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Abstract
Full Text
CHEMISTRY

Yu. A. Ovchinnikov, V. T. Ivanov, A. A. Kiryushkin,
Academician M. M. Shemyakin

MECHANISM OF DOUBLING IN THE CY-
CLIZATION OF DEPSIPEPTIDES AND PEP-
TIDES
The study of cyclic peptides and depsipeptides constitutes one of the current
areas of peptide chemistry, since they include a large group of biologically im-
portant natural compounds. At present, a number of convenient methods have
been developed for the synthesis of cyclopeptides and cyclodepsipeptides, which
are usually obtained by constructing the corresponding linear compounds and
subsequently cyclizing them under conditions of high dilution, using the cus-
tomary techniques of peptide chemistry. In this way the synthesis of several
natural cyclopeptides and their analogs has been carried out (1,2), and a num-
ber of natural cyclodepsipeptides has also been obtained (3−8).
In the course of these synthetic investigations it was established that one of the
characteristic features of the cyclization of many linear peptides is the so-called
doubling. This feature consists in the fact that, as a result of cyclization of a
linear peptide, a cyclopeptide is formed with twice the number of amino-acid
residues, owing to condensation of two molecules of the starting peptide:

R R′ R″

| | |
2H2NCHCO − [−NHCHCO−]𝑛 − NHCHCOX

⟶

⟶

R R′ R″

| | |
HNCHCO − [−NHCHCO−]𝑛 − NHCHCO

| | |
OCCHNH − [−COCHNH−]𝑛 − COCHNH

| | |
R″ R′ R

X = OR, SR and others.

Studying this problem in detail, Schwyzer as early as 1956 came to the conclu-
sion (9,10) that the doubling process is preceded by the formation of associates
(stabilized by intermolecular hydrogen bonds between NH and CO groups), in
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which two molecules of a linear peptide are arranged in the manner of the an-
tiparallel pleated sheet of Pauling—Corey (11); the subsequent condensation,
accompanied by only slight changes in the spatial arrangement of the reacting
groups, leads to a cyclopeptide with an analogous “pleated”conformation. On
the basis of this hypothesis Schwyzer also concluded that associates of this kind
can form predominantly in those cases in which the linear peptides contain an
odd number of amino-acid residues, since under this condition the maximum
number of intermolecular hydrogen bonds is realized; hence he drew the conclu-
sion that cyclization of linear tri-, penta-, hepta-, and other odd peptides (in
contrast to di-, tetra-, hexa-, and other even peptides) should, as a rule, lead
to doubling. This concept received broad recognition and found well-known
experimental confirmation (12−19).
In the course of the synthesis of cyclodepsipeptides we also encountered a dou-
bling reaction. Thus, upon cyclization of tridepsipeptide (I) by the acid chloride
method, the corresponding cyclohexadepsipeptide (VII) was obtained as the sole
reaction product.

(CH3)2CH 𝑋′ 𝑅 CH(CH3)2
| | | |

𝑋HN − CH − CO − N − CH − CO − O − CH − COOH
I.(𝐷𝐷𝐿), 𝑋 = 𝑋′ = 𝐻, 𝑅 = iso-Bu; IV.(𝐿𝐿𝐷), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = sec-Bu;
II.(𝐿𝐿𝐿), 𝑋 = 𝑋′ = 𝑀𝑒, 𝑅 = iso-Bu; V.(𝐷𝐿𝐿), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = iso-Bu;
III.(𝐷𝐿𝐷), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = sec-Bu; VI.(𝐿𝐿𝐿), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = iso-Bu.

↓
(CH3)2CH 𝑋′ (CH3)2CH CH(CH3)2 CH(CH3)2

| | | | |
−N − CH − CO − N − CH − CO − O − CH − CO − N − CH − CO − N − CH − CO − O − CH − CO−

| | | | |
𝑋 𝑅 𝑋 𝑋′ 𝑅

VII.(𝐷𝐷𝐿𝐷𝐷𝐿), 𝑋 = 𝑋′ = 𝐻, 𝑅 = iso-Bu; X.(𝐿𝐿𝐷𝐿𝐿𝐷), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = sec-Bu;
VIII.(𝐿𝐿𝐿𝐿𝐿𝐿), 𝑋 = 𝑋′ = 𝑀𝑒, 𝑅 = iso-Bu; XI.(𝐷𝐿𝐿𝐷𝐿𝐿), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = iso-Bu;
IX.(𝐷𝐿𝐷𝐷𝐿𝐷), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = sec-Bu; XII.(𝐿𝐿𝐿𝐿𝐿𝐿), 𝑋 = 𝐻, 𝑋′ = 𝑀𝑒, 𝑅 = iso-Bu.

