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Abstract—This work is devoted to the large-scale solid-phase synthesis (SPS) of Atosiban, Mpa'-D-
Tyr(OEt)-Ile—Thr—Asn—Cys6—Pr0—Orn—Gly—NH2 cyclic 1,6 disulfide, the only clinically used oxytocin recep-
tor antagonist. The conditions have been selected for the closure of the disulfide bond (S—S) in the Atosiban
molecule both in the solution and solid phase with the minimal formation of by-products. A comparative
assessment of the formation of the S—S bond was carried out under various conditions. The formation of by-
products during the closure of the disulfide bond has been studied both in solution and on the polymer sup-
port. The developed technique allows for the synthesis of Atosiban on an enlarged scale (10—20 mmol)
involving the cyclization of a protected intermediate with the formation of the S—S bond during solid-phase

synthesis with the minimal formation of by-products.
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INTRODUCTION

The disulfide bond is one of the structure-forming
elements in the molecules of many biologically active
peptides, i.e., peptide hormones, such as Oxytocin,
Vasopressin, Somatostatin, and Insulin [1, 2], neu-
rotransmitters, growth factors, etc. Disulfide bridges
play an important role in the biological effects of many
peptide drugs [3]. Examples of these compounds are
vasopressin and somatostatin receptor agonists, such
as Terlipressin, Felipressin, Desmopressin, Ornipres-
sin, Octreotide, Lanreotide, and Pasireotide. These
peptides that contain one disulfide bond are produced
on an industrial scale [4—7]. To date, there is only one
clinically used oxytocin receptor antagonist, Atosiban,
which is used to prevent premature birth and also pro-
duced on an industrial scale [8, 9]. The peptide drugs,
such as Linaclotide and Plekanatide act as guanylate
cyclase agonists and contain three and two S—S bonds
in their structure, respectively [10].

Abbreviations: Boc, fert-butyloxycarbonyl; BU!, tert-butyl;
DBU, 1,8 -diazabicyclo[5.4.0]-undec-7-en; DCM, dichloro-
methane; DIC, N,N'-diisopropylcarbodiimide; DMF, dimeth-
ylformamide; DMSO , dimethylsulfoxide; D-Tyr(OEt)-OH, D-
2-amino-3-(4-ethoxyphenyl)propanoic acid; DTT, dithiotre-
itol; Fmoc, 9-fluorenylmethyloxycarbonyl; ESI, electrospray
chemical ionization at atmospheric pressure; HOBt, 1-hydroxy-
benzotriazole; MePip, 4-methylpiperidine; Mpa, 3-mercapto-
propionic acid; i-PrOH, isopropanol; TFA, trifluoracetic acid;
TIS, triisopropylsilane; Trt, trityl.

! Corresponding author: phone: +7 (915) 051-25-55; e-mail:
mityaavdeev93@mail.ru.

Currently, there are quite a large number of ways to
create disulfide bridges in peptides. Atmospheric oxy-
gen, potassium ferricyanide, dimethyl sulfoxide, and
hydrogen peroxide are used for the oxidation of thiol
precursors [11]. The synthesis of complex peptides is
carried out in buffers, which simulate physiological
conditions by using a glutathione system, i.e., 5-mM
reduced and 0.1-mM oxidized glutathione in various
ratios [12]. In the synthesis of natural peptides with
several disulfide bonds, soft oxidizers were success-
fully used for the spontaneous formation of the S—S
bridges. Conotoxins with two disulfide bridges were
synthesized during spontaneous cyclization of thiol
precursors with atmospheric oxygen, which led to the
predominant formation of natural disulfide isomers
[13]. An alternative approach is a direct conversion of
protected (Trt, Acm, Tmob, Mob, etc.) linear peptide
precursors into cyclic disulfides. For this purpose,
iodine is most often used in various solvents [ 14]; thal-
lium (IIT) trifluoroacetate [15], or sulfoxides in the
presence of chlorosilanes [16] are used less often.

