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I. INTRODUCTION

The synthesis of polypeptides is not only one of the pre-
sent theoretical problems but also a great scientific task
and a great economic undertaking. During the last decade
in several countries the synthesis of the less complex poly-
peptides has become attainable not only in laboratories but
also on the industrial scale. These are mainly such im-
portant biologically active peptides as the hormones oxyto-
cin and vasopressin, which are now easier to synthesise than
to isolate from natural sources. The artificial peptide
synthesis was developed so that a few years ago three
groups of investigators: Katsoyannis and coworkers1 (USA),
Zahn and coworkers2 (Federal Rupublic of Germany), and
Tsou, Wang, and their coworkers3 (People's Republic of
China) succeeded in synthesising the first simplest protein
—the hormone insulin, which consists of 51 amino-acids.
The complete synthesis of this hormone was effected in 221
stages. This is indeed a great achievement, which it-
self characterises the modern level of development of
peptide synthesis. However, every synthetic chemist

knows very well that the multi-stage nature of a synthesis leads
to a sharp drop in the yield of the final compound. Thus it is
easy to calculate that in carrying out a twenty-stage syn-
thesis with an 80% yield at each stage, the yield of the final
product is only 1.2%. In the example of the synthesis of
insulin, where the yields were not 100%, the inadequacy of
the existing arsenal of methods of peptide synthesis ap-
peared especially sharply.

The formation of the peptide bond is only part of the
task. A more important obstacle is the purification of the
peptide product from impurities formed during the course
of the synthesis and which usually have properties very
similar to those of the main product. Moreover there is a
series of difficulties connected with the low solubility of
the peptides in organic solvents, which decreases with in-
crease in the number of amino-acid residues in the mole-
cule. All this placed on the agenda the problem of the
creation of more up-to-date methods of synthesising poly-
peptides. In recent years a way, new in principle, of
overcoming the above difficulties has appeared—the con-
struction of peptide chains on three-dimensional polymers
in the solid phase and on linear polymers in solution.
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II. SYNTHESIS OF POLYPEPTIDES ON POLYMERS

1. Essentials of the Method

In 1959 Merrifield started to develop a new method of
synthesising peptides on polymers in the solid phase with
the aim of the standardisation and automation of the pro-
cess. After three years the first report about progress
along these lines appeared4. Later the synthesis of pep-
tides on polymers was also effected in the liquid phase.
The principle of the method is that the first amino-acid
z-Ax is attached by a covalent bond to a polymer Π. Then
amino-acids A,, A,, . . . , An are attached successively to
this "anchor" amino-acid. The prepared peptide
ζ-Aw... Aj-Π which is formed is separated from the poly-
mer by breaking the peptide-polymer covalent bond at the
very end of the synthesis (see Scheme 1, where Π is the
polymer, ζ a protective group, A1? . . . , Aw are amino-
acids, and χ and y are activating groups).

Scheme 1
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In the solid-phase synthesis, owing to the insolubility of
the peptides attached to the polymer their purification from
the starting materials and side-pro ducts, even if these
impurities are of low solubility, is easily performed by
washing with appropriate solvents without danger of loss of
peptide. This greatly simplifies the synthesis, shortens
the time for carrying out the reaction, and facilitates the
purification of the products, so that the standardisation and
automation of the processes become possible. The solid
phase synthesis allows up to six amino-acid residues to be
introduced into a peptide in 24 hours. On using an excess
of amino-acid at each stage of the formation of a peptide
bond the yield of the peptide usually approaches 100%.
Hence the solid-phase synthesis is characterised by sim-
plicity of operation, rapidity, high yields, and the purity
of the final products. The synthesis of peptides in the
liquid phase on polymers has certain significant differ-
ences. Firstly, all the components of the reaction at the
time of the synthesis are in the dissolved state but the
purification of the polymer-peptide is usually effected by
washing free from side-products with water. Secondly,
the condensation of amino-acids into peptides is carried
out by other methods. In the last stage the peptide sepa-
rated from the polymer is transferred to an aqueous phase
and the polymer remains in an organic layer.