Since depsipeptides are very close to peptides, owing to the fact that the ester
group, in its spatial characteristics, models the amide group well (20), it seemed
natural to us to assume that the concept proposed by Schwyzer is also valid
for depsipeptides. However, further studies showed that this is not the case.
Thus, for example, it turned out that tridepsipeptides (II)—(VI), which are
not capable of giving hydrogen-bonded associates because of the presence of
N-methyl groups, nevertheless upon cyclization form doubling products (VIII)
—(XII) in yields close to or exceeding the yield of cyclohexadepsipeptide (VII),
which contains no N-methyl groups (see Table 1).

Table 1
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Yields, constants, and analytical data of cyclodepsipeptides*

Compound

Empirical
for-
mula

Yield,
%

m.p.,
°C [𝛼]25

𝐷

𝐶
(in

CHCl3)
Found,
% C

Found,
% H

Found,
% N

Calculated,
% C

Calculated,
% H

Calculated,
% N

VII C32H56N4O832 295
—
297

+112° 0.9 61.66 9.05 8.92 61.51 9.03 8.97

VIII C36H64N4O821 oil −156° 1.1 63.80 9.29 7.98 63.50 9.47 8.23
IX C34H60N4O829 215

—
216

+71° 1.7 62.77 9.44 8.52 62.55 9.26 8.58

X C34H60N4O828 222
—
223

−179° 3.1 62.67 9.25 8.50 62.55 9.26 8.58

XI C34H60N4O833 245
—
246

−5.8° 1.6 62.47 9.44 8.71 62.55 9.26 8.58

XII C34H60N4O841 237
—
238

−268° 1.4 62.49 9.25 8.53 62.55 9.26 8.58

XVIIIC22H38N2O68 156
—
158

+61° 1.0 62.21 9.01 6.50 61.94 8.98 6.57

XIX C20H34N2O66 319
—
320

−51° 0.5 60.33 8.70 7.00 60.28 8.60 7.03

XX C22H38N2O670 228
—
229

+4.8° 2.0 62.04 8.98 6.46 61.94 8.98 6.57

XXII C44H76N4O1213 182
—
184

+124° 0.8 62.12 8.82 6.39 61.94 8.98 6.57

XXIIIC40H68N4O1219 270
—
272

+28° 1.3 60.42 8.62 7.04 60.28 8.60 7.03

XXIVC40H102N6O188 232
—
233

+41° 0.9 60.49 8.59 7.12 60.28 8.60 7.03

* The synthesis of the starting linear depsipeptides was carried out on the ba-
sis of previously developed general methods (32); cyclization of the linear pep-
tides was carried out under the standard conditions of the acid chloride method
(Et3N in C6H6) (cf. 4).
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Moreover, we have shown that doubling also occurs upon cyclization of a number
of tetradepsipeptides. Thus, it was recently described (21) that, upon cycliza-
tion in benzene of tetradepsipeptide (XIII), which contains no N-methyl groups,
cyclotetradepsipeptide (XVII) is formed in 18% yield and the corresponding cy-
clooctadepsipeptide (XXI) in 8% yield. It was further found that cyclization of
tetradepsipeptide (XV) in benzene is accompanied not only by doubling but also
by tripling: along with cyclotetradepsipeptide (XIX), we isolated cyclooctadep-
sipeptide (XXIII) and cyclododecadepsipeptide (XXIV) in yields of 6, 19, and
8%, respectively. Significantly, carrying out the cyclization in tetrahydrofuran,
which sharply reduces the probability of formation of intermolecular hydrogen
bonds (22,23), led only to some change in the ratio of yields of the same cyclodep-

depsipeptides (26, 18, and 9%), but it did not inhibit the process of doubling
(tripling). In the case of tetradepsipeptides, doubling sometimes also occurs
during the cyclization of N-methylated compounds; for example, from tetradep-
sipeptide (XIV) there are formed cyclotetradepsipeptide (XVIII) and cyclooc-
tadepsipeptide (XXII). The behavior of the linear tetradepsipeptides considered
during their cyclization also contradicts Schwyzer’s concept and, in particular,
his oddness principle. Thus, on the basis of the experimental data presented
above, one may conclude that this concept is completely inapplicable to dep-
sipeptides.

