birr?%¢ has also described the synthesis of the insulin A chain, and of five protected
peptide segments corresponding to the sequence of the insulin B chain using resin (12). The protected
peptides were cleaved from the solid support using a saponification procedure designed to maximise
yields and minimise epimerisation at the protected peptide C-terminal.?°’

Peptides synthesised using the handle (14) may also be cleaved by saponification of the peptide—
resin with alkali in aqueous dioxan, or by treatment with benzyltrimethylammonium hydroxide.?®*
Alternatively, the peptide methyl ester may be formed by methanolysis in the presence of MeNH,
and the peptide hydrazide by treatment of the peptide resin with hydrazine hydrate. All of these
cleavage reactions proceed in high yield as exemplified by the synthesis of Boc-[Leu’]-enkephalin.

Phenyl esters are more susceptible to nucleophilic attack than are Bzl esters, and are cor-
respondingly more stable to acidolysis. Several investigations of their use in solid-phase peptide
synthesis are documented.??®-?!! Inukai?'? has prepared protected peptide segments related to the
sequence of oxytocin using a phenol resin and ~amyloxycarbonyl N* protection. The peptides were
cleaved from the resin by the action of 25% NaOH in MeOH or by ammonolysis or hyrazinolysis.
Losse and Neubert?'? used a phenol resin?'¢ to synthesise H-Val-Orn(Tos)-Leu-p-Phe-Pro-Val-
Orn(Tos)-Leu-D-Phe-Pro-OH, a precursor to gramicidin S, using a strategy based upon the use of
the furfuryloxycarbonyl-N* temporary protecting group.

Kenner?'>2!? extensively investigated the use of phenyl esters in peptide synthesis and noted
that the hydrolysis of such esters, either in solid-phase or in solution synthesis, were accelerated
significantly by the presence of peroxide ion. Kenner used a phenol resin for the preparation of
[Met®]-enkephalin and isosteric analogues,?'® although in this case since peroxide ion led to
oxidation of the Met residue, the protected peptide was detached from the resin by transesterification
with DMAE in DMF ! followed by hydrolysis.

In perhaps the most important application of a phenol resin in CSPPS, the resin (44) was used
by Rivaille??° for the synthesis of LHRH and protected peptides related to human calcitonin.
Cleavage of the segments was brought about either by saponification with NaOH in DMF or by
transesterification with DMAE followed by hydrolysis.'®®

RSN e

After purification the segments were coupled together on the resin (44) to give the LHRH sequence
which was then removed from the solid support in 58% yield, by ammonolysis. Subsequent removal
of the protecting groups by treatment with HF and final purification gave LHRH with full biological
activity.

Although transesterification and saponification can give good results for the detachment of some
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protected peptide segments from solid supports, these techniques are not compatible with protected
peptides containing Asp or Glu residues since the protecting groups of these would also either be
transesterified or removed in the saponification step. The methods therefore are of limited utility.

1.3.5.3. Hydrogenolysis. Although catalytic hydrogenation is one of the mildest chemical methods
for the removal of Bzl-based protecting groups in organic synthesis, this technique is not widely
used in SPPS. Catalytic hydrogenation as a method for the preparation of protected peptide segments
is not compatible with the use of the Z group nor of Bzl-based side-chain protecting groups.
Schiatter??! has described the hydrogenolytic removal of resin-bound Boc-Tyr-Gly-Gly-Phe-Val-
OH from a polystyrene resin, using H, gas in the presence of palladium(II) acetate. The yield of
Boc-protected-[Val*]-enkephalin obtained was 71% and the method is compatible with Boc N*
protection and with ¢Bu- side chain protecting groups. Jones??? used a similar procedure to cleave
Boc-protected-[Val®]-enkephalin from a polystyrene resin in 88% yield. Kahn and Sivanandaiah?®?’
have described the solid-phase synthesis of bradykinin using catalytic transfer hydrogenolysis to
detach the peptide from the solid support. Ljungqvist and Folkers*** reported on the synthesis of
Boc-Val-Ile-Gin-Gly-Val-Gly-Val-OH, Boc-lle-Leu-Ala-Val-OH and Boc-Phe-Gln-Arg(Tos)-Ile-
OH corresponding to the sequence of human leukocyte interferon, using hydrogenolysis of the
peptide-resin as a means of detaching the segments from the support. Cleavage yields varied
between 3 and 100% depending upon the conditions used, the highest yields being obtained upon
hydrogenolysis with H, gas in the presence of Pd, in DMF. Hydrogenolysis of protected peptide
segments from the o-nitrobenzoyl PEG support has been reported.??> Anwer and Spatola??%??’
have described the hydrogenolytic cleavage of the pentadecapeptide Boc-Asp-Ala-Gly-Glu-Asp-
GlIn-Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe-OH, an ACTH-25-39 andlogue, from a polystyrene
resin, using ammonium formate catalytic transfer hydrogenation.

1.4. Cleavage of protected peptides from allyl-functionalised resins

Allyl protecting groups??® have been used in organic chemistry since 1950 but their use did not
gain widespread acceptance until Corey and Suggs discovered®?® that such groups could be removed
under mild conditions by using transition metal complexes. The first report of an allyl handle in
solid-phase peptide synthesis is that of Kunz and Dombo,?3° who used 4-bromocrotonic acid (45)
as a handle in the synthesis of several model protected peptides such as Z-Tyr(Bzl)-Gly-Gly-Phe-
Leu-OH, Boc-Leu-Ala-OH and a model glycopeptide.?'
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The handie (45) is made to react at the carboxylic acid terminal with a suitable, amino-functionalised
resin, forming an amide bond. The first amino acid of the peptide is attached to the handle using
the cesium salt method,®' and peptide synthesis is then carried out using normal SPPS protocols.
The conditions required for the cleavage of peptides from the resin are very mild, usually 0.1
equivalent of the catalyst (Ph,P),Pd and a several-fold excess, relative to the degree of allyl sub-
stitution of the resin, of a nucleophile such as HOBt, morpholine or N,N-dimethylbarbituric acid.
In principle this allyl transfer cleavage reaction is compatible with both the Boc/Bzl and Fmoc/
tBu-strategies. Cleavage yields are high and if the Fmoc/tBu strategy is used then the allyl
handle provides an orthogonal protection scheme for the synthesis of protected peptide segments.
Blankemeyer-Menge and Frank**? have used the allyl handle (46) on a cellulose support for the
synthesis of protected peptides using the Fmoc/¢Bu strategy. Representative examples of peptides
synthesised are Fmoc-[Glu(O¢Bu)];-OH, Fmoc-Trp-Met-Gln-Arg(Mtr)-Cys(¢ Bu)-OH, and Fmoc-
His(Bum)-Cys(S¢Bu)-Gln-Arg(Mtr)-Lys(Boc)-OH.
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Peptides were cleaved from the solid support using 2 equivalents of (Ph,P) ,Pd and 3 equivalents of
HOB! relative to the level of allyl substitution of the resin.

Guibé?*? has used the handle (47) for the synthesis of pGlu-His-Ser(Bzl)-Tyr(Dcb)-OH, a model
peptide related to the sequence of LHRH.

NG
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In order to detach the peptide from the allyl resin the authors used a hydrestannolytic cleavage
method?*# in which the peptide resin is treated with PdCl, and nBu,SnH in the presence of a proton
donor. Again the conditions are mild and the cleavage yields are high. Guibé?*® has recently described
the Pd-catalysed allyl transfer reaction using silylated amines, a mild and selective procedure which
may find use in the cleavage of protected peptides from allyl-type resins.

We have investigated the use of the handles (45) and (47) for the synthesis of segments related
to the sequence of uteroglobin.?*® Our results indicate that in order to achieve acceptably high
cleavage yields using these handles it is important to have a sufficiently polar reaction medium.
Cleavage of peptides from both resin-handles was achieved in high yield (> 90%) by carrying out
the reaction in a mixture of 2:2:1 THF-DMSO-0.5 M HC], using (Ph;P),Pd as catalyst and
morpholine as nucleophile. These conditions however are not completely compatible with the use
of the Fmoc/tBu strategy, since the use of morpholine leads to some loss of the Fmoc group.

The use of allyl-type resins for the synthesis of protected peptide segments is potentially very useful
because of the very mild detachment conditions and because in principle the cleavage conditions are
compatible with both of the major solid-phase peptide synthesis strategies.

1.5. Miscellaneous methods for the synthesis of protected peptide segments

1.5.1. Multidetachable resins. The idea of using multidetachable resins, introduced by Tam, 237238
is a novel, more flexible approach to the use of handles in SPPS. Such multidetachable resins may
be cleaved at more than one site giving rise to different products. The resins (48), Boc-aminoacyl-2-
[4-(oxymethyl)phenylacetoxy]-propionyl-resin (known as Pop resin) and (49) Boc-aminoacyl-4-[4-
(oxymethyl) phenylacetoxymethyl)-3-nitrobenzamidomethyl-resin (known as Pon resin) are exam-
ples of multidetachable resins. In both (48) and (49) the benzyl ester may be cleaved at bond ‘a’
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either by acidolysis or by hydrogenolysis whereas the ester linkage at bond ‘b’ may be cleaved either
by photolysis or by a variety of nucleophiles. The two cleavage points can therefore be orthogonal
and these resins can, in principle, be used for the synthesis of free or of protected peptides.

Depending upon the reagents and conditions used for the cleavage reaction, three different
products can be obtained. Cleavage with strong acids or by hydrogenolysis give the protected
peptide C-terminal free carboxylic acid by cleavage at bond ‘a’. Photolysis or treatment with
thiophenoxide ion give the protected peptide OMPA ester by cleavage at bond ‘b’. If reagents such
as tetra-n-butylammonium cyanide in DMF or benzyltrimethylammonium hydroxide are used then
initial cleavage at bond ‘b’ is followed by a rapid decarboxylative 1,6-elimination, cleaving bond ‘a’
to give the protected peptide C-terminal free acid, as shown in Fig. 4.
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Decarboxylative 1,6-elimination
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Protected amino acid with free C-terminus
Fig. 4.

The resins (48) and (49) do not appear to be prone to the usual side-reactions associated with
the use of phenacyl resins. Boc-Leu-Ala-Gly-Val-OMPA and Boc-{Leu®)-enkephalin-OMPA were
synthesised using the resin (48) and were detached by photolysis.

The resin (48) was used by Tam’® for the synthesis of the tridecapeptide Boc-Asn-Lys(ClZ)-
Tyrn(BrZ) - Thr(Bzl) - Thr(Bzl) - Glu(OBz) - Tyr(BrZ) - Ser(Bzl) - Ala - Ser(Bzl) - Val - Lys(C1Z) - Gly - OH
(56-68) of the V, domain of mouse myeloma immunogiobin M603. The same tridecapeptide was
also synthesised on the resin (7). In both cases the peptide was detached by photolysis. For the resin
(7) this yielded the protected peptide C-terminal free carboxylic acid directly whereas in the case of
(48) the OMPA ester of the segment was produced, which was then hydrolysed giving the free
carboxylic acid. After purification the tridecapeptide was reattached to resin (48) for subsequent
elongation. The authors?3? also report on the synthesis of six protected peptide segments of up to
16 amino acid residues in length, corresponding to the 1-68 sequence of the M603 murine immu-

noglobin Vy domain. The cleavage of the fully protected peptide segments from the resin (48) was

brought about by a novel base-catalysed f-elimination reaction, upon treatment of the peptide-
resin with TMG, affording the peptide segments in high yield after 1 h reaction time. The same
approach?*® using the resin (48) was also used to synthesise a 53 residue protected peptide cor-
responding to the 16-68 sequence of the M603 Vy; domain. The protected undecapeptide Boc-Gly-
Ser(Bzl)-Leu-Arg(Tos)-Leu-Ser(Bzl)-Cys(MeBzl)-Ala-Thr(Bzl)-Ser(Bzl)-Gly-OH, corresponding
to the 16-26 sequence was synthesised using resin (48), and cleaved from the solid support by
treatment of the peptide—resin with TMG as described by Tam.?3® After purification this peptide
was coupled to the N-terminal of the protected 27-68 sequence, also bound to resin (48), giving the

15
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16-68 sequence of the peptide. This peptide was then detached from the resin by treatment with
liquid HF.

Tam?*' subsequently reported on the multidetachable resins (50) and (51) which can also be
cleaved under a variety of conditions, e.g. photolysis, acidolysis or with nucleophiles, depending on
which bond cleavage takes place.

51

Resin (50) can be used for the synthesis of protected peptide segments with a free carboxylic
acid at the C-terminal or for the synthesis of protected peptide segments with the C-terminal
protected in the form of a p-methoxybenzyl ester, which can then be used for the coupling of peptide
segments in solution. These resins are compatible with the Boc/Bzl protecting strategy and with the
use of the Bpoc N° protecting group.

The use of multidetachable resins for the synthesis of peptides is a sophisticated and elegant
approach which merits further investigation as a possible strategy for the synthesis of large peptides
by a convergent solid-phase approach.

1.5.2. Other linkers. The use of a,B-unsaturated amino acids as handles for the synthesis of
peptide amides was investigated by Gross.?*>*** The link between the growing peptide chain and
the resin is an «,B-unsaturated amino acid such as Dha giving rise to a support of the type (52) in
which an N* Boc-protected amino acid has been attached to the handle-resin.

WO
Boc'“Yle\n”
R H (0]
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The support is stable to the conditions required for repetitive removal of the Boc group and for
repeated amino acid couplings. Once the desired peptide has been synthesised, the protected peptide
amide can be removed from the resin by hydrolysis with 1 M HCI in glacial acetic acid in the
presence of 3 equivalents of H,0. This methodology was applied to the synthesis of oxytocin.
The protected peptide amide Z-Cys(Bzl)-Tyr(Bzl)-Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NH, was
detached from the resin by the above-mentioned acidolytic conditions in 68% yield. The side-chain
protecting groups were removed by treatment of the peptide amide with Na in liquid NH; to
give crude oxytocin, which was purified by gel-filtration.