The synthesis of natural peptides or their analogs
that contain intramolecular disulfide bridges is still a
rather difficult task [17]. The difficulty lies in the fact
that the cyclization of a corresponding linear precur-
sor, regardless of the classical or solid-phase method
of its preparation, should be carried out in very dilute
solutions to avoid the intermolecular aggregation and
the formation of side disulfide dimers and oligomers at
the stage of the disulfide bond closure in the peptide.
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The working concentrations of peptides during cycliza-
tion, asarule, are 10#—10—M, i.e., 0.1—1.0 mg/mL [14].
The concentration of cyclization reaction mixtures
before the release of the target product is a rather long
process, which may lead to the formation of by-products
because of noncompliance with the pH or temperature
regime. The presence of residual amounts of oxidizer in
the mixture can promote deeper oxidation of sulfur, thus
resulting in the formation of corresponding sulfoxide by-
products. Atosiban is allowed for practical use in our
country as a medicinal product, which dictates the need
to develop a large-scale scheme for its production. We
encountered some problems in the synthesis of Atosiban
at the stage of creating the disulfide bond.

The goal of this study was to develop an optimal
method for the large-scale synthesis of Atosiban, to
compare different conditions for the S—S bond forma-
tion, and to study the impurities formed during the
synthesis in the solution and on the solid support.

RESULTS AND DISCUSSION

The structure of cyclic 1,6-disulfide Atosiban (I) is
Mpa'-D-Tyr(OEt)-Ile-Thr-Asn-Cys®- Pro-Orn-Gly-
NH,. This antagonist was synthesized by the replace-
ment of four amino acid residues in the Oxytocin mol-
ecule. Tyrosine, cysteine, leucine, and glutamine were
replaced by an alkylated analog D-Tyr (OEt), deami-
nocysteine (Mpa), ornithine, and threonine, respec-
tively. These modifications were performed to obtain
the oxytocin receptor antagonist with increased pro-
teolytic resistance [3].

Various methods of industrial production of Ato-
siban are known with a preference for the synthesis in
solution, according to the literature data [9, 18]. In this
work, the solid-phase method was chosen for the syn-
thesis of this peptide because we consider it more
technologically advanced. Acid-labile protective
groups in combination with N*-Fmoc protection were
used to block the functional groups of the side chains
of amino acids, i.e., Bu' for threonine, Boc for orni-
thine, Trt for asparagine. The cysteine residue was
protected by the Acm or Trt group, and the mercapto-
propionic acid residue was protected by the Trt group.
The solution of 5% 4-MePip/2% DBU/DMF was
used to remove Fmoc-protection [19]. The
DIC/HOBt method was used to create the peptide
bond. The resulting linear precursor of Atosiban,
Mpa-D-Tyr(OEt)-Ile-Thr-Asn-Cys-Pro-Om-Gly-NH,,
was obtained with a purity of 76% according to HPLC
data. The fundamental stage in the synthesis of Ato-
siban is cyclization, and we studied the closure of the
disulfide bridge both in solution and on the polymer.

Closure of S—S bridge in solution. There are some
references in the literature that the introduction of
organic solvents into the reaction mixtures at the
cyclization stage contributes to the formation of intra-
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molecular disulfides [20]. Our data on the synthesis of
Octreotide [21] show that in this case, the cyclization
of the thiol precursor at the concentration of 10—
20 mg/mL occurs in methanol without the formation of
noticeable amounts of dimers. We performed a series of
experiments to obtain Atosiban in aqueous or water-
organic solutions (H,O/isopropanol, H,O/dioxane,
H,0O/isopropanol/CH;CN) using increasing concentra-
tions of linear SH-peptide (1.0—20.0 mg/mL) at pH 7.0—
8.0 (Table 1). The Ellman test and HPLC were used to
control the completeness of cyclization [22]. The use
of organic solvents as the components of the reaction
mixture during cyclization made it possible to increase
the concentration of the initial dithiol (II).