As noted in the very first studies of Merrifield4'5, the
general Scheme 1 is applicable not only to the synthesis of
peptides but also to the synthesis of other classes of poly-
mers. Thus, for polynucleotides the individual unit A can
be a protected mononucleotide, and for polysaccharides an
appropriate protected monosaccharide, etc.

2. Synthesis of Polypeptides on Polymers in the Solid Phase

a. The p o l y m e r . In the initial period of the
development of the method of peptide synthesis in the solid
phase, Merrifield4»5 carried out considerable work on the
selection of a suitable polymer. He tried cellulose, poly-
(vinyl alcohol), polymethacrylate, sulphonated polystyrene,
and partly chloromethylated copolymer of styrene with 2%
divinylbenzene (PSDB-CRjCl) which seemed the most suit-
able for this purpose. Firstly, this polymer is complete-
ly insoluble in all the organic solvents used in the synthe-
sis, including neutral, acid, and basic solvents, and at the
same time it swells sufficiently in them, which predeter-
mines a rapid penetration of the reagents into the pores of
the polymer. Secondly, this polymer has, when swollen,
a consistency that is stable and suitable for filtration.
Moreover, it contains a functional group capable of reacting
with the car boxy 1 group of the amino-acid or peptide to
form an "anchor" covalent bond, which can be split selec-
tively at the end of the peptide synthesis.

b. P r o t e c t i v e g roup and s o l v e n t . The suc-
cess of the synthesis of polypeptides on a polymer basis
depends greatly on the choice of a suitable protective
group for the amino-acid and of a solvent. In the first
studies Merrifield4'5 protected the amino-components with
the benzyloxycarbonyl group (Cbz)t,6 which is well-known
in peptide synthesis and sufficiently readily removable6.
However, he noted that treatment with hydrogen bromide in
glacial acetic acid did not detach all the Cbz groups and
that increasing the reaction time led to breaking of some
of the "anchor" peptide-polymer ester bonds. For these
reasons peptides with shorter chains are formed as impuri-
ties and some of the peptide chains are lost. Consequent-
ly, it would be necessary either to strengthen the "anchor"
benzyl ester bond or to use a more readily removable pro-
tective group. Merrifield4'5 at first followed the first
path. For this purpose PSDB-CH2C1 polymer was nitrated
or brominated. As a result of this the loss of peptide due
to rupture of the "anchor" benzyl ester bond at the time of
removal of the Cbz group became minimal, but the rate of
removal of the Cbz groups decreased considerably, especi-
ally for the nitrated polymer. On the other hand the poly-
mer-amino-acid bond was strengthened so much that
hydrogen bromide in acetic acid had no action on it. There-
fore the final peptide was removed from the nitrated
polymer by alkaline hydrolysis, and this could lead to a
particularly undesirable feature—some racemisation of the
peptide. In its properties in peptide syntheses bromina-
tion of the polymer occupied an intermediate position.

The best solvents in the solid-phase synthesis are di-
methylformamide (DMF) and methylene chloride5, as was
shown in studying the synthesis of the tetrapeptide L-leucyl-
L-alanyl-glycyl-L-valine on nitrated partially chlorometh-
ylated PSDB polymer (Scheme 2, p. 116).

The "anchor" amino-acid Cbz-L-valine was attached by
a covalent bond to nitrated PSDB-CHjCl polymer by the
action of its triethylammonium salt in a suitable solvent;
then the protective Cbz group was removed with 10% HBr
in acetic acid7. After removing all the impurities by
washing, DMF was introduced as the best solvent in this
synthesis together with Cbz-glycine and the condensing
agent, AW-dicyclohexylcarbodi-imide(DCCD). At room

f Cbz is the accepted biochemical abbreviation for the benzyloxycarbonyl
(or carbobenzoxy) group (Ed.of Translation).
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temperature the reaction lasted 0.5 h. All the side-pro-
ducts, including NiV'-dicyclohexylurea, were removed by
washing with solvents and the Cbz groups were removed as
described above. In this cycle the peptide chain is
lengthened by one amino-acid. By repeating analogous
cycles with Cbz-L-alanine and Cbz-L-leucine the tetrapep-
tide mentioned above was obtained and was removed from
the polymer by hydrolysis with alkali5, during which partial
racemisation of the peptide occurred.