A similar approach has been used for the synthesis of oxytocin analogues incorporating the
'unusual amino acid L-thiazolidine-4-carboxylic acid.?**

Walter?® has described the dinitrophenylene-bridging method in which a Cys residue is linked
'to the resin through its side-chain to a dinitrophenyl bridge as shown in (5§3).
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Peptide synthesis can now take place either by attachment of amino acids to the free C-terminal of
Cys or after N*-Boc removal by addition to the N-terminal. Such bidirectional methods may be
useful for the synthesis of cyclic peptides. Protected peptide segments can then be obtained by
thiolysis of the peptide resin, cleaving the Cys—resin bond but allowing other side-chain protecting
groups to be maintained. A limitation of the method is that it is only useful for Cys-containing
protected peptide segments. Subsequently Walter?*S extended the method by developing analogous
bridging systems for use with His-, Gln- or Glu-containing peptides.

In a related approach, Kemp?*’-?*° used the support (54) in which a dibenzofuran spacer group,
on which the peptide is synthesised at the phenolic function, is bonded to a Cys residue attached to

the resin.
#li
C .
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OH
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Cleavage of the disulfide bond can be brought about by treatment of the resin with nBu;P in dioxan-
H;0 at 25°C. This cleavage gives rise to the protected peptide mercaptodibenzofuran ester which
can then be purified and reattached to the solid support for further elongation, or which can be
saponified to give the protected peptide free carboxylic acid. The method has been applied to the
synthesis of the fully protected peptide Z-Ile-Glu(OBzl)-Ala-Leu-Asp(OBzl)-Lys(CIZ)-Tyr(Dcb)-
Ala-O-mercaptodibenzofuran.

Isied?**23! has reported on the cobalt(IIT)-derivéd handles (55) and (56).

NH, I/Nﬂz NH; NH,

Sel o gom Sl g om
NH3 I \OJ\rN\ NH; | \0 N_
LNH Boc - Boc

2 R 3 R
55 56 ‘

The handles may be attached to a suitable resin at the carboxylic acid terminal, Both handles are
compatible with both the Boc/Bzl- and Fmoc/tBu- strategies for peptide synthesis. The handles (55)
and (56) were used in a synthesis of [Leu®]-enkephalin which was detached from the resin by thiolysis
using mercaptoethanol in DMF in a yield of over 90%. The handle (55) was also used for the
synthesis of the protected peptide segment Boc-Asp(OcHex)-Arg(Mts)-Gly-Asp(OcHex)-Ala-Pro-
Lys(Cl1Z)-Gly-OH. This peptide was cleaved from the resin by thiolysis in approximately 65% yield.

Recently, an enzyme-scissile linker for solid-phase peptide synthesis has been described by

16
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Elmore.?*? Protected peptides synthesised on this type of sohd support may be cleaved by the action
of calf spleen phosphodiesterase.

2. THE PURIFICATION OF PROTECTED PEPTIDE SEGMENTS

The difficulties encountered in the purification of protected peptide segments constitute perhaps
the most serious problem in CSPPS. Protected peptides are often only sparingly soluble in most of
the commonly-used solvent systems in organic chemistry and the poor solubility of these intermediates is
a recurring theme in the classical literature of peptide synthesis.?** This poor solubility complicates
the purification procedure, making it difficult to obtain chemically homogeneous material, and can
lead to low chemical yields for the formation of peptide bonds between such species.

2.1. Methods for the purification and characterisation of protected peptides

Unfortunately, no universally-applicable technique exists for the purification of protected peptide
segments and several different approaches must be tried for each individual peptide. Often the best
results are obtained by applying a series of purification procedures to the same protected peptide
segment. Some of the techniques which may be applied to the purification of free peptides are not
useful in the purification of protected peptides. For example, techniques such as gel- or capillary-
electrophoresis or metal chelate affinity chromatography?** are not normally useful for the puri-
fication of protected peptides. Other chromatographic techniques such as gel filtration or ion-
exchange chromatography are normally carried out using aqueous eluents, when they are applied
to the purification of free peptides. Protected peptides are usually not soluble in such solvent systems
and the application of these techniques to their purification is possible only after drastic modification
of the operating conditions.

Here we give a brief and selective overview of some of the most widely used techniques for the
purification of protected peptides.

2.1.1. Classical techniques.’** For those protected peptides which are soluble in the commonly-
used organic solvents, the classical purification techniques such as recrystallisation from single or
mixed solvent systems and classical- or ‘flash’-column chromatography?*® using silica-gel as a
stationary phase and eluants such as chloroform and alcohols, with or without additional carboxylic
acids, may be used.?*’” More often than not, however, this is not the case and recourse must be
made to polar aprotic solvents such as DMSO, DMF, NMP or even HMPA,?¢ although the
carcinogenicity of the last solvent restricts its use. Recrystallisation from, and normal-phase chro-
matography in, such solvents is generally impractical, and other techniques must be used.

2.1.2. Gel-filtration. One of the most important and generally-apphcable purification methods for

peptide molecules is gel-filtration.?**2°° The separation of molecules by this technique is governed
by molecular size—larger molecules elute more rapidly than smaller ones, which are retarded by
the stationary phase to a greater extent.?¢'~2%? The application of this method to the purification of
protected peptide molecules was reported by Nystrém and Sjévall?®+2%¢ ysing CHCl,-MeOH or
EtOH-H,O solvent systems for column elution. Subsequent reports on'the use of gel-filtration for
the purification of protected peptide segments?®’ showed that there was good correlation between
the R; values of the compounds and the logarithm of their molecular weights when the eluant was
DMF. A similar but less well-defined trend was discernible when dioxan was used as eluant, The
use of DMF for the punﬁcatlon of large fully-protected peptide segments by gel filtration has been
reported, 25268

Kenner?4*-272 studied more extensively the use of gel-filtration as a method for the purification
of protected peptide segments. The use of HMPA and NMP for the purification of protected peptide
segments having molecular weights of up to almost 8000 was investigated and HMPA containing
5% H,0 was found to be supérior to DMF or DMSO for dissolving large protected peptides. The
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use of TFE and of 2M urea in DMF was also investigated. 50% Aqueous HCOOH?"* has been
used for the purification of protected peptide segments by gel filtration.

Gel filtration is now used routinely in the purification of both free and protected peptides and
its use is extensively documented.?’* However, the resolving power of the method is somewhat
limited and although gel filtration is an efficient technique for the removal of low molecular weight
impurities from a crude mixture of peptides after a synthesis, it is normally not sufficient on its own
for separating the target peptide from closely related peptidic impurities.

2.1.3. High-performance liquid chromatography. The importance of HPLC to the peptide field
cannot be overemphasised.?’>?’¢ The development and refinement of this technique has exerted a
profound influence upon peptide analysis, characterisation and synthesis.?’’"2®° Normal-phase
HPLC using silica-gel as stationary phase and CHCl;-EtOH mixtures as eluants has been used to
purify some protected peptide segments on the multigram scale,”®*"?®2 and a similar technique
has been used for the separation of hydrophobic oligopeptides.?®* Reversed-phase HPLC has been
used very extensively for the analysis of free peptides,?**2°2 but only rarely have there been reports
on the use of this technique for the analysis of protected peptides.??>2* These latter are usually
significantly more hydrophobic than unprotected peptides and special approaches for their puri-
fication by reversed-phase HPLC have been reported.?%%2%¢

There have been several attempts to correlate HPLC retention times with amino acid sequence for
free peptides ;2°7-3° however, as yet there appears to be no consensus on the predictive capabilities of
such studies. The effects of pH,*®! of ion-pairing reagents*°>>°* and the use of detergents as eluants
for hydrophobic peptides®®* have been studied. The use of size-exclusion high-pressure liquid
chromatography for the purification of protected peptides, using DMF as the mobile phase, has
been investigated.*?® In spite of the huge amount of work in the area, the analysis and purification
of peptides by HPL.C must still be carried out on a case-by-case basis. For protected peptides poor
solubility is the main problem and can lead to precipitation of the peptidic material on the column.

We have reported®”-*® on the purification of protected peptide segments by MPLC using solvent
systems containing DMF,*® in order to prevent precipitation of the peptide on the column, and
similar procedures have been reported by others.

2.1.4. Other techniques. Other techniques have been applied to the purification of peptides
although as yet no one method has become generally applicable, and there are only isolated examples
of the purification of protected peptide segments. Although ion exchange chromatography is not a
widely-used method for purification of protected peptide segments, reports of its use are to be
found.?®” There are examples of the use of counter current distribution for the purification of
free-39%3% and protected-peptides.®!®3'* Newer techniques such as reverse-phase flash chroma-
tography?'* and perfusion chromatography®'>*!¢ may become more important in the future.

2.1.5. Characterisation of protected pepiide segments. The characterisation of the protected
peptide segments after purification is an important aspect of the convergent solid-phase synthesis
strategy. Characterisation of large protected peptides is not always straightforward. Amino acid
analysis is used very extensively for the analysis of both free and protected peptides. In the latter
case, however, it gives no information on whether or not protecting groups are still present. NMR
spectroscopy is one of the most important and widely-used techniques for structural elucidation in
organic chemistry. However, for large protected peptides the interpretation of NMR spectra,
especially of one-dimensional '"H NMR spectra, can be complicated. Mass spectrometry, especially
in the FAB mode,”'"*'® is a very useful technique for the structure elucidation of this type of
compound and can provide detailed information on the structure of the purified protected peptide.
Extensive use should be made of all three techniques in the characterisation of each protected
peptide segment. '

2.2. {1pproaches to circumvent the problem of insolubility of protected peptides
Since the purification of protected peptide segments is often complicated by their poor solubility,
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the investigation of the solubility properties of protected peptides and of methods for enhancing:
their solubility is becoming more and more important. In many cases, the insolubility of protected
peptides is thought to be due to intermolecular association and current investigation is focusing on
the nature of these associations and how they might be overcome or reduced, either by using special
solvents or additives or by introducing structural changes into the protected segment itself. These
structural changes may be brought about by redesigning the protected peptide, that is to say, by
synthesising a longer or shorter segment in an attempt to increase its solubility, or by incorporating
special protecting groups or using protection strategies which might enhance its solubility.

2.2.1. Structure—solubility relationships of protected peptide segments. There is very little infor-
mation on the conformational analysis of protected peptide segments in solution and the extra-
polation of the data which are available for free peptides should be undertaken only with caution.
Conformational studies of free peptides are normally carried out in aqueous solution but protected
peptides are usually insoluble in water. Protected peptides have protecting groups on the side-chains
and at the N*-terminal which may profoundly affect the conformational behaviour with respect to
that of the free peptide.

It is now becoming accepted that in many cases the insolubility of protected peptide segments
is due to self-association of the peptide chains, thereby forming B-sheet like structures. Infrared
spectroscopy and to a lesser extent circular dichroism are the main techniques which have been used
to study the conformational behaviour of protected peptide segments. For protected peptides in
solution, the decrease in solubility is paralleled by a transition from a conformationally unordered,
solvated species to a partially or fully ordered, intermolecularly hydrogen-bonded species, eventually
forming a regular g-structure.®'*32'

Even less information is available on the conformational behaviour of protected peptide segments
attached to polymeric resins. Association of protected peptide chains on the solid support was first
postulated by Atherton and Sheppard.’?? Unfortunately, few techniques are suitable for studying
such phenomena. Gel-phase '*C NMR3?® has been successfully applied to the study of certain
cases??*32% and Ludwick??¢ has reported on a thorough study using solid-state deuterium NMR.
3C NMR studies of the conformation of peptides bound to solubilising polymers during stepwise
synthesis have been carried out by Jung.3?’

So-called ‘difficult sequences’ are thought to be due to the formation of B-sheet-like structures
which leads to poor solvation of the resin-bound protected peptide chain and thence to low coupling
yields.>?® The use of special protocols for improving the coupling yields in SPPS during certain
‘difficult sequences’, using DMF,*?° TFE, **° HFIP,**' or alternatively using chaotropic salts, 332333
has been reported. Similar self-association of protected peptide chains was reported by Toniolo?3*
for PEG-bound peptides. [See section (2.2.3.)].

Weygrand?®*>33¢ has demonstrated that when the peptide bonds of several model peptides are
‘protected with the Dmob group, in this way forming tertiary peptide bonds, there is an appreciable
increase in the solubility of the protected peptides in organic solvents. The use of the Dmob group
for protection of the amide bond and for improving the solubility of protected peptides has been
reinvestigated by Tesser.**” Toniolo®****° and Mutter**? have shown that the introduction of Pro
into a peptide sequence disrupts the formation of f-sheets and leads to an increase in solubility.
Investigations by Narita3*'-34% in which tertiary peptide bonds have been introduced into protected
peptide segments at suitable intervals, either by inserting Pro into the sequence or by using Dmob-
protected Leu residues, showed that considerable increases in solubility may be brought about.
Similar protocols for the enhancement of the solubility of protected peptides have been described
by Bartl,**%**7 and Haack and Mutter*#*34% have used Ser-derived oxazolidines as secondary
structure-disrupting, solubilising building blocks in peptide synthesis.

Subsequent work by Narita®**3%2 has shown that significant solubility improvements may be
achieved for protected peptide segments by incorporating Aib residues into the peptide chain.
Although this has limited applicability in peptide synthesis, it does reinforce the idea that poor
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solubility of protected peptide segments is due to f-sheet formation, since the a-helix promoting
and B-sheet disrupting properties of Aib are well-known.*** Narita has proposed a method for
predicting the solubility of protected peptide segments®’* and has suggested that the design of
synthetic routes to peptides might be based on this solubility prediction method.?3*3%7

It therefore appears that, as for the enhancement of coupling yields in ‘difficult sequences’,
processes which disrupt the formation of f-sheets should in principle enhance the solubility of
protected peptides. It may be that the strategy of designing protected peptide segments in such a
way that Pro is at the C-terminal may have to be reconsidered. Up to now this has been done in
order to minimise epimerisation in the segment couplings. It is possible that the improvement in
solubility that might be gained by designing peptide segments such that Pro occupies a central
position in the segment outweighs this consideration.

