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Studies concerning the Antibiotic Actinonin.
A Natural Hydroxamic Acid with Antibiotic Activity

of Actinonin.
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Part I. The Constitution

By James J. Gordon,t Medical Research Council, Antibiotics Research Station, Clevedon, Somerset
John P. Devlin, Anthony J. East, W. David Ollis,” and lan O. Sutherland, Department of Chemistry,

The University, Sheffield S3 7HF

Derek E. Wright, Research Laboratories, May & Baker Ltd., Dagenham, Essex
Léon Ninet, Laboratoires de Recherches de la Société des Usines Chimiques Rhane-Poulenc, 94 400 Vitry-

sur-Seine, France

The antibiotic, actinonin, has been shown to have the novel pseudopeptide structure (XII) associated with
residues derived from L-prolinol. L-valine, D-pentylsuccinic acid, and hydroxylamine.

ACTINONIN was first isolated by R. Green and R. Bhag-
wan Singh from a Malayan strain of Actinomyces which
was designated Streptomyces sp. Cutter C12 (N.C.I.B.
8845).1 Methods for the culture of the micro-organism
and the isolation of the active principle have been re-
ported? and a collaborative investigation (J. P. D,
A. J.E, W.D. O, and I. O. S.) of the constitution of
actinonin was initiated.2 A substance subsequently
shown to be identical with actinonin was independently
isolated (L. N.) from cultures of a species designated as
Streptomyces roseopallidus, DS 40562, which is probably
similar to Streptomyces sp. Cutter C12; its chemical
examination (D. E. W.) provided results complementary
to those already reported.2 The spectrum of biological
activity of actinonin against a number of Gram-positive
and Gram-negative bacteria encouraged further investig-
ations (Parts II—VIII). These studies include the syn-
thesis and the examination of the biological properties of
structural analogues of actinonin,

Actinonin, m.p. 148°, was shown to have the molecular
formula C;gH,;.N,O; on the basis of its composition and
high resolution mass spectrum. The antibiotic was
weakly acidic (pK, 9-32 in water) and optically active,
1,2 —65° (in water). The u.v. spectrum showed only
end-absorption but its ir. spectrum in dioxan solution
indicated the presence of amide groups (v, 1665, 1640,
and 1525 cm™) in addition to OH and/or NH groups
(Vmax 3500 and 3300 cm™). Vigorous acidic hydrolysis
of actinonin with hydrochloric acid followed by fraction-
ation yielded four hydrolysis products: an ether-extract-
able acid, an amino-acid, and two basic substances
isolated as crystalline hydrochlorides.

The acid CgH,40,, directly extracted from the acidic
hydrolysate by ether, was identified as a dicarboxylic
acid by titration. Its dehydration with hot acetic an-
hydride yielded an anhydride with an i.r. spectrum (v,
1875 and 1795 cm™) typical of a five-membered cyclic
anhydride. Kuhn-Roth oxidation results suggested the
presence of one CMe group. The dicarboxylic acid was

t Present addvess: Chemical Defence Establishment, Porton
Down, Salisbury, Wiltshire.

{ The terms L- and p- are used rather than the RS-nomen-
clature in this series of papers in order to follow the more com-
mon practice 4 used in the designation of amino-acid configura-
tions.

1 J. J. Gordon, B. K. Kelly, and G. A. Miller, Nature, 1962,
195, 701.

® A.]. East, W. D. Ollis, and I. O. Sutherland, in ‘ Chemistry
of Microbial Products,’ Institute of Applied Microbiology Sym-
posium No. 6, University of Tokyo, 1964, p. 204.

® A. Fredga, Arkiv Kemi, 1953, 8, 277.

optically active, [,?® +24° (in ethanol). When its
dimethyl ester was heated with methanolic sodium
methoxide and the product subjected to alkaline
hydrolysis, (4)-pentylsuccinic acid was obtained.® The
(+)-enantiomer of pentylsuccinic acid has been shown
to have the p(= R)}-configuration (I).