We were not able to avoid the formation of prod-
ucts with the intermolecular S—S bonds, i.e., parallel
and antiparallel dimers (IIT) and (IV), under the con-
ditions used for cyclization (Table 1, Fig. 1). These
products were isolated by HPLC, and their structure
was confirmed by mass spectrometry. The ESI(+)
spectrum of the fraction that consisted of a mixture of
peptides (III) and (IV) contained a single peak of the
molecular ion (1988.6) corresponding to the mass of
dimeric products. Further, we took into account the
total amount of peptides (III) and (IV) when evaluat-
ing the results of cyclization. The content of by-prod-
ucts at the concentration of the initial SH compound
in the range 1—10 mg/mL barely changed and
amounted to 10—14% (Table 1). The content of disul-
fide dimers (III) and (IV) increased to 18.2% with an
increase in the concentration of the initial compound
(IT) to 20 mg/mL (Table 1). The dimers appeared to
have lower solubility than Atosiban and significantly
complicate the isolation of the target product. The
best results for the S—S-bridge formation in solution
were obtained at the peptide concentration of
10 mg/mL when an H,O/isopropyl alcohol mixture
was used as a solvent. The oxidation occurred for
15 min. After the completion of the reaction, the pH of
the reaction mixture was adjusted to 4 with acetic acid,
and the target peptide, which has HPLC purity of
73.7%, was then isolated by preparative HPLC.

It is worth noting that trifluoroacetic acid cannot
be used at the stage of acidification of the reaction
mixture because residual H,O, can promote the for-
mation of the corresponding sulfoxide. The isolated
by-products of this type had a peak of the molecular
ion (1010) in the ESI(+) mass spectrum correspond-
ing to Atosiban sulfoxide. The yield of Atosiban ace-
tate after the disulfide bond closure in the solution was
31.5% relative to the starting amino acid attached to
the polymer support. The results prompted us to
develop the optimal technique for the formation of the
disulfide bond on the polymer support.

Formation of S—S bond on the polymer support. An
important aspect of the formation of the S—S-bridge
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Table 1. Influence of the conditions of the S—S bridge formation by the action of H,O, on the content of the target and
side (dimeric) products in the reaction mixture during the synthesis of Atosiban (I) in solution

Concentration Composition of reaction mixture according
of SH precursor, pH Solvent to HPLC data, %

mg/mL Atosiban (I) | SH precursor (II) |dimers (IIT) + (IV)

1 7.0 H,O0 74.10 0.15 10.20

5 7.0 H,0/i-PrOH 1: 1 71.00 0.24 9.28

7.0 H,0/dioxane 1: 1 62.20 0.17 14.20

10 7.5 H,0/i-PrOH/CH;CN 5:3: 1 71.80 0.30 12.83

7.5 H,O0/i-PrOH 1 : 1 73.70 0.23 10.10

20 7.5-8.0 | H,O/i-PrOH 1: 1 63.12 0.26 18.20

on the solid phase is the pseudodilution phenomenon.
The swelling of the peptidyl polymer in a certain sol-
vent increases the distance between neighboring pep-
tide chains, thus mimicking dilution, which leads to
weakening of the interaction between the molecules.
We assumed that the solid-phase cyclization of Ato-
siban would help to overcome the problem of high

dilutions, which was observed during oxidation in
solution, reduce the formation of by-products, and
simplify the procedure of isolation of the product. As
arule, the formation of the S—S bridge in various pep-
tides requires the selection of special conditions [11].

Since Atosiban does not contain the tryptophan
residue in the molecule, I, was chosen as an oxidizer

1+ 1+
994.54 1988.6
(I
71.0%
500 1000 1500 m/z
1+
997.2
R ,
1000 2000 3000 m/z
500 1000 1500 m/z (I, ((;W
9.28
0.24% (I1) L o
1 23456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28
Time, min

Fig. 1. Profile of the analytical HPLC and the ESI(+) spectra of products when forming the S—S bridge in Atosiban in solution
by the action of H,O, in an H,0O/i-PrOH mixture (1 : 1) for 15 min. (I), Atosiban; (II), linear SH precursor of Atosiban;

(ITII-1V), dimers.
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when creating the S—S bond on the polymer. Iodine is
highly soluble in organic solvents, which ensure good
solvation of the peptidyl polymer, and provides direct
conversion of the cysteine-protected peptide to cyclic
disulfide [11]. To date, there is a fairly large number of
works on the study of the disulfide bridges formation
on the polymer support [14, 23, 24]. However, no sys-
tematic studies have been performed to evaluate the
influence of the amount of oxidizer, cyclization time,

AVDEEV et al.

and solvent on the composition of the formed impuri-
ties in the synthesis of Atosiban. We carried out a series
of experiments on the solid-phase synthesis of Ato-
siban including the stage of the disulfide bridge forma-
tion (Table 2).