2.2.2. Use of special solvents andjor of additives. Attention has focused on the use of solvents®*®

which disrupt the f-sheet like structures thought to be responsible for the poor solubility of protected
peptide segments. Narita>*® has reported on the use of HFIP for solubilising protected peptides.
Interestingly, it appears that peptides are almost as soluble in a 5-10% solution of HFIP in DCM
as in pure HFIP. The use of HFIP as a cosolvent with DMF in the tryptic synthesis of peptides has
also been reported.**® Mixed solvent systems®¢'—>¢* such as HMPA-DMSO, HFIP-EtOH-DCM,
and HFIP-DMF have also been used for the solubilisation of poorly soluble peptides.

Seebach?%¢ has shown that a dramatic increase in the solubility of peptides in non-polar solvents
such as THF is observed on the addition of inorganic salts. This method for the solubilisation of
poorly soluble protected peptide segments has been used successfully by Lansbury,*¢” and is one of
the most interesting and potentially useful new developments in this area of research.

2.2.3. Use of special protection schemes to enhance solubility or to facilitate purification. 1t has
been suggested that if a certain protected peptide segment is only poorly soluble, then a simple
remedy is to change the synthetic strategy such that a different, longer or shorter, but more soluble
segment is used.*® This however is not always a practical proposition and efforts have been devoted
to developing protection schemes which might enhance the solubility of the protected peptide
segments which the initial synthetic strategy demands. The liquid-phase peptide synthesis of Bayer
and Mutter****7° is a special case of a solubilising protecting group, and peptides which are normally.
insoluble in organic solvents may be solubilised by attaching them to a soluble PEG polymer.>”!

We have explored®’? the use of the polar picolyl group, used extensively by Young,*”* for the
protection of the side chains of Ser, Thr, Asp and Glu. The.3-picolyl group was used for the
protection of Asp (57) and of Glu, and the 4-picolyl group for the protection of Ser (58) and also

of Thr. :
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Peptides protected in such a fashion are more polar than their Bzl-protected analogues, have
lower HPLC retention times and are more soluble in acetic acid. The use of such picolyl-protected
peptides opens up the possibility of using cation exchange chromatography for their purification.
The affinity-based N* protecting group described by Ramage and Raphy*”* might also be useful for
the purification of protected peptides. ‘ .

We have also reported®’* on the reversible protection of Lys residues in order to facilitate the
purification of protected peptides. Peptide segments which contain Lys residues can be protected at
the N*-amino group with the Fmoc group. If the peptide segment has been synthesised using the
Boc/Bzl strategy then the Fmoc groups can be selectively removed to afford a peptide which is more

48
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polar and in principle more amenable to purification. After purification, the Lys N* amino groups
can be reprotected by trifluoroacetylation. A related approach to the purification of protected
peptides has been described by Suzuki.3"*

The dihydroxyborylbenzyloxycarbonyl-,*?” 2-(triphenylphosphonio)ethoxycarbonyl-,>’® ison-
icotinyloxycarbonyl-,*”® and the 2-(2-pyridyl)ethoxycarbonyl groups**®**! have all been reported
to have solubility-enhancing properties. However none of them has achieved widespread use in
peptide synthesis. The ferrocenylmethyl group has been reported to improve the solubility of
protected peptides, by disruption of B-sheet formation, when used as a protecting group for the
amide bond,**? and the Sulfmoc group (59) was designed by Merrifield to be useful in the purification
of peptides.*®’ '

As yet neither of these have gained widespread acceptance. More promising perhaps, as an aid
to the solubilisation of protected peptides for their purification is the use of protecting groups
incorporating PEG units as first suggested by Mutter>® and Bayer’®* and also currently under
investigation in our own laboratory.’®® A similar philosophy underlies the work of Ball and
Mascagni**’-*** for the design of removable chromatographic probes based on the Fmoc group,

for the purification of large peptides.

3. SOLID-PHASE COUPLING OF PROTECTED PEPTIDE SEGMENTS

Weygrand*****' and Omenn and Anfinsen®®? were among the first to carry out model studies
for the solid-phase coupling of protected peptide segments. The coupling of protected segments on
a solid support may be carried out using segments synthesised in solution or using those synthesised
by solid-phase techniques.-In order to couple protected peptide segments successfully on a solid
support>?? several factors must be taken into account and we discuss the more important points.

3.1, Choice of solid support

The nature of the solid support can profoundly influence the outcome of segment coupling
reactions. The effect of the solid support on amino acid coupling yields has been studied by
Losse.>**??* We** have studied the model segment coupling of the protected 60-67 segment
of uteroglobin, Fmoc-Thr(Bzl)-Glu(OBzl)-Lys(Z)-Ile-Val-Lys(Z)-Ser(Bzl)-Pro-OH onto the resin-
bound 68-70 sequence, H-Leu-Cys(Acm)-Met-O-polymer, using five different polymeric solid sup-
ports, polystyrene-1%-divinylbenzene (1), macroporous-polystyrene (2), Kel-F-g-styrene (3), poly-
acrylamide (4) and controlled-pore glass (5). Couplings were performed in DMF at room tempera-
ture, using 1.25 or 2.5-fold excesses of the segment, of DCC and of HOBt. The results are summarised
in Table 1.

These results indicate that microporous polystyrene and polyacrylamide are the best solid
supports for segment condensation reactions, giving higher yields and requiring shorter reaction
times than the other polymeric supports.

Most examples of the solid-phase coupling of protected peptide segments have been carried out
using polystyrene resins, although Sheppard*®”-*°® has carried out model studies for segment coup-
lings on polyacrylamide resins and isolated examples using other polymer supports are to be found.

In addition to the resin type, the degree of functionalisation is also important. We believe that
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Table 1. Effect of solid-support on segment coupling yields.

Support Equivalents of peptide Yield %

2h | 7h | 240 | 480 | 72h
(0 2.5 31 | 100 - - -
%)) 1.25 8 24 | 56 - 80
@ 2.5 6 12 | 2 34 37
) 1.25 2 4 . 8 17
3) 2.5 24 49 | 92 | 100 -
3) 1.25 3 9 15 23 35
@ 2.5 24 g7 w0 | - .
) 1.25 4 13 | 2 | 3 4
) 25 18 35 | 41 46 66
(5) 1.25 7 21 31 53 64

the optimum level of resin functionalisation for segment coupling is probably. between 0.2 and 0.4 '
meq/g. Levels which are much higher or much lower should be avoided in this type of work.

3.2. Coupling strategy

In addition to the normal C to N elongation strategy used in SPPS, examples of the opp051te N
to C elongation strategy for the coupling of segments have been described. Felix**? has reported on
the coupling of resin-bound peptide azides with protected peptide segments in an N to C coupling
strategy. Segment coupling yields were of the order of 60%. Matsueda*’® described the synthesis of
LHRH by segment condensation on a solid support, using both C to N- and N to C-elongation
strategies. The segment coupling reactions were carried out using the oxidation-reduction method. 01
In the first C to N strategy, a 1.5 fold excess of the protected peptide segment Boc-Ser(Bzl)-
Tyr(Bzl)-Gly-OH was coupled onto a tetrapeptide bound to an hydroxymethyl resin, H-Leu-
Arg(NO,)-Pro-Gly-O-resin, using a three-fold excess of Ph;P and of DPD. After removal of the
Boc protecting group of the-heptapeptide resin, this was then coupled using a three-fold excess of
the segment Boc-His(Tos)-Trp-OH, using an equimolar amount of Ph,P and of DPD. The protected
nonapeptide was cleaved from the resin by ammonolysis to give the C-terminal amide. Treatment
with HF, purification and coupling to pGlu, gave synthetic LHRH which was identical with a
natural sample.

In the second N to C strategy, H-His-Trp-Ser(¢Bu)-Tyr-Gly-O-rBu was coupled to resin-Glu-
OH, using a three-fold excess of the protected peptide segment, of Ph;P and of DPD. After
deprotection of the resin-bound ¢Bu ester, the protected segment H-Leu-Arg(NO,)-Pro-Gly-NH,
was coupled wth the resin-hexapeptide, again using a three-fold excess of the protected peptide
segment, of Ph;P, and of DPD. After detachment from the resin, conversion of the Gin residue to
pGlu and purification, fully active LHRH was again obtained.

The same group*°24%* synthesised ACTH using the same type of N to C strategy, as shown in
Fig. 5. The protected peptide segments were synthesised in solution.

In each segment coupling reaction a threefold excess of the protected peptide segment and a
thirty-fold excess of Ph,P, of DPD and of 2-mercaptopyridine in DCM were used. Reaction times
were 6 h at —15°C and overnight at room temperature. No detectable epimerisation occurred when

the peptide segments were coupled in this way.-After HF treatment of the peptide resin and
purification, fully active ACTH was obtained.
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O OT Ser(Bzl) - Tyr - OH

(0]
1. H-Ser(Bzl)-Met-Glu(OBzl)-His-Phe-OtBu
2. H-Arg(Tos)-Trp-Gly-OrBu
3. H-Lys(Z)-Pro-Val-Gly-OrBu
4. H-Lys(Z)-Lys(Z)-Arg(Tos)-Arg(Tos)-Pro-OrBu
5. H-Val-Lys(Z)-Val-Tyr(tBu)-Pro-OrBu

®
O O\H/Protected ACTH-OrBu

o)
Fig. 5.

Although for stepwise SPPS the N to C strategy suffers from the disadvantage that the risks of
epimerisation of the resin-bound peptide in the amino acid coupling steps are much greater, for
CSPPS using either the C to N or the N to C strategies, epimerisation of the activated C-terminal
amino acid is a possibility in both cases. One of the potential advantages of the N to C strategy for
segment coupling is that since the activated C-terminal of the peptide is attached to the resin, it
should be possible, in principle, to recycle the excess of protected peptide in solution. However, in
spite of the successful syntheses described above, the N to C elongation strategy has not established
itself and is rarely used nowadays. Almost all solid phase peptide synthesis is carried out using the
C to N strategy.

3.3. Incorporation of the first segment onto the resin

The first segment can be incorporated onto the resin either by carrying out a stepwise solid-
phase synthesis of the desired C-terminal sequence or alternatively by incorporating a previously
synthesised, purified and characterised peptide segment. This latter process, in principle, gives rise
to purer final products, but unfortunately the coupling of protected peptide segments onto polymeric
resins does not always proceed in high yield. The incorporation of the first segment is often carried
out in such a way as to reduce the substitution level of the resin.!*>4%* If the first segment is to be
synthesised in a stepwise fashion, then the first amino acid is incorporated using less than the amount
required to react with all of the active sites on the resin. After the coupling of this first amino acid
the resin is acetylated to block the remaining reactive sites and the synthesis is continued under
normal conditions. If the first segment is to be incorporated as a previously synthesised segment,
then similarly the coupling reaction is carried out with less than 1 equivalent of the peptide segment
with respect to the degree of functionalisation of the resin. The coupling reaction is allowed to
proceed to completion and the resin is then acetylated to block all of the remaining reactive sites.
It is thought that by following these procedures, only the most reactive resin-bound functional
groups react with the amino acid or peptide segment.

We consider first the stepwise solid-phase synthesis of the C-terminal segment.

3.3.1. Stepwise solid-phase synthesis of the first segment. The advantage of synthesising the first
C-terminal segment in a stepwise manner on the solid support is that the segment can be synthesised
rapidly. The disadvantage is that it cannot be rigorously purified. If the segment is quite long then
the possibility of having deletion or terminated peptides at the C-terminus is increased. If the
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segment is short, then since modern methods of solid-phase peptide synthesis are so efficient, the
C-terminal peptide can be synthesised in an essentially pure state.

Ljungqvist and Folkers*?#*°® synthesised a fragment of human leukocyte interferon using a
combination of stepwise SPPS and of segment condensation. The sequence in question is shown
below. ‘ ‘

Ac-lle''%-Leu-Ala-Val-Arg'?%-Lys-Tyr-Phe-Gln-Arg ! ?*-Ile-
Thr-Leu-Tyr-Leu'**-Lys-Glu-Lys-Lys-Tyr ' **-Ser-Pro-NH,

The C-terminal decapeptide 127-137 sequence was synthesised on a BHA resin and after unmask-
ing of the resin-bound amino group with TFA followed by neutralisation, the protected tetrapeptide
Boc-Phe-Gln-Arg(Tos)-Ile-OH was coupled. A five-fold excess of protected peptide was used,
with equivalent amounts of DCC and HOBt. The Boc-123-137-resin—peptide thus produced was
elongated by stepwise couplings to give the Boc-120-137-peptide-resin. After deprotection of the
Boc group, the protected tetrapeptide segment Boc-Ile-Leu-Ala-Val-OH was coupled using a five-
fold excess of peptide segment and of DCC/HOBt. Amino acid analysis of the peptide-resin
throughout the synthesis indicated that the segment condensations had proceeded smoothly. Depro-
tection of the Boc group followed by acetylation, HF treatment and purification gave the pure
peptide.

Lelievre*®® has described the convergent solid-phase synthesis of retro-gramicidin A-p-Ala-
gramicidin A, a peptide designed to mimic a gramicidin A dimer, and to form ion channels in lipid
bilayer membranes similar to those formed by gramicidin A. The synthesis of this molecule is an
interesting example of the advantage of a convergent synthesis over a linear one. A linear solid-
phase synthesis might lead to the formation of small amounts of gramicidin A which would
obscure the observation of the desired physicochemical activity. The convergent synthesis used,
shown in Fig. 6, makes it impossible for gramicidin A to be present.

H-(19-31)—O-—Pam—®

Boc-Val-D-Ala-Val-Gly-OH
\

H—(15-31)-o-pam-®

HO-CH,CH,-CONH-(1-14)-OH
\
HO-CHZCHzOONH—(l-Sl)—O—Pam@

Fig. 6.