CO2H CO2H P’J
H CsHn H2N H <_>("'
. ~CH2-OH
CH2:CO2H Pr!
(1) (1) (T}

The amino-acid obtained from the hydrolysis of actino-
nin was separated by ion-exchange chromatography. It
was shown to be (+)-L-valine (II) by direct comparison
of its N-2,4-dinitrophenyl derivative with an authentic
specimen.? The mixture of hydrochlorides obtained
from the hydrolysis was separated by trituration with
chloroform. The chloroform-insoluble fraction was
identified as hydroxylamine hydrochloride by its reaction
with nickel chloride-biacetyl mono-oxime ¢ and by its
reaction with m-nitrobenzaldehyde yielding m-nitro-
benzaldoxime. The chloroform-soluble fraction was
identified as the hydrochloride of L-prolinol (III) by
comparison of its N-dinitrophenyl and NO-dibenzoyl
derivatives with the corresponding compounds prepared
from authentic L-prolinol.%® The L-prolinol (III) was
synthesised from 2-ethoxycarbonyl-5-pyrrolidone ob-
tained from L-glutamic acid.

These results required that actinonin, C;gH3sN3O;, was
formally derived from D-pentylsuccinic acid (I), L-valine
(I1), r-prolinol (III), and hydroxylamine with loss of
three molecules of water. The absence of ester-type
absorption in the i.r. spectrum of actinonin required that
L-prolinol (III) was only N-acylated and it therefore
provided one terminal residue. The association of the
other terminal residue with hydroxylamine was based
upon the following evidence which identified actinonin

4 ‘Amino-acids, Peptides, and Proteins,” Chem. Soc. Special
Periodical Report, 1971, 3; 1.U.P.A.C. Information Bulletin No.
23, ‘ Symbols for Amino-acids and Peptides,’ 1972.

5 K. R. Rao and H. A. Sober, J. Amer. Chem. Soc., 1954, 76,
1328.

8 A. Fiegl, ‘ Spot Tests in Inorganic Chemistry,” 5th edn., 1958,

. 242,
P 7 P. Karrer and P. Portmann, Helv. Chim. Acta, 1948, 81,
2088; F. F. Blicke and C.-J. Lu, J. Amer. Chem. Soc., 1955, 77, 29;
F. P. Doyle, M. O. Mehta, G. S. Sach, and J. L. Pearson, . Chem.
Soc., 1958, 4458; R. Buyle, Chem. and Ind., 1866, 195, 380.

8 Part II, N. H. Anderson, W. D. Ollis, J. E. Thorpe, and
A. D. Ward, following paper.
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as a hydroxamic acid: (i) actinonin was weakly acidic
(Table), (ii) it gave a purple colouration with methanolic
iron(111) chloride, and (iii) periodate oxiation,® which is
associated with the transformation RCO‘NH:OH —»
RCO,H, gave actinonic acid, C,gHzN,O;. Four con-
stitutions [(IVa and b) and (Va and b)] could now be con-
sidered for actinonin.

T !
N-CO—CH-NH~-CO—-C H-—(! H—CO-NH-OH

CH2:OH
(I¥V) a;X = n-
by X =

-

f Lo,
N—C0-CH-CH-CO-NH—-CH~CO-NH-OH

CH2-OH
(¥)a;X = n-CsHn,Y = H
b; X = H,Y = n-CsHny
NH
CN . Gl
¢ H Pri
CH2:0H
{(VI)
Pri X Y

I P
N—CO—CH—NH-CO-CH-CH-NCO

CH2:O—CEt(OEt)2
(¥YIT)a;X = n-CsHyu,Y = H
b; X = H,Y = n-CsHn
A preference for two (IVa and b) of these was indicated
by the following approach. The acidity of actinonin was

compared with that of other hydroxamic acids 1%1! and
the acidity of actinonic acid with other model carboxylic

pK, Values } for actinonin and related compounds

Actinonin (XII) 9-32 Actinonic acid (XVIII) 4-65
PhCH,'CO-NH-OH 9-09 PhNH-CO-CH,CH,» 465
AcNH-CHPrt-CO* 8-88 CO,H