Using two different protections of the cysteine res-
idue, we synthesized two peptidyl polymers on the
Rink amide resin:

Trt-Mpa-D-Tyr(OEt)-Ile-Thr(But)-Asn(Trt)-Cys(Trt)-Pro-Orn(Boc)-Gly-P and
Trt-Mpa-D-Tyr(OEt)-1le-Thr(Bu' )-Asn(Trt)-Cys(Acm)-Pro-Orn(Boc)-Gly-P.

The conversion of the protected peptide derivative
into a cyclic intermediate on the solid support was car-
ried out by the action of iodine (3—35 equiv.) in
organic solvents, such as DMF, dioxane, and acetic
acid at room temperature for 1—5 h (Table 2).

The best results were obtained when using DMF as
a solvent. The use of dioxane and acetic acid under the
same conditions (10-fold excess of iodine, 1 h) ledto a
large amount of linear SH-peptide and dimers. The
content of the linear SH-precursor of Atosiban (II)
and dimers unexpectedly increases in all cases with an
increase in the amount of the oxidizer and the time of
cyclization (Table 2). When using Trt protection and a
three-fold excess of 1,, the most complete formation of
the S—S bridge was observed for 1 h at room temperature.
In this case, the content of the SH-peptide and dimers
was less than 7% and no other by-products were
observed. The purity of Atosiban was more than 85%.

We have chosen the HPLC conditions for high res-
olution of peaks corresponding to the SH and SS

forms of the peptide and by-products when analyzing
the reaction mixtures after the synthesis of Atosiban
(I) (Fig. 2). It is worth noting that the same conditions
but using the Acm protection for cysteine led to the
formation of a sufficiently large amount of SH-pep-
tide (II) in the reaction mixture. We identified the
product (II) (Fig. 2) as the directionally synthesized
SH-precursor of Atosiban (II). In the ESI(+) mass
spectrum, we observed the molecular ion (997.2) cor-
responding to SH-peptide (II). The most noticeable
changes in the signals of cysteine protons were
observed in the 'H NMR spectra of Atosiban (I) and
peptide (IT). The signal of the amide proton of the lin-
ear precursor of Atosiban (I) shifted in a stronger field
compared to the signal of amide protons of Atosiban
(I), i.e., aNH Cys (7.94 ppm) in peptide (II) and
oaNH, Cys (8.44 ppm) in Atosiban. The same trend is
observed for BCH, protons, i.e., BCH,, Cys (2.60 and
2.75 ppm) in peptide (II) and BCH,, Cys (3.02 and
2.85 ppm) in Atosiban. The signals of the amide pro-

Table 2. Influence of the conditions of the S—S bridge formation by the action of I, on the content of the target and side
products in the reaction mixture during the cyclization of Atosiban (I) on solid phase

Cyclization conditions Composition of reaction mixture according
to HPLC data, %
No. of (I;;(;tzrig?\r/}pa Impurities
equiv. I, solvent time, h Atosiban (I) | gy peptide dimers
In (III) + (IV)
1| Trt, Trt 40 DMF 4 11.21 63.73 5.10
2 |Trt, Trt 10 DMF 4 35.40 43.80 8.20
3 | Trt, Trt 10 DMF 1 44.94 43.28 4.70
4 | Trt, Trt 10 Dioxane 1 33.11 36.80 11.20
5 | Trt, Trt 10 AcOH 1 42.36 46.80 6.20
6 | Trt, Trt 5 DMF 4 67.67 11.69 3.90
7 | Trt, Trt 7 DMF 1 67.50 11.80 0.57
8 | Trt, Trt 3 DMF 1 85.51 3.71 4.80
9 |Acm, Trt 3 DMF 1 75.70 12.90 5.30
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY Vol. 47 No.6 2021
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tons of tyrosine, threonine, and ornithine in the pep-
tide (II) also changed, i.e., aNH, D-Tyr(OEt)
(8.15ppm), aNH, D-Tyr(OEt) (8.39 ppm) in Ato-
siban; oNH, Thr (7.78 ppm) in peptide 11, aNH, Thr
(7.20 ppm) in Atosiban; aNH, Orn (8.17 ppm) in pep-
tide (II), aNH, Orn (8.08 ppm) in Atosiban. It is
worth noting the change in the signals of protons at the
B-carbon atom in isoleucine, i.e., BCH,, lle
(1.70 ppm) in the peptide (I1) and BCH,, Ile (1.85 ppm)
in Atosiban. Thus, the '"H NMR spectrum and the
ESI(+) mass spectrum of the by-product coincide
with the spectra of the presynthesized sulfhydryl
derivative.

