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Actinomycin D (C;) has been synthesized by a route involving the ester formation between two peptide frag-
ments, (2S,35)-1-(2-nitro-3-benzyloxy-4-methylbenzoyl)-3-methyl-2-aziridinecarbonyl-p-valylproline #-butyl ester

and N-benzyloxycarbonylsarcosyl-N-methylvaline, via a ring-opening reaction of aziridine.
lowed by reduction and oxidation, gave actinomycin D (C,).

Cyclization, fol-
The synthetic actinomycin D (C,) was indistin-

guishable from natural substance as regards physical properties and biological activity.

A number of cyclic peptide lactone antibiotics such
as actinomycin group, etamycin, and echinomycin have
been reported during the last few years. However,
since they possess cyclic lactone structure and unusual
amino acids, the synthetic approaches were limited.

It was found that the reaction of the peptide contain-
ing (2S5, 3S)-3-methyl-2-aziridinecarboxylic acid with
N-protected amino acids or dipeptides affords O-acyl-
threonine peptides.)) This paper reports an applica-
tion of the ester formation method to the synthesis
of naturally occurring cyclic peptide lactone, actino-
mycin D (G,) (Fig. 1).
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Fig. 1.

So far, the general synthetic method for peptide
lactones involved formation of the ester bond (didepsi-
peptide) at the start, followed by peptide elongation
and cyclization by the formation of the amide bond.
A new route is designed in which linear pentapeptide
ester 11 is directly formed by the ring-opening reaction
of aziridinecarboxylic acid-containing peptide 8 with
dipeptide 10 (Scheme 2). The method needs no acti-
vating reagent for the preparation of O-acylthreonine
peptide, no racemization taking place during the course
of direct introduction of N-protected dipeptide.

(28,38)-1-Trityl-3-methyl-2-aziridinecarboxylic  acid
(4) was prepared from threonine by the following
route (Scheme 1). Tritylthreonine methyl ester (1)
was treated with p-toluenesulfonyl chloride in a pyridine
solution at —10 °C to give O-tosyl derivative 2, which
was refluxed in tetrahydrofuran with triethylamine to
convert aziridinecarboxylic acid derivative 3. Saponi-
fication of 3 with lithium hydroxide gave the desired
amino acid 4.

The aziridine segment 8, (25,35)-1-(2-nitro-3-benzyl-
oxy -4 -methylbenzoyl) - 3-methyl-2-aziridinecarbonyl-p-
valylproline ¢-butyl ester, was synthesized as follows.
Coupling of benzyloxycarbonyl-p-valine and proline
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Scheme 1.

t-butyl ester using dicyclohexylcarbodiimide (DCGC)2
gave the dipeptide 5. Hydrogenolysis of 5, followed
by coupling with 4 using DCC gave the tripeptide
6 in 91.59, yield. Selective removal of the trityl
group of 6 with 859, formic acid containing a small
amount of methanol gave 7 in 94.69, yield, which
was then coupled, in the dark, with 2-nitro-3-benzyloxy-
4-methylbenzoic acid N-hydroxysuccinimide ester.
Compound 8 was obtained as colorless amorphous
powder in 94.79, yield after purification by silica gel
column chromatography using benzene—ethyl acetate
(1 :1v/v). Benzyloxycarbonylsarcosine was coupled
with N-methylvaline #-butyl ester using DCC to give
the dipeptide 9. #-Butyl group of 9 was removed by
the action of trifluoroacetic acid to give the dipeptide
acid 10 as an acid component.

The formation of the ester bond between N-methyl-
valine and threonine was carried out by heating 8
together with 10 at 110 °C for 5h, in the dark. The
coupling reaction afforded a mixture of 11 and the
hydrolyzed product of 8 (threonine derivative), from
which 11 was isolated in 45—559, yields by silica
gel column chromatography. The i-butyl group of
11 was removed by the action of trifluoroacetic acid,
the product 12 being treated with bis(p-nitrophenyl)
sulfite in a pyridine solution to give the p-nitrophenyl
ester 13. Deprotection of benzyloxycarbonyl group
of 13 with hydrogen bromide in dioxane, followed by
neutralization, cyclization [0.98 mmol in 21 pyridine,
60 °C, 8 h], and purification on Sephadex LH-20 col-
umn in methanol, gave cyclic pentapeptide lactone
14 in 21.49, yield. Catalytic hydrogenolysis of 14,
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Scheme 2.
TABLE 1. PHYSICAL PROPERTIES AND BIOLOGICAL ACTIVITIES OF ACTINOMYCIN D
Characteristics Synthetic Natural actinomycin D (Lit.)
actinomycin D (15) a) b)
Melting point/°C 242—243 241—243 246—247
Optical rotation ([«]3)® —316 —323+10 —328+10
UV absorption 24900 (443) 24400 (443) 25000 (443)
[¢ in methanol (i/nm)] 35000 (240) 34100 (240) 34000 (231)
IR absorption (cm—?, KBr) 1745 (lactone C=0O) 1745 1760
1620—1670 (amide) 1620—1670 1620—1670
1580 (chromophore) 1580 1585
1195 (lactone COCQC) 1195 12009