Scheme 2

Cbz-L-valine/N(C2Hs)3

NO2

Cbz-L-valine-OCH2

I Cbz-glycine,
C 6 H n N = C = N C 6 H u

Cbz-glycyl-L-valyl-OCH2

ι 1. Cbz-L-alanine
' 2. Cbz-L-leucine

Cbz-L-leucyl-L-alanyl-glycyl-L-valyl-OCH2

1. HBr/CH3COOH
2. NaOH

L-leucyl-L-alanyl-glycyl-L-valine + HOCH2

c. D e v e l o p m e n t of t h e m e t h o d . Letsinger and
coworkers8'9 proposed another scheme for the synthesis of
peptides in the solid phase. They synthesised a copolymer
of styrene with 0.5% divinylbenzene with functional groups
which were capable of attachment to the first amino-acid
at not the carboxyl, but the amino-group (Scheme 3). This
offered the possibility of growing a peptide chain at the
unsubstituted carboxyl group of the "anchor" amino-acids
by the usual methods. The dipeptide L-leucyl-glycine was
obtained in this way.

As we have seen, the strengthening of the "anchor"
benzyl ester bond of the polymer—amino-acid did not lead
to the desired results. Therefore Merrifield10 subse-
quently rejected this path and started to use, instead of a
Cbz group, a more readily removable protective group—
t-butoxycarbonyl (t-Boc) was introduced into peptide chem-
istry by McKay and Albertson11. In this the solid-phase
method not only received a thorough check but was also

developed considerably10'12. For example, in the synthe-
sis of bradykinin, obtained earlier, particularly by Bois-
sonnas and coworkers13, polyfunctional amino-acids were
included which had been used earlier in solid-phase syn-
thesis: arginine, serine, and proline1 0 '1 2. The solid
phase was partly chloromethylated, not nitrated and not
brominated, PSDB polymer (Scheme 4). Thanks to the
ease of removal of the t-Boc protective groups (1 Ν HC1 in
acetic acid) the loss of the intermediate peptides was mini-
mised. The use of an excess of t-Boc-amino-acid in the
stage of the formation of the peptide allowed the yield of
the peptide to be increased and the acetylation with acetic
anhydride after each reaction for the formation of the pep-
tide bond previously employed4»5 to be omitted.

Scheme 3

PSDB-CH2-O-CO-C1

4 L-leucyl-OC2Hs

PSDB-CH2-O-CO-L-leucyl-OC2Hs

i NaOH
PSDB-CH2-O-CO-L-leucyl-OH

I 1. C1COOR/(C2H5)3N
i 2. glycyl-OCH2C6Hs

PSDB-CH20-CO-L-leucyl-glycyl-OCH2C6H5

1 HBr/CH3COOH
polymer + L-leucyl-glycine

The final nonapeptide, bradykinin was removed from the
solid phase by Gutman and Boissonnas14 by the action of
HBr in trifluoroacetic acid. Note particularly that the
synthesis of bradykinin was effected in a special glass
apparatus fitted with a system of automatically acting sen-
sors for the initial substances and solvent15"17. As a
result of the automation of the synthesis the total time re-
quired for each cycle was reduced to four hours and the
yield of peptide was increased. Thus pure bradykinin with
complete biological activity was obtained in 32% yield after
8 days,10 and in later work12 in which methylene chloride
was used instead of DMF as the solvent, the yield of brady-
kinin reached 68%.

Subsequently Lenart and coworkers1 8 '1 9 proposed to re-
move the prepared bradykinin from the polymer with dry
liquid HF in an excess of anisole. In addition to breaking
the peptide-polymer ester bond this also removed the NO2

groups from arginine.
In seeking antagonists for bradykinin, Stewart and Wool-

ley 20,21 U Sed the automatic synthesis of peptides in the
solid phase and within an extremely short time obtained
23 analogues of it, including a bradykinin consisting of
D-amino-acids. In a completely analogous manner Merri-
field22 added L-lysine and L-methionine to PSDB-CILj-O-
bradykinin and obtained in 65% yield the chemically pure
undecapeptide L-methionyl-L-lysyl-bradykinin, with the
complete biological activity of natural kinin. During the
synthesis the e-amino-group of lysine was protected with a
Cbz, not a t-Boc, group. Alkylation of the sulphide group
of methionine with the benzyl bromide formed in the action
of HBr in CF3CO2H on the Cbz group and O-benzylserine
was avoided by the presence of ethyl methyl sulphide.