When treating the cyclization reaction mixture
with H,0,, the product corresponding to peptide (II)
is converted into Atosiban (I).

To date, there is no unambiguous idea in the liter-
ature on the mechanism of the S—S bridge formation
by the action of I, [17]. We assume that the essence of
the reaction can be explained by Scheme 1. When the

1245

protected peptide derivative interacts with I,, monoio-
dine derivative (Ib) is initially formed, followed by the
intramolecular conversion into cyclic product (Id) at a
high rate. At the same time, a certain amount of a diio-
dine derivative (Ic) is formed due to the excess of
iodine. This is supported by the fact that the amount
of the linear product (II) with free SH groups also
increases with increasing the amount of iodine (Table 2).
In this case, the diiodine derivative (Ic), apparently, is
not converted into product (Id), otherwise, we would
mostly obtain the cyclic product. The content of the
SH-peptide in the reaction mixture was 63.73%,
43.8%, and 3.71% with 40-fold, 10-fold, and 3-fold
excess of [,, respectively (Table 2). This situation does
not change fundamentally in the case of the Acm pro-
tective group on cysteine (Table 2). We assume that
the rate of intramolecular closure of the cycle in the
case of the trityl derivative is higher than in the case of
the Acm derivative.

H,N—Cys Mpa M Cys—NH
SH SH S——S N n pa 5 2
i [ H,0, [ [ + S S i S S
Mpa Cys—NH, Mpa Cys—NH, é é é IS
[ [ [ [
In ) Mpa Cys—NH,  Mpa Cys—NH,
(1), (IV)
SI STrt §4§ + (IID), (IV)
| |
Mpa Cys — Mpa Cys
Ib Id
$T ot ?T ot : (Ib) ( )lTFA
2
Mpa Cys@ S S
(Ia) | |
Mpa Cys—NH,
+
|
M§I C§I C o @
pa ys
TFA $H $H
(Ic) \ Mpa Cys—NH,
n

Scheme 1. Scheme of cyclization of Atosiban (I) in solution and on the solid phase.

The content of the dimers in all cases is lower after
cyclization in DMF compared to that in solution
(Table 2).

The yield of Atosiban acetate (I) at the closure of
the disulfide bond on the polymer was 50%.

Comparison of the efficiency of the S—S bridge clo-
sure on the solid phase and in solution. The time of the
S—S bridge formation in solution (not more than
15 min) is lower than on the solid phase. Moreover,
the completeness of the reaction in the solution can be
monitored by the Ellman test and HPLC. Neverthe-
less, there are more advantages of oxidation on the
solid support. First, there is no problem of solubility;
second, the treatment of the reaction mixture is sig-
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nificantly simplified because several washings of the
peptidyl polymer followed by filtration make it possi-
ble to completely remove the excess of the oxidizer;
third, we managed to achieve the almost complete
absence of dimers during cyclization on the polymer.

A decrease in the polymer capacity in the solid-
phase synthesis will probably minimize the formation
of dimers. The main advantage of cyclization on the
polymer is an increase in the total yield of Atosiban (I)
relative to the starting amino acid (50% compared to
31.5% in solution).

The technique developed was successfully used for
the synthesis of Atosiban (I) on an enlarged scale (10—
20 mmol).
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Fig. 2. Profile of the analytical HPLC and the ESI(+) spectra of products when forming the S—S bridge in Atosiban on solid phase
by the action of 3 equiv. of I, in DMF for 1 h. (I), Atosiban; (II), linear SH precursor of Atosiban; (III-1V), dimers.