NH-OH AcNH-CHPr!-CO,H 3:70
PhCO-NH-OH 8-82

t Determined in water under standard conditions.

acids (Table). These comparisons suggested that acti-
nonin did not contain a terminal N-acylvalyl-hydroxamic

® V. M. Clark, B. Sklarz, and A. R. Todd, J. Chem. Soc., 1959,
2123; T. Emery and J. B. Nielands, J. Amer. Chem. Soc., 1960,
82,4903; J.E. Roweand A. D. Ward, dustral. J. Chem., 1968, 21,
2761,

10 'W. M. Wise and W. W. Brandt, J. Amer. Chem. Soc., 1955,
77, 10568; D. E. Ames and T. F. Grey, J. Chem. Soc., 19565, 631;
S. Rogers and J. B. Nielands, Biochemistry, 1963, 2, 6.

11 j. B. Bapat, D. St. C. Black, and R. F. C. Brown, Adv.
Hetevocyclic Chem., 1969, 10, 199.
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acid residue (Va or b) so that the constitutions (IVa and
b) were favoured. This opinion was substantiated by
the result of mild acidic hydrolysis of actinonin to yield
L-valyl-L-prolinol (VI) and b-pentylsuccinic acid (I).
This reduced the number of constitutional possibilities
for actinonin to two (IVa and b).

In order to prove that the assignment of the sequence
(IV) was well based and to distinguish between the two
possible constitutions (IVa and b), the Lossen degrad-
ation 11718 was selected. It was expected that this reac-
tion might yield the corresponding isocyanate (V1Ia or b),
which by acidic hydrolysis was expected to give either the
g-amino-acid (VIII) or its isomer (IX). Many different

CsHyny CsHn
HO2C—CH—CH2—NH 2 HO2C—CH2—CH~-NH2
{(Y11T) (IX )
CsHn
HO2C—C=CH3 HO 2C—CH=CH-CsHn

{xX) (XT)

methods 16 for carrying out the Lossen degradation were
investigated but reactions involving the attempted
thermal or base-catalysed transformation of various acyl
derivatives of actinonin did not give useful results. This
was disappointing particularly as the successful Lossen
degradation of several hydroxamic acids containing pep-
tide linkages has been reported.}#1? However, applic-
ation of the following method 18 effected the Lossen
transformation of actinonin in excellent yield.

MeCH=C{OE1t)2 N/O OEt | .ot RNCO
RCO-NH-OH | >< +
R0 Et EtCO2Et

Actinonin and methylketen diethyl acetal 1° in boiling
ether yielded an intermediate which is believed to be a
1,3 ,4-dioxazole because further heating in boiling benzene
gave the isocyanate (VIIa). Acidic hydrolysis of the iso-
cyanate gave L-valine and a B-amino-acid which was

12 E. C. Franklin, Chem. Rev., 1934, 14, 219; H. L. Yale, ibid.,
1943, 83, 209; L. Bauer and O. Exner, Angew. Chem. Internat.
Edn., 1974, 18, 376.

13 F. Mathis, Bull. Soc. chim. France, 1953, D9.

14 ¢ Molecular Rearrangements,’ ed. P. de Mayo, Interscience,
New York, 1963, vol. 1, p. 548; vol. 2, p. 988.

15 P. A. S. Smith, ‘ Open-chain Nitrogen Compounds,” Ben-
jamin, New York, 1966, vol. 2, (a) p. 68; (b) p. 81.

16 G. Dougherty and L. W. Jones, J. Amer. Chem. Soc., 1924,
48, 1635; A. W. Scott and J. H. Mote, ibid., 1927, 49, 2545;
R. D. Bright and C. R. Hauser, ibid., 1939, 61, 618; A. W. Scott
and W. O. Kearse, J. Ovg. Chem., 1940, 5, 598; C. D. Hurd, C. M.
Buess, and L. Bauer, ibid., 1954, 19, 1140; C. D. Hurd and L.
Bauer, J. Amer. Chem. Soc., 1954, 76, 2791; L. Bauer, ibid., 1956,
78, 1945; C. D. Hurd and A. G. Prapas, ibid., 1958, 80, 6053;
L. Bauer and S. Miarka, J. Org. Chem., 1959, 24, 1293; D. G.
Hoare, A. Olson, and D. E. Koshland, J. Amer. Chem. Soc., 1968,
90, 1638.