The 19-31 C-terminal segment of the molecule was synthesised in a stepwise fashion on a Pam
resin, '**'¢* The N-Boc-protected 15-18 segment was synthesised in solution and coupled to the
resin-bound 19--31 segment using a 2.5 fold excess of segment, of DCC and of HOBt in DMF. The
coupling time was 2 h. In order to complete the synthesis the 1-14 segment was synthesised on a
Pam'®*!% resin and detached by transesterification with DMAE. '°® This segment was then coupled
to the resin-bound 15-31 sequence, using a 1.5 fold excess of the 1-14 segment, DCC and HOB.
A second coupling was performed under identical conditions and the yield was estimated to be 53%
over the two couplings, by the increase in weight of the peptide resin. The desired molecule was
obtained after HF detachment from the resin and purification.
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In Gauthier’s®® convergent solid-phase synthesis of mammalian glucagon (Fig. 7), Asp was
attached to a BHA resin through its side chain carboxylic acid group and the C-terminal heptapeptide
was synthesised in a stepwise manner. The protected peptide segments corresponding to the 15-22
and 7-14 sequences respectively were then coupled to the BHA resin-bound 23-29 C-terminal
hexapeptide.

H-Val—Gln- Trp(For) ~Leu —Met (O)— Asp ~Thr(Bzl)-OBz

1. Boc-Asp(OcHex)-Ser(Bzl)-Arg(Tos)-
Arg(Tos)-Ala-Gln-Asp(OcHex)-Ph¢e-OH

2. Boc-Thr(Bzl)-Ser(Bzl)-Asp(OcHex)-
Tyr(Dcb)-Ser(Bzl)-Lys(CIZ)-Tyr(Dcb)-Leu-OH

\ .
Boc-(protected glucagon, 7-27%— Asp ~Thr(Bz1)-OBzl

®= BHA resin

The segment coupling steps were carried out using DCC and HOBt. The remaining six amino acids
of the peptide were then added in a stepwise manner. Final detachment of the free peptide by
treatment with HF, converted Asp at position 28 into Asn and gave crude material which after
purification yielded the pure hormone in an overall yield of 26%.

3.3.2. Attachment of protected peptide segments to the resin. The attachment of previously
synthesised protected peptide segments to the solid support, in order to carry out CSPPS, has the
advantage of allowing the rigorous purification and characterisation of the C-terminal segment. The
main disadvantage is that the coupling of protected peptide segments to a solid support often does
not proceed in high yield.

In our synthesis of LHRH,’? the highest yield obtained for the coupling of the protected peptide
segment Fmoc-Leu-Arg(Tos)-Pro-Gly-OH onto a BHA resin, (Fig. 8), using less than one equivalent
of segment with respect to the level of resin functionalisation and using DCC and HOBt in DMF,
was only 21%. After deprotection of the Fmoc group, the segment pGlu-His(Tos)-Trp-Ser(Bzl)-
Tyr(Dcb)-Gly-OH was coupled using a 2.5 fold excess DCC, HOBt and of the peptide segment, in
DMF. The yield of the coupling reaction was judged to be almost quantitative on the basis of amino

H-Leu-Arg(T os)-Pm—Gly-.@

pGlu-His(Tos)-Trp-Ser(Bzl)-Tyr(Dcb)-Gly-OH

pGlu-His(Tos)-Trp-Ser(Bzl)-
Tyr(ch)-Gly-Lcu-Srg(’I‘os)—Pm—Gly—@

Fig. 7.
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acid analyses of the peptide-resin. HF treatment gave crude LHRH which was purified giving
material identical with an authentic sample.

The protected tridecapeptide Boo-Asn-Lys(ClZ)-Tyr(BrZ)-Thr(le)-Thr(le)-Glu(Ole)-Tyr
(BrZ)-Ser(Bzl)-Ala-Ser(Bzl)-Val-Lys(C1Z)-Gly-OH corresponding to the 56-68 sequence of the
M603 murine immunoglobin domain was synthesised by Tam’*24' on the resins (7) and (48). After
photolytic detachment and purification, the pure segment was reattached to different types of resin.
Reattachment of the protected tridecapeptide to 2-bromopropionyl-resin (12) was carried out in
80% yield using the KF method.*°"4% The yield for the incorporation of the same segment onto
an aminomethyl resin using the same method was only 45% and the incorporation onto the 4-
bromomethyl-3-nitrobenzamidomethyl-resin (7) using identical conditions was 24%. This illustrates
that the yields for the attachment of protected peptide segments to solid supports depends quite
critically upon the type of resin used.

With the 5668 sequence reattached to the resin, a 53 residue protected peptide corresponding
to the 16-68 sequence of the heavy chain of the V; domain of mouse myeloma immunoglobin M603
was built up?*"*%’ by a segment condensation strategy, as shown in Fig. 9.

H-Asn-Lys(CIZ)-Tyr(Dcb)-Thr(Bzl)-
Thr(Bzl)-Glu(OBz))-Tyr(Dcb)-
Ser(B2l)-Ala-Ser(Bzl)-Val-Lys(CIZ)-Gly——O—Pop

1. Boc-Lys(C1Z)-Arg(Tos)-Leu-Glu(OcHex)-Trp(For)-
Tle-Ala-Ala-Ser(Bzl)-Arg(Tos)-Asn-Lys(C1Z)-Gly-OH

2. Boc-Phe-Thr(Bzl)-Phe-Ser(Bzl)-Asp(OcHex)-Phe-
Tyr(Dcb)-Met(0)-Glu(OcHex)- Trp(For)-
Val-Arg(Tos)-Gln-Pro-Pro-Gly-OH

3. Boc-Gly-Ser(Bzl)-Leu-Arg(Tos)-Leu-Ser(Bzl)-
Cys(MeBzl)-Ala-Thr(Bzl)-Ser(Bzl)-Gly-OH

Boc-(16-68 Vy murine mycloma immunoglobin)*——O-—Pop——@
Fig. 9.

The segment couplings were carried out using DCC and HOBt and the coupling yields for the first
two segments were 85% and 75% respectively. The resin was acetylated after each segment coupling
step. The third protected peptide segment was incorporated in a yield of 50% giving the desired 16—
68 sequence.

Kaiser'**!*® coupled the protected peptide segment, Boc-Lys(Z)-Glu(OBzl)-Lys(Z)-Leu-OH to
the oxime resin (35) using 1.4 equivalents of the peptide in DMF and an equimolar amount of DCC
and HOBt. After 17 h at room temperature, a further 0.53 equivalents of peptide, DCC and HOBt
were added and the coupling reaction allowed to proceed for a further 17 h. The yield of segment
incorporation on the resin (35) was 70%. This peptide-resin was then used for the synthesis of
model peptides for apolipoprotein A-1.

In Kaiser’s synthesis'** of ribonuclease T,, the protected peptide segment Boc-Tyr(Dcb)-Gln-
Leu-His(Bom)-Glu(OBzl)-Asp(OBzl)- Gly-Glu(Ole) -Thr(Bzl)-OH corresponding to the 24-32
sequence was attached to H-Val-O-oxime resin in DMF using DCC and EACNOx.*'° The coupling
reaction was allowed to proceed overnight after which time amino acid analysis indicated that the
reaction had proceeded in 48% yield. In the same synthesis the 48-53 segment, Bo¢-Tyr(Dcb)-Asn-
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Asn-Tyr(Dcb)-Glu(OBz1)-Gly-OH, was attached to the resin using DCC and EACNOx. After
shaking for 24 h, the yield for the incorporation of this segment was 82%. Both of these incor-
porations were carried out with less than one equivalent of the peptide segment relative to the degree
of resin functionalisation. The peptide-resin was acetylated after incorporation in each case.

3.4, Segment size .

When designing a convergent solid-phase synthesis strategy for a particular peptide, one of the
main factors which has a direct bearing upon the size of the segments to be coupled is the frequency
of Pro and of Gly residues in the amino acid sequence of the target peptide. If the criterion of
choosing only those protected peptide segments having Pro or Gly at the C-terminal is strictly
adhered to, then inevitably some segments will be rather long. It is our experience that, as a ‘rule
of thumb’, protected peptide segments of more than twelve amino acids in length are so insoluble
that severe problems are encountered both in their purification and coupling. Low solid-phase
coupling yields for protected peptide segments having from 14 up to 22 residues have been noted
by Rink.*!' Nevertheless, Ball and Mascagni*'® amongst others have successfully coupled longer
protected peptide segments on a solid support. Segment size is an important consideration when
designing a convergent solid-phase synthesis and the risks of working with an insoluble segment
with Gly or Pro at the C-terminal must be balanced against those of working with a shorter more
soluble segment in which, since neither Pro nor Gly are at the C-terminal, the dangers of epi-
merisation in the segment coupling step are greater.

The protection scheme of a given peptide segment can affect its solubility, such that a peptide
segment of a given length which is only poorly soluble, and gives only low or moderate coupling
yields, might be rendered more soluble by changing its protection scheme, assuming this can be
done within the overall context of the synthesis.

Sato*'? has described the synthesis of gramicidin S by a stepwise SPPS approach and has
compared the results of this synthesis with two separate segment coupling approaches, one in which
dipeptide segments were coupled and the other in which tripeptide segments were coupled. Both of
these latter approaches are summarised in Fig. 10. All three syntheses were carried out on a standard
Merrifield polystyrene resin.

H-Leu-o H-Leu-o_.®

1. Boc-Val-Om(NO,Z)-OH 1. Boc-Pro-Val-Om(NO,Z)-OH

2. Boc-D-Phe-Pro-OH 2. Boc-Orn(NO,Z)-Leu-D-Phe-OH
3. Boc-Om(NO,Z)-Leu-OH 3. Boc-D-Phe-Pro-Val-OH
4, Boc-Pro-Val-OH
5. Boc-D-Phe-OH ®= Merrifield resin
Fig. 10

In each of the segment coupling strategies the di- or tri-peptide segments were coupled on the
solid support using a four-fold excess of each peptide segment and of DCC and HOBt. Coupling
yields in each case were between 92% and quantitative after 24 h shaking at room temperature. The
overall yields based on amino acid analysis for each of the three syntheses were 68%, 83% and 86%
respectively, showing that the segment coupling strategies were superior in this respect to the linear
approach. There was little difference between the dipeptide and the tripeptide segment syntheses.
No epimerisation was detected in the segment couplings. In each of the syntheses, the peptide chain
was subsequently elaborated to give fully active gramicidin S.

A segment condensation strategy on a solid support was investigated by Camble and Petter for
the synthesis of the 1-47 sequence of urogastrone,*'* shown in Fig. 11.
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H-Tyr(tBu)-Axg(H*)-A sp(OrBu)-Lev—O —@

1. Bpoc-Glu(OfBu)-Arg(H")-Cys(Acm)-Gin-OH

2. Bpoc-Cys(Acm)-Asn-Cys(Acm)-
Val-Val-Gly-Tyr(tBu)-Le-Gly-OH

3. Bpoc-Val-Cys(Acm)-Met-Tyr(tBu)-Tle-Glu(OsBu)-
Ala-Leu-Asp(OrBu)-Lys(Adoc)-Tyr(tBu)-Ala-OH

4. Boc-Asn-Ser(1Bu)-Asp(OfBu)-Ser(:Bu)-Glu(rBu)-
Cys(Acm)-Pro-Leu-Ser(tBu)-His-Asp(OrBu)-Gly-
Tyr(tBu)-Cys(Acm)-Leu-His-Asp(OtBu)-Gly-OH

|
Bpoc-(urogastrone 1-47)—0—® ® = Wang resin (15)

Fig. 11.

The 44-47 C-terminal tetrapeptide was built up in a stepwise fashion on the Wang resin (15).
Protected peptide segments corresponding to the 4043, 31-39 and 19-30 sequences were coupled
using a variety of different conditions. Highest segment coupling yields (79-95%) were obtained
using DCC and HOBt in DMF at room temperature for 22 or 46 h. Unfortunately, it proved very
difficult to couple the relatively large 1-18 segment even though the previous segment coupling
reactions proceeded smoothly in acceptable yields. Coupling yields for this segment were very poor
even though a variety of coupling conditions were attempted. This illustrates a quite common state
of affairs in CSPPS: a protected peptide segment which has been successfully synthesised and
purified cannot be made to couple in acceptable yields.

In our synthesis of the sequence of the toxin II of the scorpion Androctonus australis,®%21:92:414
it was found that the 5-17 protected segment, Fmoc-Tyr(cHex)-Ile-Val-Asp(OBzl)-Asp(OBzl)-Val-
Asn-Cys(Acm)-Thr(Bzl)-Tyr(cHex)-Phe-Cys(Acm)-Gly-OH could not be coupled to the 18—64
peptide resin in acceptable yields. The segments Fmoc-Asn-Cys(Acm)-Thr(Bzl)-Tyr(cHex)-Phe-
Cys(Acm)-OH corresponding to the 11-16 sequence and Boc-Tyr(cHex)-Ile-Val-Asp(OcHex)-
Asp(OcHex)-Val-OH corresponding to the 5-10 sequence were synthesised. Coupling of these
shorter segments proceeded in very high yields.

Di Bello®'* has reported on the synthesis of bombesin by a CSPPS approach. Two segment
condensation strategies were used as shown in Fig. 12. '

pGlu-Gln-Arg-Leu-Gly-OH  1-5 segment

H-Asn—Gln-Trp(For)—Ala—Val—Gly-His(an)-Lcu-Met—@ )
6-14 resin

pGlu-Gin-Arg-Leu-Gly-Asn-Gln-OH  1-7 segment

H-Trp(For)-Ala—Val-Gly-His(an)—Leu-Met—®

®= BHA resin 8-14 resin

Fig. 12.

In tht.? first strategy, the 1-5 segment was synthesised by standard solid-phase methods on a
BHA resin, detached by treatment with HF and purified by gel filtration. For segment coupling

2T
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onto the 6-14 BHA resin-bound protected nonapeptide, a five-fold excess of the peptide segment
was used with equimolar amounts of DCC and HOBt. Couplings were performed in DMF and
were allowed to continue for approximately 12 h. A second coupling was then performed under
identical conditions. In the second strategy, the 1-7 segment was synthesised in a similar manner
and coupled to the 8-14 protected heptapeptide resin, again using a five-fold excess of peptide
segment, DCC and HOBt. A second coupling was then performed under similar conditions but was
allowed to continue for 48 h at room temperature. Both synthetic approaches gave similar results,
biologically active material being obtained in both cases.