The possibility of including any amino-acid in the pep-
tides was of enormous importance for confirming the gene-
ral applicability of the new method. With this aim general
Scheme 4 was used to synthesise in 56% yield the octapep-
tide 5-isoleucyl-angiotensin II, which exhibits complete
biological activity of the natural material, and twice that of
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its analogue23, and also a hexapeptide24 in which were suc-
cessfully included four amino-acids not used earlier in the
solid-phase synthesis: asparagine, histidine, isoleucine,
and tyrosine. It was shown clearly2 4 that if the formation
of nitriles is avoided25 asparagine can be added not by the
carbodi-imide method but by Bodanszky's nitrophenyl ester
method26, although this method was rejected by Merrifield
after some failures4 '5. This was confirmed by Bodanszky
and Sheehan27, who found that the nitrophenyl ester method
can be used on a par with the carbodi-imide method of
amino-acid condensation in solid-phase peptide synthesis.
True, they did not give any experimental results in support
of this. Merrifield's review28 of the automatic synthesis
of peptides considers not only the carbodi-imide but also
Nefkens' hydroxyphthalimide method29 to be applicable and,
exceptionally, in some instances Bodanszky's nitrophenyl
ester method26.

t-Boc-nitro-L-arginyl-O-CH2-PSDB

M . I Λ Iia/OH3COOH

7 times | 2. iC 2lI s) 3N/DMF

i-3. t-Boc-amino-acid/DCCD

t-Iioc-nitru-L-arginyl-L-prolyl-L-prolylglycyl-L-phenyl-alanyl-O-benzyl-L-seryl-L-prolyl-L-phenyl-
alanyl-nitro-L-arginyl-O-CH2-PSDB

{HBr/CIjCOOH

Niiro-I.-arginyl-L-prolyl-L-prolylglycyl-L-phenylalanyl-L-seryl-L-prolyl-L-phenylalanyl-nitro-L-
urginine

I H2, Pd

l.arginyl-L-prolyl-L-prolylglycyl-L-phcnylalanyl-L-seryl-L-prolyl-L-phcaylalanyl-L-arginine.

Rothe 3 0 recently published a brief communication stating
that he had succeeded in synthesising, on the basis of a
Merrifield solid carrier (true, not automatically), a linear
oligomer consisting of 14 monomers of e-aminohexanoic
acid. Kusch3 1 '3 2 gives more detailed information on the
synthesis in a solid polymeric phase of a whole series of
analogous linear oligomers of hexamethyleneadipic acid
amide:

H-[B-A]-OH, where η = 2-5, and 10,

ω-aminoundecanoic acid:

H(Und)-OH, where η = 2-5 and 10,

and e-aminohexanoic acid:

H-(Cap)-OH, where η = 4 and 8,

according to Scheme 5, analogous to the general scheme
for synthesis on polymers.

The accumulated experience on the synthesis of peptides
on solid carriers allowed Marglin and Merrifield33 to ob-
tain in sufficiently high yields the A and Β chains of insulin
in 8 and 11 days respectively. However, completely syn-
thetic insulin exhibited insignificant biological activity,
since the A chain contained a racemic asparagine residue.

Considerable difficulties are encountered in including in
the peptide chain not only asparagine but also serine and
also in the removal of S-protected groups in peptides. All
these problems which arise in the synthesis of long peptides
on carriers were discussed in September 1966 in the
Netherlands at the Eighth European Symposium on peptides.

As Katchalski and coworkers showed34, not only linear
but cyclic compounds can be synthesised in the solid phase

on polymers. For this purpose poly-(4-hydroxy-3-nitro-
styrene) cross-linked with divinylbenzene (I) was obtained,
and its active hydroxyl groups were used for preparing
high-molecular-weight activated esters of iV-substituted
peptides (II) (Scheme 6).