Antibacterial activity (MIC, pg/ml)
B. Subtilis ATCC-6633
E. Coli NIH]J

0.78
>100

0.789

a) Ref. 3. b) Ref. 5.

¢) In methanol at ¢ 0.21.

d) Ref. 6.

e) Ref. 7.
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followed by oxidation with potassium hexacyanofer-
rate(III) in the 1:1 mixture of methanol and 0.067 M
phosphate buffer, pH 7.1, gave actinomycin D (C,)
(15), which was quantitatively crystallized from ethyl
acetate-hexane.

The synthetic actinomycin D (C,;) was indistinguish-
able from the natural substance as regards physical
properties and biological activity against B. Subtilis.
The physical and biological data are summarized in
Table 1.

The method using the ring-opening reaction of
aziridine is an efficient means for synthesizing peptide
lactone compounds.

Experimental

Melting points are uncorrected. Infrared spectra were
obtained on a Hitachi EPI-G3 spectrometer, ultraviolet
spectra on a Shimadzu UV-200 spectrophotometer. Op-
tical rotations were determined at the D line on a Perkin-
Elmer 141 polarimeter. Thin layer chromatography was
carried out on silica gel G in the following solvent systems:
R¢'; chloroform-ethyl acetate (1:1), R;%; benzene-ethyl ac-
etate (1:1), Rg*; chloroform-methanol-acetic acid (8:1:1),
R¢*; chloroform-methanol-ethyl acetate (8:1:1), RS; 1-
butanol-acetic acid—water (4:1:1).

Tritylthreonine Methyl Ester (1). To a solution of
threonine methyl ester hydrochloride (85.3 g, 0.5 mol) and
triethylamine (140 ml, 1 mol) in CHCI; (280 ml) was added
a solution of trityl chloride (139g, 0.5mol) in CHCI,
(250 ml) at 0°C. After being stirred for 24 h at 0 °C the
solution was concentrated in vacuo and the residue was
dissolved in ethyl acetate. The solution was washed with
water, 109, citric acid and water. Drying over Na,SO,
and concentration gave an oil (186g) of 1 in a theoretical
yield, R¢! 0.86, [«]3 +5.4 (¢ 0.94, CHCL,).

O-Tosyl-N-tritylthreonine Methyl Ester (2). To a solu-
tion of 1 (5.72 g, 15.2 mmol) in dry pyridine (45 ml) was
added at —10°C a solution of p-toluenesulfonyl chloride
(8.71 g, 45.7 mmol) in dry pyridine (50 ml). After being
stirred for 3d at —10 °C the reaction mixture was poured
onto ice water (400 ml). The oily product was extracted
with ethyl acetate. The extract was further washed with
water, dried over Na,SO,, and concentrated in vacuo. The
residue was crystallized from ethyl acetate-ether-hexane,
6.59 g (81.9%), mp 120—122 °C, [«]% +87.7 (¢ 0.9, CHCL,).
Found: G, 70.21; H, 6.01; N, 2.50; S, 6.259%,. Calcd for
C;,H;,O;NS: G, 70.30; H, 5.90; N, 2.64; S, 6.05%.