The solid phase coupling of a partially protected peptide has been described by Di Bello.*'¢ Tfa-
Lys(Tfa)-Glu(OMe)-Thr-Ala-Ala-Ala-Lys(Tfa)-Phe-Glu(OMe)-Arg-OH was prepared by enzym-
atic cleavage of the native S-peptide of bovine pancreatic ribonuclease, and was coupled onto H-
Gln-His(Z)-Met-Asp(OBzl)-Ser(OBzl)-O-resin, using a 1.1-fold excess of segment and the active
ester method, in 30% yield as calculated by amino acid analysis. The coupling reaction was carried
out in pyridine—-DMF (1 : 1) since the peptide segment was only poorly soluble in most solvents.

Kaiser'*® noted that the coupling of large protected peptides on the oxime resin (35) proceeded
in poor yields. In order to avoid this problem in the synthesis of ribonuclease T, smaller peptide
segments only were coupled on the solid support and couplings between large segments were carried
out in solution.

In the synthesis of the BA4 protein of Alzheimer’s disease, attempts to couple the 1-25
protected peptide segment to the protected. resin-bound 26-42 sequence were unsuccessful.
Lansbury’® successfully synthesised the protein by coupling a shorter 1-17 segment to the resin-
bound 1842 protected peptide. (See Section 3.8, Examples of CSPPS, below).

3.5. Coupling methods

The formation of an amide bond between a resin-bound peptide and a protected peptide segment
is more demanding than for a single amino acid for several reasons. It is normally not economical
to use large excesses of the peptide segment to drive the coupling reaction to completion and solubility
problems may mean that only a relatively dilute solution of the segment can be used. Even if
reasonable excesses of segment can be used, and solubility is not a problem, the coupling reaction
may require many hours or even several days. It is important therefore to treat each segment
coupling on a case by case basis and to attempt to optimise the coupling reaction by investigating
the different variables such as coupling reagents, reaction time, concentration of the soluble compon-
ents, temperature, and efficiency of the agitation of the resin.

Coupling methods for protected peptide segments have evolved in an analogous manner to those
used for the coupling of single amino acids. Early procedures include the azide and oxidation—
reduction protocols which were superseded by the use of DCC, or DCC in conjunction with HOSu
or HOBt. Contemporary methods for effecting the solid-phase coupling of peptide segments are
based on the use of phosphonium or uronium salts in the presence of HOBL.

The classical azide procedure*'” has been used for the solid-phase coupling of protected peptide
segments. Visser and Kerling*'* synthesised an analogue of the Boc-protected N-terminal tri-
decapeptide of bovine pancreatic ribonuclease, H-Lys-Glu-Thr-Ala-Ala-Ala-Lys-Phe-Glu-Cit-Gln-
His-Leu-OH, by segment coupling of the protected N-terminal octapeptide azide with the resin-
bound C-terminal pentapeptide. A 2.5 fold excess of the peptide azide was used and the coupling
yield was essentially quantitative after 6 days. Cleavage from the resin and purification by gel-
filtration gave the desired product.

Weber and André*'®*2° synthesised an analogue of ovine insulin A chain by a convergent
strategy as shown in Fig. 13.

The 17-20 protected peptide segment was coupled as the azide to an Ala-containing polystyrene
resin, using a two-fold excess of azide. The coupling yield was 75%. The 11-16 segment was then
coupled using a two-fold excess of segment and of DCC and HOBt, in DMF. The coupling yield
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H-Ala—O—@

1. Boc-Glu(O1Bu)-Ala-Tyr(Bzl)-Cys(SiPr)-NHNH,
2. Boc-Cys(SiPr)-Ala-Leu-Tyr-Gln-Leu-OH

3. Boc-Cys(SiPr)-Ala-Gly-Val-OH

4. Bos-Cys(SiPr)-OH

5. Boc-Gly-Tle-Val-Glu(OfBu)-Glu(OrBu)-OH

Y
Boc-[Glu’, Ala'2, Ala®!]-ovine insulin A chain —0—®

was 80-85%. The 7-10 segment was coupled in the same way in a yield of 85-90%. Boc-Cys(SiPr)-
OH was coupled in 96% yield and the 1-5 segment was coupled as for the other segments, in a yield
of 70-75%. The fully-protected peptide-resin was then subsequently transformed into the ovine
insulin A chain analogue. Combination of this analogue of the A chain with natural B chain gave
insulin activities comparable with those obtained with the natural A chain.

The solid-phase coupling of the cyclic peptide segment (60) onto a MBHA -resin-bound protected
peptide, as shown in Fig. 14, has been described by Noda.*?!

——Asp — Thr — Ala — Thr — Asu —Val—0OMe

(60) _
H-(h-CGRP 9-37) —-®

The segment (60) was treated with hydrazine, converted into the azide and coupled to the peptide—
resin. Amino acid analysis of the peptide resin hydrolysate after coupling indicated that the coupling
yield was very high.

The DCC/HOB coupling protocol has been used extensively for the solid phase coupling of
protected peptide segments. This combination of coupling reagents has been used in several examples
of peptides having repetitive sequences. In the syntheses of poly-(L-prolyl-L-prolylglycyl)
oligomers,“** of the cyclodepsipeptide valinomycin,*2**?* and its analogue [Lys'}-valinomycin,*?°
as well as in our synthesis of repeating peptides related to the glutelin-2 protein of maize,2°"2? the
solid-phase couplings of the repeating units were all carried out using DCC and HOBt. Neubert
and Jakubke**® prepared a heptapeptide corresponding to the 28-34 sequence of porcine proinsulin
by segment condensation on a solid support using DCC/HOBt as the coupling agents.

In our synthesis of apamin,®? the 7-18 sequence was synthesised in a stepwise manner on a BHA

resin. The 1-6 segment Boc-Cys(Acm)-Asn-Cys(Acm)-Lys(Z)-Ala-Pro-OH was then coupled onto
this resin-bound sequence (Fig. 15).

23
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H-Glu(OBzl)-Thr(Bzl)-Ala-
Leu-Cys(Acm)-Ala-Arg(Tos)-
Arg(Tos)-Cys(Acm)-Gin- Gin-His(T os)—®

Boc-Cys(Acm)-Asn-Cys(Acm)-Lys(Z)-Ala-Pro-OH

Boc-(Protected apamin 1- 13)—® ®= BHA resin

Fig. 15.

The coupling reaction was carried out using 1.25 equivalents of the 1-6 peptide segment, of DCC
and of HOBt, in DMF. A single coupling reaction of 48 h duration at room temperature was
performed after which time amino acid analysis of the peptide resin indicated essentially quantitative
coupling. Poorer results were obtained in the coupling of the protected 1-6 segment azide (coupling
yield of 67% after a double coupling protocol). HF treatment, followed by deprotection of the Cys
residues, formation of the disulfide bridges and final purification, gave biologically active apamin.

In another approach,®® the 1-12 protected peptide segment Boc-Cys(Acm)-Asn-Cys(Acm)-
Lys(Z)-Ala-Pro-Glu(OBzl)-Thr(Bzl)-Ala-Leu-Cys(Acm)-Ala-OH was coupled to the three different
analogous resin-bound 13-18 segments shown below.

H-Arg-Arg-Cys-GIn-Gln-His-BHA-Resin
H-p-amino-Phe-Arg-Cys-Gln-Gln-His-BHA-resin
H-Arg-p-amino-Phe-Cys-Gln-Gln-His-BHA-resin

These three 13-18 sequences were synthesised in a stepwise manner on a BHA resin. In the case of
natural apamin the coupling proceeded in only 77% yield using a two-fold excess of peptide segment,
DCC and HOBt, whereas for the apamin analogues, the coupling yields were 94% and 96%
respectively, even though only 1.5 equivalents of segment, DCC and HOBt were used. This may be
due to the concentration of reagents being greater in the latter two cases. The coupling reactions
were carried out in DMF at room temperature over 48 h.

We have also used the DCC/HOB?t coupling method extensively in our synthesis of the complete
sequence of the toxin II of the scorpion Androctonus australis,***°**!* a peptide consisting of 64
amino acids. The following protected peptide segments were synthesised and purified :

Boc-Asp(OBzl)-His-Val-Arg(Tos)-Thr(Bzl)-Lys(Z)-Gly-OH (53-59)

Boc-Asn-Ala-Cys(Acm)-Tyr(cHex)-Cys(Acm)-Tyr(cHex)-Lys(Z)-Leu-Pro-OH (44-52)

Fmoc-Tyr(cHex)-Cys(Acm)-Gln-Trp-Ala-Ser(Bzl)-Pro-Tyr(cHex)-Gly-OH (35-43)

Boc-Glu(OBzl)-Ser(Bzl)-Gly-OH (32-34)

Fmoc-Arg(Tos)-Asn-Ala-Tyr(cHex)-Cys(Acm)-Asn-Glu(OBzl)-Glu(OBzl)-Cys(Acm)-

Thr(Bz1)-Lys(Z)-Leu-Lys(Z)-Gly-OH (18-31)

Fmoc-Tyr(cHex)-Ile-Val-Asp(OBz1)-Asp(OBzl)- Val-Asn-Cys(Acm)-Thr(Bzl)-Tyr(cHex)-Phe-

Cys(Acm)-Gly-OH (5-17)

Boc-Val-Lys(Z)-Asp(OtBu)-Gly-OH (1-4)

The protected peptide segments were then coupled onto the resin-bound 60-64 sequence H-Gly-

Arg(Tos)-Cys(Acm)-His-MBHA-resin. The degree of functionalisation of the resin was approxi-
mately 0.2 meq/g, and the results of the coupling reactions are shown in Table 2.
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Table 2. Segmedt coupling reactions in the synthesis of toxin Il from Androctonus australis.
Peptide Equivalents Amino Component Time (hrs) Yield %
53-59 2.1 60-64 resin .20 96
44-52 1.3 53-64 resin 40 91
0.7 24 quant.
35-43 1.6 44-64 resin 16 90
0.6 16 quant.
32-34 1.8 35-64 resin 28 94
1.6 16 quant
18-31 2.8 32-64 resin 48 80

We used the same general procedure for the coupling of all the protected peptide segments. The
segments (1.3-2.8 equivalents) were dissolved in the minimum volume of DMF and were added to
the peptide resin together with an equimolar amount of HOBt. After 2 min stirring, DCC (1.3-2.8
equivalents) was added and the mixture was stirred for 2 h at 0°C and then at room temperature
for the duration of the coupling (See Table 2). Aliquot portions of the peptide resin were removed
periodically and the extent of coupling was determined by amino acid analysis of the acid hydro-
lysates. If the yield appeared. to be less than 95%, the coupling was allowed to continue and if

necessary was repeated (Table 1). The 5-17 protected segment could not be coupled to the 18-64 ‘

peptide resin in acceptable yield. (See Section 3.4, Segment Size).

Yajima“*?’ reported on the synthesis of a decapeptide corresponding to the 5-14 sequence of
ACTH. The protected segment Z-Glu(OBzl)-His-Phe-Arg(NO,)-Trp-Gly-OH was coupled onto
the resin bound peptide H-Lys(Z)-Pro-Val-Gly-O-resin using a four-fold excess of the acylating
protected peptide segment and of DCC. The reaction time was 72 h at room temperature and the
yield for the coupling was between 40 and 45%. Yajima‘?® has also investigated the EEDQ-
mediated coupling of the protected peptide segment Z(OMe)-Val-Lys(Z)-Val-Tyr-Pro-OH onto H-
Asp(OBzl)-O-resin. Quantitative coupling yields were obtained using a three-fold excess of the
acylating component and a six-fold excess of EEDQ in DMF for 48 h.

Yajima**“**? also described the synthesis of BPTI, Protected peptide segments spanning the

entire sequence of 58 amino acids were synthesised in solution by classical techniques and then
coupled on the solid support (Fig. 16).

H-Gly—Ala—O—@

1. Z(OMe)-Cys(Bzl)-Arg(Tos)-Ala-Lys(Z)-Arg(Tos)-
Asn-Asn-Phe-Lys(Z)-Ser-Ala-Glu(OBzl)-
Asp(OBzl)-Cys(Bzl)-Met-Arg(Tos)-Thr:
Cys(Bz])-Gly-OH

2. Z(OMe)-Leu-Cys(Bzl)-GIn-Thr-Phe-Val-Tyr-Gly-Gly-OH

3. Z(OMe)-Pro-Cys(Bzl)-Lys(Z)-Ala-Arg(Tos)-Tie-Tle-Arg(Tos)-
Tyr-Phe-Tyr-Asn-Ala-Lys(Z)-Ala-Gly-OH

4. Z(OMe)-Arg(NO,)- Pm-Asp(Ole) -Phe-Cys(Bzl)-Leu-
Glu(OBz!)-Pro-Pro-Tyr-Thr-Gly-OH

]

Z(OMe)-(BPTI 1-58)—0—@ ®= Merrifield resin

Fig. 16.
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The protected peptide segments were coupled onto H-Gly-Ala-O-resin using DCC and HOSu.
For the first segment a 1.5 fold excess was used for the coupling, but for later segments in the
sequence the number of equivalents was increased to four in order to ensure sufficiently high coupling
yields. Coupling times were 4-6 days at room temperature and yields were between 71% and
quantitative, depending upon the segment coupled. Only for the last segment of the sequence was
a quantitative coupling yield obtained. Yajima noted that the 29-37 protected nonapeptide and 13—
28 protected hexadecapeptide segments were very insoluble in DMF and suggests that the coupling
yields (68% and 78%, respectively) may be relatively low for this reason.

Noda*?*® has described the coupling between Boc-Lys(Z)-Asn-Gly-OH and H-Ile-Glu(OBzl)-
Ile-O-resin, using DCC and HOSu. The yield was judged to be 90% from the increase in weight of
the peptide resin, after a reaction time of 8 h. The hexapeptide so formed corresponds to the 47-52
sequence of the cobrotoxin from Naja naja atra.

Kullmann and Gutte*?' synthesised an open chain asymmetrical cystine peptide corresponding
to the sequence A'*2'-B!*2¢ of bovine insulin, by the condensation of the protected cystine peptide
A'#21_B'%-29 onto the protected B2'-?¢ resin, as shown in Fig. 17.