Scheme 5*
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2. CF,COCH

3. (Ο,Η,Λ,Ν

H—[B—A ] n + 2 —O—CH 2 — PSDB

I HBr/CH,COOH or HBr/CF,COOH

H-[B—Aln , 3 - O H + BrCH,- PSDB

* ..._A_ = ~OC.[CH 2] 4.CO-;
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-Cap- = -HN.[CH 2 ], .CO-;
-Und— = —HN.[CH2]5CO- .

PSDB

Cbz-HN-Pep-OH

PSDB

(X
(I)

NO,

Ο

Ρ

ι
(III)

NO

Π)

C - 0

Pe

NH

(IV)

Cbz-HNCH(R)COOH

! NO-,
Ο

-»· C = O H,NCH(R')COBz

CH(R)

NH-Cbz
(V)

H2N-Pcp-OH

(VI)

A high yield of activated ester (II) was obtained only on
using at least a triple excess of Cbz-HN-Pep-OBK and
DCCD. After removing the protective Cbz group the for-
mation of the cyclopeptides (IV) occurred, due to intra-
molecular aminolysis of the ester bond. This method of
cyclisation seemed better than the earlier ones since the
final cyclopeptides are obtained pure and in higher yields
(60-80%).

Polymer (I) (Scheme 6) can be considered as a chemical
reagent-activator which is capable of forming with the
carboxyl groups of amino-acids or peptides insoluble acti-
vated phenyl ethers (II) and (V). Being activated, the

t H2N-Pep-OH is a peptide.
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latter can react with compounds which contain unsubstituted
amino-groups to form a peptide bond. These considera-
tions were checked experimentally by Katchalski and co-
workers 35, and from the insoluble esters (V) Cbz-L-phenyl-
alanine, Cbz-L-proline, etc. were obtained with glycyl-
OBz§, S-Cbz-L-cystylglycyl-OBz, etc., the linear pep-
tides (VI) were obtained. At the time of the reaction for
the formation of peptides (VI) the initial polymer (I) was
liberated and was easily separated from the peptide by cen-
trifuging. By removing the Cbz protective group from the
peptide (VI) obtained, it can be introduced again into reac-
tion with the desired insoluble activated polymer with
amino-acid (V). On repeating this process a polypeptide
of desired structure can be obtained.

Insoluble polymers of phenolic type, one of which con-
tained a mercapto-group in the benzene ring, were made by
Shchukina and coworkers 3 e and were successfully used for
constructing a peptide chain according to Scheme 6.

Wieland and Birr 3 7 proposed to activate the car boxy 1
groups of amino-acids with a polymer of phenolic type ob-
tained by the poly condensation of bis-(/>-hydroxyphenyl)
sulphone and formalin according to Scheme 7.

Scheme 7
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\
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/

)
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This insoluble polymer was used to activate Cbz-gly-
cine, t-Boc-L-alanine, etc., which were then used in con-
densation with the methyl esters of L-phenylalanine and
L-valyl-L-phenylalanine.

On detailed examination of all the papers on the synthe-
sis of polypeptides in the solid phase it is easy to note the
principal differences in the methods of utilising the polymer
phase. In some instances the polymer plays the simul-
taneous part of a protective group and a peptide carrier
from which it is separated at the end of the synthesis, in
others the polymer serves as an activating medium and
participates in the formation of an amide bond. In the
synthesis of peptides by the first path the products were
purified by washing the polymer-peptide with solvents and
at the end of the synthesis the peptide removed from the
polymer was purified in the usual manner. In the second
instance the purification of the peptide is possible after any
stage, since the peptide which is formed is free from the
polymer and present in solution. The synthesis of pep-
tides in the solid phase by the first path, named rightfully
after Merrifield, has been greatly standardised and auto-
mated. The use of phenol-type polymers for the synthesis
of peptides has only started, as we have seen, and will
evidently attract even greater attention from investigators
in the future.

3. Synthesis of Polypeptides on Polymers in the Liquid
Phase

The first studies on the synthesis of peptides on poly-
mers in the solid phase showed certain deficiencies of the
method. As we have seen, it can used only when all the

§ Bz = benzyl.

reactions are completed rather rapidly and with quantita-
tive yields, since otherwise the final polypeptides separated
from the polymer base will be contaminated by peptides of
lower molecular weight which are difficult to separate. In
turn the rate of formation of peptide bonds and the size of
the peptide depends on the permeability of the polymer by
amino-acids, peptides, condensing agents, etc. This
property is very specific for every concrete instance taken
and depends on a series of factors, often not predictable.