(2S, 3S)-1-Trityl-3-methyl-2-aziridinecarboxylic Acid Methyl
Ester (3). A solution of 2 (16.5g, 31.1 mmol) and
triethylamine (36.4 ml, 93.3 mmol) in tetrahydrofuran (100
ml) was refluxed at 80 °C for 2 d. After removal of solvent
the oily product was dissolved in ethyl acetate. The solution
was washed with water, dried over Na,SO,, and concen-
trated in vacuo. The residue was crystallized from methanol,
10.1g (90.49%), mp 109—110°C, [«]3 —102.8 (¢ 1.0,
CHCl,). Found: C, 80.29; H, 6.39; N, 3.56%. Calcd
for C,,H,;0,N: G, 80.64; H, 6.48; N, 3.92%,.

(28, 3S)-1-Trityl-3-methyl-2-aziridinecarboxylic Acid (4).

To a solution of 3 (6.0 g, 16.8 mmol) in acetonitrile (80 ml)
and methanol (20 ml) was added drop by drop at 20 °C
a solution of 2 M lithium hydroxide (24 ml, 84 mmol).
After being stirred for 24 h at 20 °C the solvent was removed
and the residue was dissolved in ethyl acetate. The solution
was washed with 109 citric acid and water, dried over
Na,SO,, and concentrated in vacuo. The residue wa :crys-
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tallized from hexane, 5.47g (94.8%), mp 173—175°C,
[«]2 —77.3 (¢ 0.9, CHClL). Found: G, 79.54; H, 6.23;
N, 3.809%. GCacld for Cy,H,,O,N: C, 79.73; H, 6.39; N,
4.23%,.

Benzyloxycarbonyl-p-valylproline t-Butyl Ester (5). To a
solution of benzyloxycarbonyl-p-valine (16.5g, 70.5 mmol)
and proline ¢-butyl ester (12.0g, 70.5 mmol) in CH,CI,
(150 ml) was added at —10°C a solution of dicyclohexyl-
carbodiimide (DCC, 14.5 g, 70.5 mmol) in CH,Cl, (50 ml).
The reaction mixture was stirred at —10 °C for 3 h, and
then overnight in a refrigerator. After removal of N,N’-
dicyclohexylurea by filtration the filtrate was concentrated
in vacuwo. The residue was dissolved in ethyl acetate and
the solution was washed with 109, citric acid, 1 M sodium
hydrogencarbonate and water, dried over Na,SO,, and
concentrated in vacuo. The residue was crystallized from
ethyl acetate-ether—hexane. 24.5 g (89.9%), mp 90—91 °C,
[e]f —21.4 (¢ 1.0, MeOH). Found: G, 65.74; H, 8.58;
N, 7.13%. Calcd for C,H;O;N,: C, 65.32; H, 7.97;
N, 6.93%.

(2S, 3S)-1-Trityl-3-methyl-2-aziridinecarbonyl-p-valylproline t-
Butyl Ester (6). Compound 5 (12.35g, 30.5 mmol)
was hydrogenated over palladium in methanol for 2h to
give N®-free dipeptide. This was coupled with 4 (9.20 g,
28 mmol) in CH,Cl, (150 ml) containing DCC (6.30 g,
30.5 mmol) using the same method as in the preparation
of 5 to give 6, which was crystallized from methanol, 15.3 g
(91.5%), mp 93—94.5°C, [«]¥ —81.5 (¢ 0.82, MeOH).
Found: C, 74.29; H, 7.85; N, 6.999%. Calcd for CjH,;-
OuN;: G, 74.59; H, 7.61; N, 7.05%.

(2S, 3S)-3-Meihyl-2-aziridinecarbonyl-D-valylproline  t-Butyl
Ester (7). 6 (12.0 g, 20 mmol) was added to an ice-
cold solution of 85%, formic acid (80 ml) containing metanol
(20 ml), and the resulting solution was stirred for 3 h. After
removal of solvent the residue was partitioned between
ether and water. Sodium hydrogencarbonate was added
to the aqueous layer producing alkaline solution, and the
isolated oil was extracted with ethyl acetate. After being
dried over Na,SO, the solvent was concentrated in vacuo
to give 7, which was crystallized from methanol, 6.69 g
(94.6%), mp 81—84 °C, [«]¥ —39.0 (¢ 2.0, MeOH). Found:
C, 61.42; H, 9.09; N, 11.79%. Caled for C;sH;O,N,:
C, 61.17; H, 8.84; N, 11.89%.