XHN − CH − COO − CH − CO − N − CH − COO − CH − COOH
∣ ∣ ∣ ∣

CH(CH3)2 CH(CH3)2 𝑋 CH(CH3)2 CH(CH3)2

XIII. (𝐷𝐷𝐷𝐷), 𝑋 = H; XV. (𝐿𝐷𝐿𝐷), 𝑋 = H;
XIV. (𝐷𝐷𝐷𝐷), 𝑋 = Me; XVI. (𝐿𝐷𝐿𝐷), 𝑋 = Me.

[−N − CH − CO − [−O − CH − CO − N − CH − CO−]n − O − CH − CO−]
∣ ∣ ∣ ∣ ∣

𝑋 CH(CH3)2 (CH3)2CH (CH3)2CH CH(CH3)2

XVII. 𝑛 = 1 (𝐷𝐷𝐷𝐷), 𝑋 = H; XXI. 𝑛 = 3 (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷), 𝑋 = H;
XVIII. 𝑛 = 1 (𝐷𝐷𝐷𝐷), 𝑋 = Me; XXII. 𝑛 = 3 (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷), 𝑋 = Me;
XIX. 𝑛 = 1 (𝐿𝐷𝐿𝐷), 𝑋 = H; XXIII. 𝑛 = 3 (𝐿𝐷𝐿𝐷𝐿𝐷𝐿𝐷), 𝑋 = H;
XX. 𝑛 = 1 (𝐿𝐷𝐿𝐷), 𝑋 = Me; XXIV. 𝑛 = 5 (𝐿𝐷𝐿𝐷𝐿𝐷𝐿𝐷𝐿𝐷𝐿𝐷), 𝑋 = H.

If, however, one takes into account a number of recently published experimental
data, then Schwyzer’s concept gives rise to serious objections also with respect
to cyclopeptides. Thus, Klotz and Franzen (22, 23), in studying the stability of
interpeptide hydrogen bonds in solution, established that in aqueous and alco-
holic peptide solutions intermolecular association is practically absent; it was
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also shown that hydrogen bonds of the NH⋯.OC type are very weak even in
such solvents as, for example, dioxane and tetrahydrofuran. If one considers the
conditions under which cyclization of peptides is accompanied by doubling, it is
easy to see that the latter takes place even in such polar media as water (12, 18,
19), methyl alcohol (17, 30), pyridine (at 90–95°) (13, 14), and dimethylformamide
(24). These data argue against the formation of hydrogen-bonded associates in
solutions of low-molecular peptides. On the other hand, the oddness principle
is not always observed in the cyclization of peptides. Thus, for example, Ken-
ner (19, 25) and Brockmann (26), in the cyclization of pentapeptides, obtained
cyclopenta-, and not cyclodecapeptides, as the main reaction products.

The data set forth make it possible to conclude that the mechanism of the dou-
bling reaction, in all probability, is fundamentally different from that proposed
by Schwyzer. In our opinion, the principal competing process accompanying
the cyclization of a peptide (depsipeptide) is linear polycondensation, leading
to the successive formation of poly-mer homologs of increasing degree of poly-
merization*.

H − [NHCHCO]n − Y ⟶ H − [NHCHCO]2n − Y ⟶
∣ ∣

𝑅 𝑅
⟶ H − [NHCHCO]3n − Y ⟶ ⋯ ⟶ H − [NHCHCO]xn − Y

∣ ∣
𝑅 𝑅

However, since cyclization is carried out under conditions of high dilution, the
initial and the formed linear peptides, possessing reactive terminal groups, un-
dergo intramolecular

* Usually, during the cyclization of peptides and depsipeptides, high-molecular
polymers are formed, lowering the yield of low-molecular cyclic compounds.

condensation into the corresponding cyclopeptides. The ratio of these processes
(polycondensation and cyclization) is determined chiefly by the extent to which
the most stable conformation of the given linear peptide is close to the con-
formation of the corresponding cyclopeptide (more precisely, of the transition
state) and, on the other hand, by how energetically favorable (in particular,
with respect to Baeyer and Pitzer strain) the conformation of the cyclopeptide
being formed is. Indeed, owing to the great strain of the nine-membered peptide
ring (19, 27, 28), cyclotripetides are usually not formed at all upon cyclization of
tripeptides, and the main reaction products are cyclohexapeptides (12–14), linear
hexapeptides (18), and diketopiperazines (18, 29). Conversely, upon cyclization
of hexapeptides, cyclohexapeptides are formed predominantly (13, 14, 30), be-
cause the 18-membered peptide ring has an energetically favorable conformation
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(31). Exactly the same picture is observed, according to our data (see above,
and also (5, 7, 8)), in the cyclization of tri- and hexadepsipeptides. On the other
hand, the influence of the conformation of the initial or intermediate linear pep-
tides (depsipeptides) on the nature and yield of the cyclization products has also
found direct confirmation in the experimental data obtained by us. Since the
conformation of a linear peptide or depsipeptide is largely determined by the con-
figuration of the amino-acid (or hydroxy-acid) residues comprising it, we investi-
gated the cyclization of two tetradepsipeptides (XIV) and (XVI), differing only
in configuration, and showed that in the case of compound (XIV) (DDDD con-
figuration) 8% of cyclotetra- (XVIII) and 13% of cyclooctadepsipeptide (XXII)
are formed, whereas in the case of the stereoisomeric tetradepsipeptide (XVI)
(LDLD configuration) exclusively cyclotetradepsipeptide (XX) is formed in 70%
yield. A detailed conformational analysis of the problem considered and a more
thorough experimental study of it are the subject of our further investigations.

Institute of Chemistry of Natural Compounds
Academy of Sciences of the USSR
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