Boc-Cys-Gly —OH
Protected A!821-B'%% segment
Bpoc -~ Asn - Tyr(Dcb) — Cys ~ Asn~-OBzl

H-Glu(OBzl) - Arg(NO,) - Gly = Phe - Phe - Tyr(Dcb) -0—@

Protected B2 resin

The coupling between the two segments was carried out in DMF, using a 1.25 fold excess of the
protected A'*2'-B'*2° segment with an equimolar amount of DCC in the presence of 2
equivalents of HOSu. The coupling yield was 70% after 75 h at room temperature.

This work was subsequently extended to the synthesis**? of the asymmetrical insulin intermediate
A"2_B'®26 and is summarised in Fig. 18. _

The couplings were carried out in DMF using one equivalent of DCC and two equivalents of
HOSu relative to each protected peptide segment. For the coupling of segment 1 above, a 4.2 fold
excess of protected peptide was used and the yield was 95%. The residue A,'* Bpoc-
GiIn-OH (2 in the above scheme) was incorporated using a double coupling with a 4.2 fold excess
of amino acid in a yield of 99%. For segment 3 again a double coupling was performed and each
time a 4.2-fold excess was used. The coupling yield for this segment was 78%. For segment 4 a
double coupling using a two-fold excess of protected peptide was carried out. The coupling yield
was 69%. Segment 5§ was coupled using a double coupling of a 3.5-fold excess in a yield of 75%.
Boc-Val-OH was then coupled to the B chain in 96% yield. After each coupling step the peptide
resin was acetylated. The disulfide bridge is stable to all of the conditions used to elaborate this
peptide.

Karlsson and Ragnarsson®**#* described the synthesis of bradykinin. Three protected peptide
segments, Z-Arg(NO,)-Pro-OH, Z(OMze)-Pro-Gly-Phe-OH and . Z(OMe)-Ser(Bzl)-Pro-Phe-OH
spanning the sequence were synthesised in solution and coupled onto H-Arg(NO,)-O-polystyrene
resin. A 2.5-fold excess of each segment, of DCC and HOSu was used and coupling times were of
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ll)cb
Bpoc — Asn = Tyr — Cys ~ Asn -OBzl

Boc-Cys-Gly-Ghll-Arg-Gly-Phe-Phe-Tyr-O-@
] 1
OBl NO, Deb

1. Bpoc-Leu-Glu(OBzl)-OH
2. Bpee-Gin-OH

3. Bpoc-Leu-Tyr(Dcb)-OH
4.

Bpoc =Gln Cys-Cys(Acm)- Ala - Ser(Bzl)- Val-Cys - Ser(Bz1)-OH
5. CIZ-Gly-Tle-Val-Giu(OBzl)-OH ’

C1Z-Gly
] 6. Boc-Val-OH
n‘l‘ 1 @ = Merrifield resin
va v
Ba10-Gla B Db  OBa xb

. 1 |
Gln 'CYS'?YS‘A“"?H"VSI-Cys-Ser-Leu-Tyr-Gln-Leu-Glu-ASn-Tyr-Cys-Asn OBzl

Acm Bzl
Boc-Val—Cys-Gly-Glt':—-Arg-Gly-Phc-Phe-’l‘yr—0—®
1 ]
OBzl NO, Dcb
Fig. 18.

the order of several hours. Coupling yields were calculated to be 99.5% in each case. Analytically
pure, biologically active bradykinin was obtained in 81% overall yield. Ragnarsson also
investigated the synthesis of [Arg®]-vasopressin®** by condensing the protected peptide segments
Z-Cys(Bzl)-Tyr(Bzl)-Phe-OH and Boc-Asn(Mbh)-Cys(Bzl)-Pro-OH onto H-Arg(Tos)-Gly-O-
resin.

The protein synthesis group at the Shanghai Institute of Biochemistry have described the total
synthesis of glucagon.**¢ The four protected peptide segments shown in Fig. 19 were synthesised in

solution and then coupled onto a tripeptide—resin consisting of the C-terminal tripeptide of the
sequence. ‘

H-Met-Asn— Thr(le)-O—®

1. Bpoc-Phe-Val-Gln-Trp-Leu-OH
2. Bpoc-Ser(rBu)-Arg(Bpoc,)-Arg(Bpoc,)-Ala-Gln-Asp(OrBu)-OH

3. Bpoc-Thr{Bu)-Ser(tBu)-Asp(OfBu)-Tyr(tBu)-Ser(rBu)-
Lys(Boc)-Tyr(tBu)-Leu-Asp(OtBu)-OH
4. Adoc-His(Adoc)-Ser(Bu)-Gln-Gly-Thr(sBu)-Phe-OH
Y

Adoc-(Protected glucagon) —0O —® @ = Merrifield resin

Fig. 19,

5}
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Coupling reactions were carried out using a two to three fold excess of peptide segment and using
either DCC or EEDQ as the coupling agent, in the presence of HOOBt. Reaction times varied from
21 h to 63 h at 32°C and yields were between 96 and 99%. Subsequent synthetic transformations gave
biologically active, crystalline glucagon.

Kung-Tsung Wang*®” has synthesised a fully-active snake venom cardiotoxin consisting of 60
amino acids and incorporating four disulfide bridges (Fig. 20).

H~ Arg(Tos):Cys(Bzl) -Asn—0—®

1. Boc-Cys(Bzl)-Asn-Thr(Bzl)-Asp(OBzl)-OH
2. Nps-Tyr(Bzl)-Val-Cys(Bz1)-OH
3. Nps-Leu-Val-Lys(Z)-OH
4. Nps-Lys(Z)-Ser(Bzl)-Ser(Bzl)-Leu-OH
5. Boc-Cys(Bzl)-Tle-Asp(OBzl)-Val-Cys(Bzl)-Pro-OH
6. Boc-Val-Lys(Z)-Arg(Tos)-Gly-OH
7. Nps-Thr(Bzl)-Pro-Lys(Z)-Val-Pro-OH
§. Boc-Met-Val-Ala-OH
9. Nps-Met-Phe-OH
10. Boc-Cys(Bzl)-Tyr(Bzl)-Lys(Z)-OH
11. Nps-Lys(Z)-Asn-Leu-OH
12. Nps-Thr(Bzl)-Pro-Ala-Gly-OH
13. Boc-Leu-Phe-Tyr(Bzl)-Lys(Z)-OH
14. Nps-Asn-Lys(Z)-Leu-Val-Pro-OH
¥ 15. Boc-Leu-Lys(Z)-Cys(Bzl)-OH

Boc-(Protected cardiotoxin)-—o—-® ®=Merriﬁeld resin

Fig. 20.

Each protected peptide segment was coupled using the DCC/HOBt system. A three-fold excess
of each segment was used and coupling times were at least two and sometimes three days. If after
this time the ninhydrin test was positive, the coupling was repeated. After each segment
coupling the resin was acetylated. The average coupling yield for the segment condensations was
90%. The peptide chain was cleaved from the solid support by treatment with HF. After formation of
the disulfide bridges and purification, fully-active cardiotoxin was obtained. Subsequently Wang**®
synthesised a cardiotoxin of similar structure using the same strategy, again obtaining fully-active
material.

Sivanandaiah®® synthesised an octadecapeptide amide related to the C-terminal of ACTH (Fig.

21).

H-L)'S(Z)‘LYS(Z)-LYS(Z)-LYS(Z)—O—@
1. Boc-Lys(Z)-Pro- Val-Gly-OH
2. Boc-Phe-Arg(NO,)-Trp-Gly-OH
3. Z-p-Ala-Tyr-Ser-Met-Glu(OBzl)-His-OH

Z-g-[Ala}, GIn®, Lys'’, Lys'® -ACI‘H(I-IS)-—O
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Starting from the tetrapeptide resin, chain elongation was carried out by successive coupling of
the protected peptide segments. Segment couplings were carried out in DMF using a three-
fold excess of segment, DCC and HOBt. Coupling times for each of the segments were 10,
24 and 30 h respectively. The qualitative ninhydrin test was negative after each coupling. The
peptide was removed from the resin by ammonolysis, furnishing the desired C-terminal amide
and also converting the Glu(OBzl)® residue into the desired Gln® residue. Transfer hydrogena-
tion then gave the desired free peptide amine which was found to be as biologically active as
natural ACTH. _

Birr®*¢ used the DCC/HOBt system for the coupling of protected peptide segments in the
synthesis of the A and B chains of human insulin, and also investigated the use of CDI
in the presence of HOBt for similar coupling reactions. In general segment couplings
carried out using the CDI/HOBt were complete in shorter reaction times than with
DCC/HOBt 44°

In Kaiser’s synthesis of model peptides for apolipoprotein A-1,"3*'*! the protected peptide
segments, Boc-Lys(Z)-Glu(OBzl)-Lys(Z)-Leu-OH, Boc-Lys(Z)-Glu(OBzl)-Leu-Leu-Glu(OBzl)-
Lys(Z)-Leu-OH and Boc-Pro-Lys(Z)-Leu-Glu(OBzl)-Glu(OBzl)-Leu-OH were coupled on the
oxime resin to give a peptide consisting of 21 amino acid residues. The protected peptide was then
detached from the resin by aminolysis with H-Ala-OBzl affording a 22-residue protected peptide
segment which after deprotection gave the 22-residue model peptide. A 44-residue model peptide
consisting of two of the 22-residue model peptides was also synthesised by segment condensation
on the oxime resin, as shown in Fig. 22.

Boc-(1-21 Protected pepﬁde)—o—®

Boc-Ala-OH

Boc-Ala-(1-21 Protected peptidey—O -@

Boc-(1-21 Protected peptide)-OH

Y
Boc-(1-22, 1-21 Protected peptidc)-—o-—@

H-Ala-OBzl

V N
Boc-(1-44 Protected peptide)-OBzl @‘ Oxime resin (35)
Fig. 22.

When attempts were made to couple the 1-22 segment carboxylic acid with a resin bound 1-22
segment having Pro as the N-terminal amine component, the coupling yields were very low. As an
alternative, the 1-21 protected segment was synthesised on resin (35) and using a portion of this
peptide-resin, the protected peptide was detached from the solid support by treatment with HO-
Pip followed by hydrolysis. Using the other portion of the peptide-resin, Boc-Ala-OH was coupled
to the N-terminal of the 1-21 segment. After Boc-deprotection and neutralisation of the resin, the
N*-Boc protected 1-21 segment carboxylic acid was coupled to the peptide-resin. The coupling
reaction was carried out in DMF, using a 1.2-fold excess of peptide segment, DCC and HOBt and
after 24 h, 77% incorporation of the segment had taken place. The complete 1-44 protected peptide
was detached from the resin by aminolysis with H-Ala-OBzl, and after removal of the protecting
groups and purification the desired model peptide was obtain

26
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Coupling reagents based on phosphonium and uronium salts are now becoming more and more
frequently used, both for the coupling of single amino acids in linear SPPS and for segment coupling
in CSPPS. In Rivaille’s synthesis of LHRH,??° the protected peptide segment pGlu-His-Trp-
Ser(Bzl)-Tyr(Bzl)-Gly-OH was coupled onto the resin-bound peptide H-Leu-Arg(NO,)-Pro-Gly-
O-resin using BOP reagent and NMM in DMF. The coupling time was 36 h at room temperature.
The peptide was cleaved from the resin by ammonolysis in DMF and after removal of the protecting
groups and purification, biologically active LHRH was obtained.

The combination of BOP, HOBt and DIEA has been used for the coupling of protected peptide
segments by Chang**' in the synthesis of cyclic (Asu"")-eel calcitonin. The same combination has
also been used by Nokihara®? for the solid-phase coupling of segments.

Jung®®®® has used a ¢ombination of TBTU, HOBt and DIEA in order to couple the various
protected peptide segments in the syntheses of the nucleocapsid protein of the HIV virus and ofa
model peptide for the VP, protein of the foot and mouth disease virus. Coupling yields were
generally 95% or better, using a three-fold excess of peptide segment and coupling times of the
order of twelve hours. :

Apart from the coupling reagents used, other factors which must be taken into account are the
temperature at which the coupling reaction is carried out and the efficiency of the agitation of the
resin. Most segment coupling reactions are performed at room temperature although it may be that
gentle heating can in some cases be beneficial. Since in the solid-phase method the reaction
system is not homogeneous, efficient agitation is necessary in order to ensure good coupling yields.
Oroslan'?? has reported that ultrasound can improve the yields in solid-phase segment couplings.
A series of such coupling reactions were carried out in order to synthesise a range of nonapeptide
C-terminal amides, required for structure-activity studies of HIV proteinases. The protected peptide
segments Boc-Val-Ser(Bzl)-Gln-Asn-Tyr(BrZ)-OH and Boc-Val-Ser(Bzl)-Gln-Asn-Tyr(BrZ)-Pro-
OH were coupled to several different resin-bound peptides, synthesised on an MBHA resin. The
coupling reactions were carried out in DMF, using DCC and HOB. The reactions were sonicated
for 2 h after which time coupling was complete, as judged by the qualitative ninhydrin test. The
authors note that when magnetic stirring was employed, the reaction time was longer and the yield
of peptide was reduced. The desired free peptides were cleaved from the resin by treatment with
liquid HF.

3.6. Side reactions

Perhaps the most important side reaction in segment coupling on a solid support is epimerisation
at the activated C-terminal amino acid of the segment in the coupling reaction. When this amino
acid is Gly, epimerisation is not possible. When this amino acid is Pro, epimerisation is thought to
be minimal under normal coupling conditions but for all other amino acids epimerisation may occur
to a greater or lesser extent in the coupling reactions.**? It is important therefore to couple peptide
segments which do not have Gly or Pro at the C-terminal in such a way that epimerisation is
minimised. It is also important to use analytical methods which are sufficiently sensitive to detect
the presence of diastereomeric peptides in quite small quantities, in order to be able to quantify the
amount of epimerisation, 44>-44°

Work by Di Bello**¢ indicates that the coupling of protected peptide segments having Arg at the
C-terminal onto resin bound peptide segments proceeds without detectable epimerisation when
DCC and HOBt are used as the coupling agents,

Kaufmann and Délling*? synthesised the N-terminal nonapeptide of ovine insulin. The pro-
tected peptide segments were synthesised in solution, and coupled on a solid support (Fig. 23).