With the aim of surmounting the above drawbacks of the
solid-phase method, Shemyakin and coworkers ^ proposed
the synthesis of polypeptides on linear polymers in the
liquid phase. Here the polymer and the growing peptide
chain attached to it, just as all the agents, are found in the
dissolved state. Partially chloromethylated polystyrene
was chosen as the polymeric base (scheme of synthesis
analogous to Scheme 2). t-Boc-glycine was attached to it
by an ester bond. Then a peptide chain was constructed
at room temperature by the method of hydroxysuccinimide
esters of t-Boc-amino-acids39 in DMF. The removal of
the excess of the agents and impurities was carried out by
washing the precipitated polymer with water and the final
tetrapeptide glycyl-glycyl-L-leucyl-glycine, obtained in
65% yield, was detached from the polymer by HBr in
CF3CO2H.

A second example of the synthesis of peptides, but al-
ready cyclic peptides, by the liquid-phase method is the
work of Katchalski and coworkers34. They synthesised
the soluble branched copolymer of L-lysine with 3-nitro-
L-tyrosine in which the free amino-groups were blocked
by acetylation, and the hydroxyl groups remained free,
capable of forming ester bonds with iV-substituted amino-
acids or peptides. However, this polymer had one signifi-
cant drawback since the high yields of Cbz -N-activated
esters of type (Π) (Scheme 6) could be obtained by using only
a considerable excess of Cbz-N-peptide. In this connec-
tion additional difficulties were created, connected with the
removal of the excess of unreacted peptides from a solu-
tion. After removing the protective group and the neutra-
lisation of the corresponding hydrobromides an internal
aminolysis took place and cyclopeptides were formed in
60-80% yield. In this way cyclo-(glycyl-glycyl), cyclo-
(tetra-L-alanyl), etc. were obtained. However, these
contained peptide oligomers as impurities, which were not
observed in the solid-phase synthesis of cyclopeptides M.

---oOo—

In the development of the new method of the synthesis of
peptides on polymers in the solid phase the first substan-
tial successes have been obtained. This relates especial-
ly to syntheses on PSDB-CE^Cl polymer, with the use of
which the conditions for the combination into peptides of
many amino-acids have been studied, including polyfunc-
tional amino-acids, and several linear oligomers of the
nylon type have been obtained. It is remarkable that
already bradykinin, methionyl-lysyl-bradykinin, angioten-
sin II, 5-isoleucyl-angiotensin, and several analogues of
bradykinin of the L- and D-series have been synthesised.
The complete biological activity of the above synthesised
products of the L-series confirms the extremely important
fact that racemisation does not take place during their
synthesis in the solid phase. The high rate and the econo-
mic nature of the synthesis results from its considerable
standardisation and automation. However, as already
noted, the method also has some significant drawbacks and
limitations concerning the inclusion in the peptides of
asparagine, serine, the removal of S-protective groups,
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etc. All these problems are now being solved by inves-
tigators.

As Merrifield noted4»5, the solid-phase method allows
not only peptides to be constructed on a polymer, but also
other oligomers, for example, nucleotides, the first papers
about the synthesis of which have already appeared40"43.
All this suggests that the solid-phase method has enormous
prospects. It helps investigators to obtain compounds of
the most varied degrees of complexity, having inestimable
value not only for theory but also for practice.

Owing to the insufficient information it is at present dif-
ficult to state definitely the advantages of the liquid-phase
method in comparison with the solid-phase. It must be
noted that good results were obtained with this method in
the synthesis of oligonucleotides44»45. Undoubtedly further
investigations in this direction will bring new valuable
results.
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I. INTRODUCTION

One of the most important problems in theoretical or-
ganic chemistry is the study of the electron density distri-
bution in molecules. Systems with conjugated carbon-

carbon bonds occupy a unique position in this problem.
Modern theoretical methods of organic chemistry have been
their greatest successes when applied to such molecules as
polyenes, poly-ynes, aromatic systems (benzenoid and
non-benzenoid), organic dyes, and cumulenes. The