(2S, 3S)-1-(2-Nitro-3-benzyloxy-4-methylbenzoyl) - 3 - meihyl-2-
aziridinecarbonyl--valylproline t-Butyl Ester (8). A mix-
ture of 7 (4.8g, 13.6 mmol) and 2-nitro-3-benzyloxy-4-
methylbenzoic acid N-hydroxysuccinimide ester? (5.23 g,
13.6 mmol) was stirred in CHCIl; (40 ml) in the dark at
room temperature for 24 h. After removal of solvent the
residue was dissolved in ethyl acetate, and the solution was
washed with 109, citric acid and water, dried over Na,SO,,
and concentrated in vacuo. The crude product was purified
by silica gel column chromatography using benzene-ethyl
acetate (1:1v/v) to give 8 as an amorphous powder, 8.53 g
(94.7%), R¢* 0.65, [«]} —8l.1 (¢ 1.1, MeOH). Found:
G, 63.85; H, 7.13; N, 8.71%. Caled for C,;H,,OgN,:
G, 63.65; H, 6.80; N, 9.00%.

Benzyloxycarbonylsarcosyl-N-methylvaline t-Butyl Ester (9).
Benzyloxycarbonylsarcosine (17.6 g, 79 mmol), N-methyl-
valine #-butyl ester (14.8g, 79 mmol), and DCC (19.6 g,
95 mmol) were allowed to react in CH,Cl, (250 ml) using
the same method as in the preparation of 5. After purifica-
tion of the residue by silica gel column chromatography
using chloroform—ethyl acetate (1:1 v/v), 9 was obtained as
an oil, 29.8 g (96.0%,), R¢* 0.80, [«]} —75.8 (¢ 1.4, MeOH).

Benzyloxycarbonylsarcosyl-N-methylvaline (10). Trifluoro-
acetic acid (20 ml) was added to 9 (4.79 g, 12.2 mmol) at
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—5°C, and the reaction mixture was stirred for 3 h at the
same temperature. After removal of trifluoroacetic acid in
vacuo the residual oily product was partitioned between ethyl
acetate and sodium hydrogencarbonate solution. Citric acid
was added to the aqueous layer producing acidic solution,
and the isolated oil was extracted with ethyl acetate. The
ethyl acetate layer was washed with water successively,
dried over Na,SO,, and concentrated in vacuo to give 10
as an oil, 3.7g (90.0%), R 0.58, [«]® —77.7 (¢ 1.07,
MeOH).

O-( Benzyloxycarbonylsarcosyl-N-methylvalyl ) -N-( 2-nitro-3-benzyl-
oxy-4-methylbenzoyl) threonyl-p-valylproline t-Butyl Ester (11).
A mixture of 8 (1.87 g, 3 mmol) and 10 (4.0 g, 12 mmol),
protected from light, was heated at 110 °C for 5h in an oil
bath. After cooling the reaction mixture was dissolved in
ethyl acetate and the solution was washed with 1 M sodium
hydrogencarbonate znd water, dried over Na,SO,, and
concentrated in vacwo. The residue was purified by silica
gel column chromatography using chloroform-ethyl acetate
(1:1 v/v) to give 11 as an amorphous powder, 1.54g (53.69%,),
R 059, [«]3 —6.47 (¢ 1.12, MeOH). Found: C, 62.65;
H, 7.07; N, 8.239%. Calcd for C;HgO,3Ng: C, 62.61;
H, 6.94; N, 8.76%. Another proccut possessing a lower
R; value (R¢* 0.23) was identified as N-(2-nitro-3-benzyloxy-
4-methylbenzoyl)threonyl-p-valylproline ¢-butyl ester, 769 mg,
amorphous powder, [«]F —17.4 (¢ 0.9, MeOH). Found:
C, 61.20; H, 6.88; N, 8.42%,. Calcd for C3;H,,O4N,: G,
61.19; H, 6.92; N, 8.749%,.

O-( Benzyloxycarbonylsarcosyl-N-methylvalyl)-N-( 2-nitro-3-benzyl-
oxy-4-methylbenzoyl) threonyl-D-valylproline (12). Trifluoro-
acetic acid (15 ml) was added to 11 (1.30 g, 1.35 mmol)
containing anisole (0.5 ml), and the reaction mixture was
stirred for 1 h in the dark. After removal of trifluoroacetic
acid, absolute ether was added. The solid precipitate was
collected by filtration and washed throughly with absolute
ether, 1.00g (82.0%), R 0.85, mp 118—121°C, [«]}
—4.5 (¢ 1.0, MeOH). Found: C, 60.80; H, 6.44; N,
9.39%. Caled for C,H;sO3Ng: C, 61.18; H, 6.47; N,
9.31%.