The authors report that the best results in the segment couplings were obtained using the DCC/
pentafluorophenol complex or the oxidation-reduction protocol.*°! A three-fold excess of peptide
segment and of coupling reagent was used and the reaction times were 65 h at room temperature
in each case. The desired product was obtained in 47% overall yield with the oxidation-reduction
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1. Boc-Cys(Bzl)-Ala-OH
2. Boc-GIn-Cys(Bzl)-OH
3. Z-Gly-Ile-Val-Glu(O¢Bu)-OH

Z-(Protected nonapepﬁde)—0—® ®= Merrifield resin

Fig. 23..

protocol. When DCC/HOBt or EEDQ were used, appreciable epimerisation was observed in the
segment couplings and the yields were also lower.

Kaiser'** %9 noted that when the peptide segment Boc-Lys(Z)-Glu(OBzl)-Lys(Z)-Leu-OH was
attached to the resin (35) using DCC and HOBt, about 10% epimerisation at the C-terminal amino
acid occurred. The yield of segment incorporation on the oxime resin was 70%. Carrying out the
coupling reaction with EACNOx*!? instead of HOBt both improved the coupling yield to 93%
and reduced the amount of epimerisation to 3% (Fig. 24).

®

1. Boc-Lys(Z)-Glu(OBzl)-Lys(Z)-Leu-OH

2. Boc-Lys(Z)-Glu(OBzl)-Leu-Leu-
Glu(Qle)-Lys(Z)—Lgu~OH

3. Boc-Lys(Z)-Glu(OBzl)-Lys(Z)-Leu-OH

4. Boc-Pro-Lys(Z)-Leu-Glu(OBzl)-
Glu(OBzl)-Leu-OH

Boc-(1-21 Protected peptide) — O —@

H-Ala-OBz]

r
Boc-(1-22 Protected peptide)-OBzl = Oxime resin (35)

Fig. 24.

The peptide-resin was then successively acylated with the segments 2, 3 and 4 in a similar manner
using a 1.2~1.5-fold excess of the acylating segment, and an equivalent amount of DCC and HOBt
or EACNOx. Coupling yields of 87%, 100%, and 92% were obtained using the latter additive.
These yields were generally higher than when HOBt was used. Aminolysis of the peptide resin with
H-Ala-OBzl took place in 63% yield, affording the fully protected peptide segment. The protecting
groups were removed by acidolysis to give the free model peptide.

Kaiser’s synthesis of ribonuclease T, produced material which had very low biological activity.
It was suggested that epimerisation of the amino acid residues might account in part for this low

activity, even though it seems that epimerisation in the segment coupling steps on the resin is not
appreciable.'**

¥
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Albericio and Barany’? have described the synthesis of human gastrin-I by a CSPPS approach
using the Fmoc/tBu strategy. Since Gastrin-I is a peptide C-terminal amide, the synthesis was
carried out using the PAL handle (21). This support allows the peptide to be detached under mild
conditions at the end of the synthesis, in the form of its C-terminal amide. The protected segment
Fmoc-[Glu(OtBu)]-Ala-OH was synthesised using the photolabile resin (7), purified by gel
filtration, and was then attached to the C-terminal hexapeptide H-Tyr(zBu)-Gly-Trp-Met-Asp
(OtBu)-Phe assembled on the PAL support, using a two-fold excess of protected peptide segment
in DMF and equimolar quantities of BOP and of HOBt. The reaction was allowed to continue 24 h
at 25°C and the coupling yield was more than 98% as judged by amino acid analysis and by Edman
degradation. The N-terminal pentapeptide pGlu-Gly-Pro-Trp-Leu-OH was synthesised on the p-
alkoxybenzyl alcohol-resin (15) and detached by acidolysis. After purification by gel filtration, this
segment was then coupled to the peptide resin in a similar manner, in more than 89% yield as
indicated by amino acid analysis (Fig. 25). -

H—Tyr(OtBu)-Gly-Trp—Mct-Asp(OtBu)-Phe

1. Fmoc-[Glu(OrBu))s-Ala-OH
2. pGlu-Gly-Pro-Trp-Leu-OH

(1-17 Protected human gastrin-I)— °
@: MBHA resin

The amount of epimerisation in the coupling of the protected peptide segments was estimated to be
4% and 11% respectively. Subsequent synthetic manipulations gave biologically active human
gastrin-1.

Other side reactions which may be important in certain cases are the formation of pGlu when
Glu is the N-terminal amine component and also side-reactions due to the instability of protecting
groups during the segment coupling reactions.

In the synthesis of the sequence of the toxin II of the scorpion Androctonus australis*'* we
noticed a discrepancy between the 80% coupling yield observed for the coupling of the 18-31
segment onto 32-64-resin by amino acid analysis and the 97% yield obtained by sequencing. This
difference may be due to the cyclisation of Glu(OBzl) at position 32 forming pGlu, which is not
detectable by Edman degradation.

In our synthesis of the repetitive domain of the glutelin-2 protein from maize,?°"2°? a domain
which consists of repeating Val-His-Leu-Pro-Pro-Pro units, the Boc/Bzl strategy was used and the
His residue was left unprotected. Attempts to synthesise the trimer by coupling Boc-Val-His-Leu-
Pro-Pro-Pro-OH to the resin-bound dimer H-Val-His-Leu-Pro-Pro-Pro-Val-His-Leu-Pro-Pro-Pro-
O-resin led only to the formation of the N*-acetylated dimer. This side reaction may be due to the
acetylation of the resin which was carried out after the formation of the Boc-N* protected dimer.
This capping procedure also leads to the N-acetylation of the imidazole of the His residue, so that
when the coupling between the resin-bound dimer containing His(Ac) residues and a third Boc-N"-
protected segment using DCC and HOBt is attempted, acetylation of the N* terminal of the dimer
takes place, preventing coupling. The problem was partially solved by using the Fmoc/sBu strategy,
but a definitive solution lies in finding a protecting group for His which is completely stable to the
reaction conditions. In solid-phase segment couplings the reaction times are often quite long so that
the stability of side-chain protecting groups to the coupling conditions should be carefully checked.

Fig. 25.
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3.7. Monitoring of the coupling reaction

Monitoring of solid-phase segment coupling reactions is not necessarily straightforward. The
qualitative ninhydrin test is useful for determining whether or not unreacted amino groups remain
on the resin, although as the length of the peptide chain increases the test becomes less sensitive.
Since during the course of a synthesis on a solid support the weight of the peptide-resin increases,

this weight gain can, in principle, be used as a means for monitoring the reaction. The method has’

the advantage of simplicity and instances of its use for the monitoring of solid-phase segment
coupling reactions are documented.“°%3® However, it is often not a reliable or accurate guide to
coupling yields. It should be used only as supporting evidence, when the coupling yield is determined
using other techniques. '

Amino acid analysis is widely used for determining the extent of segment coupling reactions
but again, as the peptide attached to the solid support becomes longer, the information that amino
acid analysis can provide is sometimes limited, since it can be difficult to judge the extent of
incorporation of the new segment if it contains residues which are already present in the peptide
sequence, especially if several of these residues are already present.

In the synthesis of ACTH by an N to C elongation strategy. Matsueda®°>4°3 monitored the
progress of the segment coupling steps by HPLC analysis of the solution of the peptide segment.
Coupling was judged to be complete when no further uptake of the segment was observed.

Birr?*“2%% has described the synthesis of the mast cell degranulating peptide from bee venom,
by a convergent solid-phase approach, as shown in Fig, 26. In this synthesis the Ddz group was used
as the N protecting group for the protected peptide segments. The strong ultra-violet absorption of
this group provides a means of monitoring the segment coupling reactions.

H-Asg(Tos)Lys(Z)-Tle- .
Cys(StBu)-Gly-Lys(Z)-Asp(Bzl) — O —@

1. Ddz-Pro-His-Ile-Cys(Acm)-OH

2. Ddz-Tle-Lys(Z)-Cys(Acm)-Asn-Cys(StBu)-
Lys(Z)-Arg(Tos)-His(Boc)-Val-lle-Lys(Z)-OH

Ddz-(1-22 protected pepﬁde)—0—®

®= phenacyl resin (39)

Coupling of Ddz-Ile-Lys(Z)-Cys(Acm)—Asn~Cys(tBu)-Lys(Z)-Arg(T 08)-OH to the resin bound
segment H-His(Boc)-Val-Ile-Lys(Z)-O-resin was achieved using DCC/HOB and after three days
the coupling was complete, as judged by the determination of the amount of Ddz group in the
solution obtained after deprotection of this group with 5% TFA in DCM. This 1-11 protected
peptide was detached from the resin by saponification and purified. The 12-15 protected segment
Ddz-Pro-His-Ile-Cys(Acm)-OH was then coupled to the resin-bound 16-22 segment using DCC
and HOBt. The coupling was carried out in DMF for three days, after which time the yield was
estimated to be 73%. The purified Ddz-1-11 segment was-coupled to the resin-bound 12-22 segment
using a three-fold excess of peptide segment, DCC and HOBt in DMF solution for five days. The
fully protected 1-22 sequence was released from the resin by treatment with NH ,-saturated dioxan
to give the desired C-terminal amide. Subsequent synthetic manipulations gave material with 35%

Fig. 26.

of the activity of the natural peptide. Birr has also used this method for monitoring the coupling
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reactions in the synthesis of insulin.****** The use of the Fmoc group as N* protection also allows
this type of monitoring of the coupling reaction to be used.

We have used solid-phase automatic sequencing to calculate the yields in solid-phase segment
coupling reactions, by analysing aliquots of the different peptide-resins removed after each of the
segment couplings. In the synthesis of the toxin-II from the scorpion Androctonus australis,*'* the
results of the ‘one segment previews’ agreed very well with those obtained by amino acid analysis
(all couplings were shown to have proceeded in 96-99% yield. Solid phase Edman sequencing is a
very useful and accurate method for determining the coupling yields of segment couplings, par-
ticularly when amino acid analysis and ninhydrin tests do not give clear results, %7244

3.8. Examples of convergent solid-phase peptide synthesis

3.8.1. Rat atrial natriuretic factor. The convergent solid-phase synthesis of rat atrial natriuretic
factor has been described by the Merck, Sharpe and Dohme group.'®” This 26 residue peptide
was synthesised by a segment coupling strategy on a polystyrene resin crosslinked with 1% p-
divinylbenzene. The C-terminal peptide was synthesised on the resin by a stepwise procedure. The
protected peptide segments Boc-Ala-Gln-Ser(Bzl)-Gly-OH, Boc-Arg(NO,)-Ile-Gly-OH and Boc-
Arg(NO,)-Arg(NO,)-Ser(Bzl)-Ser(Bzl)-Cys(Acm)-Phe-Gly-Gly-OH were also synthesised on the
same type of resin and were detached by transesterification using methanolic solutions of Et;N,'*%!%¢
affording the methyl esters. These were purified by crystallisation, before saponification to give the
corresponding peptide carboxylic acids. In addition to the protected peptide segments, single amino
acids were also coupled to the peptide-resin in this synthesis, which is outlined in Fig. 27.

H-Leu-Gly-Cys(Acm)-
Asn-Ser(le)-me-Arg(NOg-Tyr(ch)—0—@

1. Boc-Ala-Gln-Ser(Bzl1)-Gly-OH

2. Boc-Arg(NOy)-lIle-Gly-OH

3, Boc-Asp(OcHex)-OH

4. Boc-Ile-OH

5. Boc-Arg(NO,)-OH

6. Boc-Arg(NO,)-Arg(NO,)-Ser(Bzl)-Ser(Bzl)-
Cys(Acm)-Phe-Gly-Gly-OH

Boc-(Protected rat atrial natriuretic factor 8-33)—0—@

The coupling reactions were carried out using an excess of protected peptide segment, DCC and
HOBt in DMF. Coupling times were between 18 and 24 h and coupling yields were judged to be
very high by HPLC analysis of the peptide cleavéd from the resin at several points during the
synthesis. The coupling of the final octapeptide segment 6 was more problematical and required the
use of N-hydroxysuccinimide and DCC in order to achieve acceptable coupling yields. The peptide
resin was transformed by subsequent synthetic operations into the desired atrial natriuretic factor,
which exhibited full biological activity. It is worthwhile emphasising the scale at which the synthesis
was carried out; more than 10 g of the desired final peptide was obtained, illustrating that the
convergent solid-phase synthesis approach is useful for the provision of multigram quantities of
complex peptides.
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3.8.2. Prothymosin-a. Prothymosin-« is the largest peptide which has been synthesised to
date using a CSPPS strategy. Barlos'!' synthesised protected peptide segments spanning the 1-75
sequence of the protein by solid-phase techniques using the trityl resin (23). The C-terminal segment
consisting of 34 amino acid residues and corresponding to the 76-109 sequence of the protein was
synthesised on the resin (23) in a stepwise manner using the Fmoc/tBu strategy. The trityl resin
used had a functionalisation level of between 0.4 and 0.6 meq/g. The peptide segments were also
synthesised on resin (23) and after cleavage and purification using chromatography on silica gel
eluting with CHCl;/MeOH, were coupled to the 76-109 peptide-resin, as shown in Fig. 28.