EXPERIMENTAL

We used derivatives of L and D amino acids, trityl-
3-mercaptopropionic acid (Trt-Mpa), DMF, NMM,
HOBt, TBTU, TIS, DTNB (Ellman’s reagent),
dichloromethane, and trifluoroacetic acid (Fluka,
Switzerland); acetic acid, metallic iodine, and ascor-
bic acid (extra pure grade) (Reakhim, Russia). Aceto-
nitrile (CH;CN; Carl Roth GmbH, Germany) was
used for HPLC.

Analytical HPLC was performed on a Knauer
1001A chromatograph (Germany) on a Kromasil 100-5
ODS column (Sweden) (4.6 X 250 mm; the particle
size, 5 um; the pore size, ~100 A). Buffer A (0.05 M
KH,PO,, pH 3.0) and buffer B (70% acetonitrile in
buffer A) were used as eluents; elution was performed
at a rate of 1 mL/min in the concentration gradient of
buffer B in buffer A (20—80%) for 30 min with detec-
tion at 220 nm. Preparative HPLC of Atosiban was
performed using a Knauer 1001 chromatograph (Ger-
many) on a 50 X 250 mm column with a sorbent par-
ticle size of 10 um. Buffer A (0.01-M aqueous solution
of ammonium acetate, pH 4.5, containing 3% acetoni-
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trile) and buffer B (70% acetonitrile in buffer A) were
used as eluents. Elution was performed at a rate of
20 mL/min from 100% of buffer A in the concentra-
tion gradient of buffer B (0.5%/min). The fractions
corresponding to the target compound were com-
bined, concentrated in a vacuum, and lyophilized.

The 'H NMR spectra were recorded on a WH-500
spectrometer (500 MHz; Bruker, Germany) in
DMSO-d; at 300 K; the concentration of peptides was
2—3 mg/mL; chemical shifts (8, ppm) were measured
relative to tetramethylsilane. The signals were assigned
to certain groups of protons of the amino acid residues
using the differential double resonance method. The
mass spectra were recorded on an Amazon mass spec-
trometer (Bruker, Germany) by electrospray ioniza-
tion (ESI) in the positive ion registration mode (capil-
lary voltage, 3500 V; the mass scanning range; m/z,
70—2200; the spray gas, nitrogen; the interface tem-
perature, 100°C.). A sample in a CH;CN—water mix-
ture was injected with a syringe.

Solid-phase synthesis of Atosiban (I). Synthesis of
Trt- Mpa-D-Tyr(OEt)-Ile-Thr(Bu')-Asn(Trt) - Cys(Trt) -

No. 6 2021
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Pro-Orn(Boc)-Gly-polymer (Ia). The synthesis of the
peptide was carried out in a manual mode on the Rink
amide resin (8 g, 5.44 mmol) (Novabiochem, Great
Britain) with the capacity for the amino groups of
0.68 mmol/g. The Fmoc protection was removed from
the oi-amino group by the successive action of a 5%
solution of 4-methylpiperidine and 2% solution of
1,8-diazobicyclo[5.4.0.]Jundec-7-en (DBU) in DMF
for 5 and 10 min, respectively. The amino acid chains
were extended by standard procedures of a one-stage
cycle, which included a 30-min activation of the
attached amino acid (16.32 mmol) in the presence of
the equimolar amount of DIC and HOBt in an
NMP—DMF mixture (1 : 1). The synthesis cycle
included all the necessary washings of the peptidyl
polymer by DMF and a ninhydrin test to evaluate the
residual amino groups [18]. Aliquots of peptidyl poly-
mer (Ia) with a peptide content of ~0.5 mmol were
used for the test syntheses of Atosiban (I). The condi-
tions and results of this synthesis are presented in
Tables 1 and 2. The main part of the nonapeptidyl
polymer (Ia) with a peptide content of 3.6 mmol was
used to obtain the target product (I). To assess the
quality of the intermediate nonapeptide, a sample of
N9-free peptidyl polymer (Ia) was treated with a
deprotection mixture TFA/TIS/H,O (90 :5:5v/v/v)
for 1 h. After precipitation of the product with diethyl
ether, the content of the main compound in the sam-
ple was 89% according to HPLC data.