O-( Benzyloxycarbonylsarcosyl-N-methylvalyl ) -N- ( 2-nitro-3-benzyl-
oxy-4-methylbenzoyl) threonyl-p-valylproline  p-Nitrophenyl — Ester
(13). Bis(p-nitrophenyl)sulfite (4.4 g, 13.5 mmol) was
added to a solution of 12 (1.20 g, 1.32 mmol) in pyridine
(20 ml), and the reaction mixture was stirred at room
temperature for 20 h in the dark. After removal of solvent
the residue was dissolved in ethyl acetate, and the solution
was washed with 1 M sodium hydrogencarbonate and water,
dried over Na,SO,, and concentrated in vacuo. The crude
product was purified by column chromatography on Sephadex
LH-20 in ethyl acetate to give 13 as an amorphous powder,
1.09 g (80.8%), R¢* 0.42, [«]3 —1.7 (¢ 0.29, DMF). Found:
C, 60.28; H, 6.00; N, 9.11%. Calcd for C;,HgO5N;:
C, 60.98; H, 6.00; N, 9.58%,.

(2- Nitro-3-hydroxy-4-methylbenzoyl ) threonyl-D -valylprolylsarcosyl-
N-methylvaline(threonire hydroxyl) Lactone (14). Hydro-
gen bromide gas was bubbled at 0 °C, in the dark, into
a solution of 13 (1.0g, 0.98 mmol) in dioxane (10 ml)
for 15 min. The reaction mixture was allowed to stand
at rcom temperature for 1 h. After removal of solvent the
residue was dissolved in N,N-dimethylformamide (20 ml)
and acetic acid (1 ml). The solution was added drop by
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drop over a period of 2.5h to stirred pyridine (2000 ml)
containing triethylamine (1 ml) at 60 °C. After being stirred
for 5.5 h at the same temperature the pyridine was concen-
trated in vacuo and the residual oil was dissolved in ethyl
acetate. The solution was washed with water, 109, citric
acid, 1 M sodium hydrogencarbonate and water, dried over
Na,SO,, and concentrated in wvacuo. The crude product
(568 mg) was purified by column chromatography on
Sephadex LH-20 in methanol to give the desired product
(159.8 mg, 24.8%,), which was crystallized from cthyl acetate—
hexane, 137.8 mg (21.4%), R# 0.38, mp 179—181 °C,
[«]3 —21.0 (¢ 0.5, MeOH). IR (KBr) 1730 (ester C=0),
1655 (amide), 1190 cm—! (ester COC). Found: C, 56.45;
H, 6.71; N, 12.629%,. Caled for C,;H,O,,Ng: C, 56.35;
H, 6.71; N, 12.729%,.

Actinomycin D (Cy) (15). A solution of 14 (49 mg,
0.074 mmol) in methanol (10 ml) was hydrogenated over
palladium black, in the dark. After 2 h, the mixture was
filtered and the filtrate was added to an equal volume of
stirred 0.067 M phosphate buffer pH 7.1 containing potassium
hexacyanoferrate(I1I) (70.8 mg, 0.215 mmol). The mix-
ture was stirred at room temperature for 20 min. It was
then partitioned between ethyl acetate and water, the aqueous
layer being separated and extracted three times with ethyl
acetate. The combined ethyl acetate layer was washed
successively with 1 M sodium hydrogencarbonate, 1 M HCI,
and saturated NaCl, dried over Na,SO,, and concentrated
in vacuo to afford a red crystalline residue, which was re-
crystallized from ethyl acetate-hexane to give actinomycin
D, 44 mg (95.7%), R 0.76. Physical and spectral data
are given in Table 1. Found: C, 58.59; H, 6.96; N, 13.299%,.
Calcd for Cg,HggO4Ny,-H,O: C, 58.48; H, 6.97; N, 13.209,.

Microbiological Assay. The results of the assay and
microorganism employed are given in Table 1. The mini-
mum amount of the compound necessary for the complete
inhibition of growth was determined by the Streak method
using HI-agar.

The authors wish to express their thanks to the
staff of Fujisawa Pharmaceutical Co., Ltd., for the
elemental analysis and biological assay.
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