H-Asp(OtBu)-Glu(OrBu)-Asp(OrBu)-
Glu(OrBu)-Glu(OrBu)-Ala- _
Glu(OrBu)-Ser(1Bu)-Ala-Thr(fBu)-
Gly-Lys(Boc)-Arg(Pmc)-Ala-Ala-
Glu(OzBu)-Asp(OrBu)-Asp(OrBu)-Glu(OrBu)-
Asp(OrBu)-Asp(OrBu)-Asp(O¢Bu)-Val-
Asp(OrBu)-Thr(rBu)-Lys(Boc)-

Lys(Boc)-Gln-Lys(Boc)-Thr(sBu)-
Asp(OrBu)-Glu(OrBu)-Asp(OrBu)-A sp(OtBu)—-@

1. Fmoc-Asp(OrBu)-Gly-Glu(OrBu)-
Glu(OrBu)-Glu(OrBu)-Asp(OrBu)-Gly-OH

2. Fmoc-Gly-[Glu(OrBu)]g-Gly-OH
3. Fmoc—Val-Asp(OtBu)-[Glu(OtBu)]s-Gly-OH

4. Fmoc-Glu(O¢But)-Gln-Glu(OrBu)-
Ala-Asp(OrBu)-Asn(Trt)-Glu(OrBu)-OH

5. Fmoc-Asn(Trt)-Ala-Asn(Trt)-
Glu(OrBu)-Glu(OrBu)-Asn-Gly-CH

6. Fmoc-Arg(Pme)-Asp(OtBu)-
Ala-Pro-Ala-Asn(Trt)-Gly-OH

7. Fmoc-Lys(Boc)-Glu(OrBu)- Val- Val-Glu(OrBu)-
Glu(OrBu)-Ala-Glu(OsBu)-Asn-Gly-OH

8. Fmoc-Ile-Thr(/Bu)-Thr(tBu)-Lys(Boc)-Asp(O¢Bu)-
Leu-Lys(Boc)-Glu(OfBu)-Lys(Boc)-OH

9. Fmoc-Ser(tBu)-Asp(OBu)-
Ala-Ala-Val-Asp(OBu)-Thr(sBu)-
Ser(tBu)-Ser(Bu)-Glu(OrBu)-OH

\

Fmoc-(protected thymosin o, 1-109)—@ @ = Trityl resin (23)

Fig. 28.

In the segment coupling steps, a five-fold excess of peptide segment/HOBt/DCC (1:1.5:1) in
DMSO was used and the coupling reactions were complete after 6-18 h. Apart from segment 9,
corresponding to the 1-10 sequence of the protein, which could only be coupled in 55% vyield, all
other segment couplings proceeded in very high yields as judged by HPLC analysis of material ob-
tained from aliquots of the peptide resin taken throughout the synthesis, after removal of the peptide
from the resin and subsequent removal of the protecting groups. Prothymosin a was obtained in
11% overall yield and the synthetic material had identical biological activity to the natural protein.
This synthesis demonstrates that a CSPPS strategy can be used to synthesise peptides of over 100
amino acids in length,

3.8.3. B-Amyloid protein. Lansbury®'4%-15! has described the synthesis of the ﬁ-amyloid protein

9



11120 P. LLOYD-WILLIAMS et dal.

of Alzheimer’s disease. The 1-17 sequence of the protein was first synthesised by segment coupling
on the oxime resin (35) as shown in Fig. 29.

H-Tyr(Dcb)-Glu(OBzl)-Val-
His(Bom)-His(Bom)-Gln-Lys(C1Z)-Leu — O -@

Boc-Asp(OrBu)-Ala-Glu(OBzl)-Phe-Arg(Mts)-
His(Bom)-Asp(OcHex)-Ser(Bz])-Gly-OH

Boc-(1-17 Protected pcpﬁde)_o_.@

Boc-(1-17 Protected peptide)-OH ®= Oxime resin (35)
Fig. 29.

The C-terminal segment corresponding to the 10—-17 sequence was synthesised on the oxime resin
by a stepwise procedure. The 1-9 segment also synthesised on the oxime resin and was detached by
treatment with HO-Pip followed by hydrolysis with Zn in AcOH, and purified by HPLC. Segment
coupling was carried out using BOP reagent in DMF at 0—4°C for 14 h to afford the 1-17 sequence
of the protein in a yield of 59%. The 1-17 segment was detached from the resin and used in the
synthesis of the fA4-protein, outlined in Fig. 30.

H-Gly-Val-Val-lle-Ala—-O—@

. 1. Boc-Leu-Met-Val-Gly-OH

2. Boc-Ser(OBzl)-Asn-Lys(Cl1Z)-
Gly-Ala-lle-De-Gly-OH

3. Boc-Val-Phe-Phe-Ala-Glu(OBzl)-
Asp(OcHex)-Val-Gly-OH

4. Boc-Asp(OrBu)-Ala-Glu(OBzl)-
Phe-Arg(Mts)-His(Bom)-Asp(OcHex)-
Ser(Bz1)-Gly-Tyr(Dcb)-Glu(OBzl)-Val-His(Bom)-
His(Bom)-Glu(OBzl)-Lys(ClZ)-Leu-OH

Boc-(1-42 p-Amyloid protein)—0—® @ = Merrifield resin

Fig. 30.

The synthesis was carried out on a standard Merrifield resin on which the C-terminal pen-
tapeptide was synthesised in a stepwise manner. The requisite protected peptide segments 1, 2, and
3 all of which were synthesised on the resin (35) and detached using HO-Pip followed by treatment
with Zn in AcOH, were then coupled sequentially to the peptide-resin, Each peptide segment was
dissolved in DMF and coupled using BOP reagent and HOBt. The coupling yields for the segments
were 95%, 70-90% and 80-90% respectively. In this way the 1842 sequence of the peptide was
built up on the solid support. The coupling of the 1-17 segment was somewhat more problematical.
After deprotection of the Boc group and neutralisation of the peptide—resin, the 1-17 segment was

2]
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coupled in 50-85% yield by four successive room temperature coupling reactions, each using a
progressively smaller amount of segment (a total of 2.3 equivalents). Model studies indicated that
the amount of epimerisation in this last coupling step was ca. 8%. After treatment with HF and
purification synthetic f-amyloid protein was obtained in an overall yield of 42%. This yield is lower
than that (ca. 66%) that would be obtained in an efficient linear synthesis, assuming that a yield of
99.9% were possible in each coupling step, but since the material is devoid of single amino acid
deletion impurities, the final purification is facilitated. This synthesis impressively demonstrates the
power and potential of CSPPS.

OTHER CONVERGENT PEPTIDE SYNTHESIS STRATEGIES

Other convergent strategies for the synthesis of peptides are based upon the solid-phase synthesis
of unprotected or of minimally protected peptide segments and their coupling in solution by chemical
means'"19243¢-453 or by using enzymes.****5” We *58 have reported on an example of the use of
enzymes in the solid-phase coupling of protected peptide segments.

Blake**® has developed a useful segment coupling strategy, based on the coupling of minimally
protected peptide segments using silver ion activation of the thiocarboxyl group. In this approach,
a minimally protected peptide having a thiocarboxyl amino acid e.g. thiocarboxylglycine, as the C-
terminal amino acid is synthesised on a solid-support. Boc-thiocarboxylglycine is first made to react
with handle (61) in solution, forming the pre-formed handle®® (62) which is then attached to a

suitable resin, and peptide synthesis is carried out by standard procedures. The method is outlined
in Fig. 31.

Cl

o oo

o. OH

—I-OJ?‘N/’YS' Q (62)
H O Q

‘ Fig. 31.

Once the desired sequence has been synthesised, the peptide is detached from the resin by HF
treatment, which removes the majority of the protecting groups. The N*-protecting group is chosen
so as to withstand the conditions for the cleavage. After purification in aqueous medium, a process
which is facilitated by the absence of protecting groups for the majority of the amino acid side-
chains, the thiocarboxyl-terminal peptide is activated with silver ion and coupled with the free N*
group of another minimally protected peptide segment, _

Blake synthesised the peptide segment (63) using the handle (61). This thiocarboxyl peptide was
then coupled to the free peptide (64), synthesised on a standard Merrifield resin and detached with
liquid HF. The coupling was carried out in aqueous solution, using silver nitrate to activate the
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thiocarboxyl C-terminal, giving the péptide (65), as shown below. The coupling reaction was
complete in 1 h at 40°C and (65) was obtained in 40% yield (Fig. 32).

Ac-Tyr-Arg-Arg-Glu-Arg-Gly-SH H-Phe-Ala-Glu-Gly-OH
(63) (64)

Ac-Tyr-Arg-Arg-Glu-Arg-Gly-Phe-Ala-Glu-Gly-OH
(65) ‘
Fig. 32.

In order for this strategy to be generally applicable, all other amino groups apart from the one
involved in the coupling reaction must be protected. Blake has used the Citr group for this purpose.
Such a strategy has been applied to the synthesis of human f-endorphin.**° The 18-31 segment was
synthesised on a Merrifield resin using the Boc/Bzl strategy. The last amino acid was incorporated
as the Fmoc derivative so that in the cleavage step the N* function remained protected. Cleavage
of the peptide from the resin with HF removed all protecting groups except the Fmoc group. The
peptide was then treated with Citr anhydride to protect the Lys N* amino group (Fig. 33).

Fmoc-Phel8-Lys-Asn-Ala-lle-Ile-Lys-
Asn-Ala-Tyr-Lys-Lys-Gly-Glu31-0}1

1. Citr anhydride
2. Piperidine

H-Phe!®-Lys(Cit)-Asn-Ala-Tle-Tle-Lys(Cit)-
Asn-Ala-Tyr-Lys(Cit)-Lys(Cit)-Gly-Glu*'-OH
Fig. 33.

The 1-17 segment was synthesised on the solid support using the handle (61), as shown in Fig. 34.

H-Tyr'-Gly-Gly-Phe-Met-Thr-Ser-Glu-
Lys-Ser—Gln—Thr-Pro—h:u-Val-Thr.Glyl7_SH

Citr anhydride

Cit-Tyr'-Gly-Gly-Phe-Met-Thr-Ser-Glu-
Lys(Cit)-Ser-Gln-Thr-Pro-Leu- Val-Thr-Gly'’-SH
Fig. 34.

Detachment of this peptide from the resin gave the 1-17 segment with thiocarboxylglycine at the
C-terminal. This peptide was.treated with Citr anhydride to protect the N* amino group and the N*
amino group of the Lys at position 9. The two segments were then coupled by activation of the
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thiocarboxyl group with silver nitrate, to give f-endorphin in 40% yield after purification. The same
approach has been applied to the synthesis of human pancreatic growth hormone releasing
factor,*®! to S-carbamoyl bovine apocytochrome C,**? to a-inhibin-92,46*4¢* and to analogues of
human f-endorphin.*¢*

Aimoto*5*%® has also reported on this type of approach in the synthesis of the DNA-binding
domain of c-Myb protein, and of the DNA-binding protein of Bacillus stearothermophilus.

A variation on this procedure is to be found in Kent’s*** synthesis of an HIV protease analogue.
This analogue was synthesised in two halves. Both of these peptides were synthesised on a Merrifield
resin, and detached with HF, removing all the protecting groups, which ensured excellent solubility
of the peptide segments in aqueous medium. One of the peptides was synthesised with thio-
carboxylglycine at the C-terminus and the other peptide had a bromoacetyl group at the N-
terminus. After purification the two segments were joined by an Sy2 substitution reaction of the
thiocarboxyl group at the bromoacetyl unit, giving the desired analogue.

Other examples of the synthesis of protein analogues by the chemical coupling of two unprotected
peptide segments have been reported by Gaertner.*”°

ASSESSMENT AND PROSPECTS FOR THE FUTURE

From the quite extensive literature on CSPPS which has appeared over the last few years, it
would perhaps be easy to conclude that the synthesis of large peptides and proteins by the solid-
phase coupling of protected peptide segments is a well-established and relatively problem-free
procedure. While it is true that certain problems, which only a decade or so ago were considered to
be insurmountable, have been solved thanks to the considerable efforts of a number of research
groups, CSPPS is still far from being a general method for the synthesis of peptide molecules of
over 50 amino acid residues. .

The aspect of CSPPS which has been most successfully addressed to date is the synthesis of
protected peptide segments. Efficient methods for the solid-phase synthesis of protected peptide
segments with different N*- and side-chain-protecting groups now exist, although work will continue
in this area in order to improve yields, to develop even milder methods for the cleavage of the
peptide from the support, and above all to improve the level of compatibility between the different
types of protecting groups that must be used.

However there are other fundamental issues in CSPPS which require much more research in
order to arrive at workable solutions to the problems.

L. The risk of epimerisation of the protected peptide segments during the coupling reactions
makes it desirable to have either Gly or Pro be at the C-terminal of the peptide. However, many
naturally-occurring peptides are deficient in these residues or have an irregular distribution of them
such that if the protected peptide segments are not to be excessively long, it will not be possible to
have either Pro or Gly at the C-terminal. There is therefore a need to investigate new methods for
the formation of amide bonds, compatible with the main protecting group strategies used in SPPS,
which are epimerisation-free whatever the amino acid residue at the C-terminal.

Many of the solid-phase segment couplings described in the literature, in which the C-terminal
residue is not Gly or Pro, do not indicate how or even if, the question of epimerisation was addressed.
This gives a false sense of security, leading one to think that perhaps the problem is not significant
or even does not exist. We believe that gas chromatography on chiral columns, coupled to mass
spectrometry and using DCI instead of HCI for hydrolyses of peptide resins is the most general
method*”! available for determining the chiral homogeneity of a peptide prepared in a convergent
synthesis.

2. In this review we have drawn attention to several syntheses in which investigators had to

3/
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depart from their original synthetic plan because the coupling yield for one or other of the initially
chosen segments was too low or sometimes was even zero. Very little is known of the causes of these
low coupling yields which occur for a small but significant number of peptide sequences. This field
is open for physicochemical research to attempt to establish the types of effects (conformation of
the molecule in solution, or when attached to the polymer support, interchain associations, etc.)
which are operating in each case. Understanding the origin of the phenomenon is probably the best
way to attempt to solve the synthetic problem.

3. The poor solubility of many protected peptide segments is another severe limitation of CSPPS.
Here again there is an opportunity for physicochemical study of the three-dimensional structure of
protected peptide molecules in the polar aprotic solvents which are normally used for segment
couplings. This might allow the poor solubility of certain peptide segments to be predicted without
having to begin the synthetic work, allowing the synthesis to be designed appropriately. Another
approach is to work with protection strategies which minimise the problem of poor solubility, by
using protecting groups (for the N°-terminal or for the side-chains) which modify the physico-
chemical properties of protected peptide segments in such a way that their purification and
coupling may be carried out efficiently. ‘

We believe that in its present state of development, CSPPS is a viable alternative for the synthesis
of many medium-sized peptides. Furthermore, it is a magnificent field for basic research into peptide
synthesis and we believe it should permit, in the forseeable future, the synthesis of highly pure
proteins consisting of 100, 200 or even 300 amino acid residues.
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