Synthesis of Mpa'-D-Tyr(OEt)-Ile-Thr-Asn-Cys’-
Pro-Orn-Gly-NH, cyclic 1,6-disulfide (I). (a) The S—S
closure in solution. The solid-phase synthesis of nona-
peptidyl-polymer (Ia) was carried out according to the
above method starting with the Rink amide resin
(0.48 mmol/g of the amino groups). Resulting pepti-
dyl-polymer (Ia) (28.5 g) was suspended in a cooled
mixture (4°C) that contained TFA (200 mL), deion-
ized water (10 mL), TIS (10 mL), and DTT (10 g), fol-
lowed by stirring for 2 h. The polymer was filtered,
washed successively with the deprotection mixture
(2 x 30 mL) and CH,CI,/TFA mixture (1 : 1, 2 %
30 mL), followed by evaporation of the filtrate to an
oily state. The product was precipitated with cooled
diethyl ether, filtered, washed with diethyl ether (2 X
30 mL) and ethyl acetate (2 X 30 mL), and dried at
room temperature. The crude product of the solid-
phase synthesis (7.1 g) was dissolved in an
i-PrOH/CH;CN/H,0 mixture (2 : 1 : 5) (800 mL),
followed by the addition of the 2% aqueous solution of
NH,OH (3 mL, pH 8.0-9.0) and 3% aqueous solu-
tion of H,0, (5 mL). The completeness of the forma-
tion of the disulfide bond was examined by the Ellman
test and HPLC. At the end of cyclization, AcOH was
added to the reaction mixture to adjust the pH value to 4.0.
Organic solvents were evaporated in a vacuum, and
the product was purified by HPLC. The yield of Ato-
bisan acetate was 2.39 g (31.5% relative to the starting
amino acid).
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The ESI(+) mass spectrum: m/z (I, %): 994.54

(100) [M]*. Purity (HPLC): 99.66%. The 'H NMR
spectrum is presented in Supplementary Information.

(b) The S—S closure on the solid phase. The iodine
solution (10.86 mmol, 100 mL DMF) was added to the
suspension of nonapeptidyl polymer (Ia) (10 g,
3.62 mmol) in DMF (400 mL), and the reaction mix-
ture was vigorously mixed for 2 h. The peptidyl poly-
mer was filtered and washed with DMF (3 X 100 mL).
The excess of iodine was removed by 10% ascorbic acid in
a DMEF/H,0 (2: 1) mixture (2 X 100 mL), peptidyl poly-
mer was filtered, washed with DMF (3 x 100 mL) and
dichloromethane (3 X 100 mL), and dried. The pep-
tide was removed from the polymer in one stage by
treating the peptidyl polymer with a mixture (85 mL)
that contained 90% TFA, 5% deionized water, and 5%
TIS at room temperature for 1.5 h. The polymer was
filtered and washed with the deprotection mixture (2 X
40 mL). The filtrate was evaporated to an oily state,
and the product was precipitated by diethyl ether
(85 mL). The precipitate was filtered and washed with
diethyl ether (2 X 40 mL). The product (3 g) was a
white powder. The content of the main compound in
the sample was 85.51% according to HPLC data. The
crude product was dissolved in water (150 mL), and
the pH value of the solution was adjusted with 2.5%
ammonia to 6.5-7.5. While stirring, 3% H,0,
(0.6 mL) was added to the homogeneous solution
under stirring. The completeness of the formation of
the disulfide bond was examined by the Ellman test
[22] and HPLC. AcOH was added to the solution to
adjust the pH value to 4.0—5.0, and the product was
purified using HPLC. The yield of Atosiban acetate
was 1.9 g (50% relative to the starting amino acid).

CONCLUSIONS

The method developed allows one to obtain tech-
nical Atosiban with a purity of more than 85% and the
content of dimeric products of less than 5%, which
opens up the possibility of introducing this technique
into industrial production.
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