17 T. Wieland and H. Fritz, Chem. Ber., 1953, 86, 1186; P. M.
Gallop, S. Seifter, M. Lukin, and E. Meilman, J. Biol. Chem., 1960,
235, 2619.

18 T. Mukaiyama, H. Nohira, and S. Asano, Bull. Chem. Soc.
Japan, 1962, 85, 71; H. Nohira, K. Inoue, H. Hattori, T. Okawa,
and T. Mukaiyama, ibid., 1967, 40, 664.

19 5. M. McElvain and P. M. Walters, J. Amer. Chem. Soc.,
1940, 62, 1482.
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identical with synthetic 2-(aminomethyl)heptanoic acid
(VIII) and different from 3-amino-octanoic acid (IX).%

o rl-l H I,ngn H

, |
0
O
H Pri O A

CH2-OH  (XIT)

0 N0
0 ﬁ/\I—H
N
O e

A
(",Hz'OR
{XY)a;R CEt(OEt)2
b;R = H

Pyrolysis of the p-amino-acid (VIII) obtained from iso-
cyanate (VIIa) gave 2-methyleneheptanoic acid 2 (X).
These results established the configurational formula
(XII) for actinonin which was compatible with its n.m.r.
(Experimental section) and mass spectra.2? Neither of
these physical methods could be successfully applied to
distinguish between the constitutional possibilities (IVa
and b) for actinonin, whereas the isomeric 8-amino-acids
(VIII) and (IX) gave highly characteristic and structur-
ally informative mass spectral fragmentation patterns
(Scheme). The formulae of the fragmentions were estab-
lished by high resolution measurements.

‘ Mechanisms ’ of formation of the fragment ions are
given in the Scheme. The B-amino-acid (VIII) exhibits
(a) a ¢-cleavage or (b) a McLafferty rearrangement
followed by elimination of NH,. In contrast, the mass
spectral behaviour of the g-amino-acid (IX) is dominated
by two a-cleavages [(c) and (d)], and route (d) gives the

20 K. Lang and F. Adickes, Z. physiol. Chem., 1941, 289, 236;
Ya. L. Gol’dfarb, B. P. Fabrichynyi, and I. A. Shalavina, Zhur.
obschei. Khim., 1958, 28, 213 (Chem. Abs., 1958, 52, 12,838).

21 M. Hinder, H. Schinz, and C. F. Seidel, Helv. Chim. Acta,
1947, 30, 1495.

22 Part VII, N. H. Anderson, J. P. Devlin, S. Jones, W. D. Ollis,
and J. E. Thorpe, J.C.S. Perkin I, 1975, 852.
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ion [C4HgNO,]* which by dehydration gives the ion
[C,H,NOJ*. An alternative route to an ion [C;HgNO,]*
by a y-cleavage (e) is also possible.

The isocyanate (v, 2295 cm™) formed from actinonin
and methylketen diethyl acetal was considered to have
the constitution (XIV) with an orthoester grouping
(Vpax, 1220, 1160, 1060, and 990 cm™). When this iso-
cyanate (XIV) was heated, it yielded a product identical
with that formed from actinonin and methylketen di-
ethyl acetal in boiling NN-dimethylformamide. This
product is the dihydrouracil (XVa) formed by intra-
molecular cyclisation of the orthoester isocyanate (XIV);
its mild hydrolysis gave the dihydrouracil (XVb). This
compound (XVb) showed i.r. bands (v, 1722 and 1680
cm™) highly characteristic of dihydrouracils 2% and its

+ +
Ca2H
HO 0&."! 2Hs (a) HO /OH
-_——
HaN ? H2N J
H

m/e 159 m/e 102
(YIIT)
. e
HOL _O .. HO. __OH  HO<__0OH
= 4H (b) . -
H N\/VB&\ H N\]/ J/
2 CaH? ?
("VIIT) m/e 89 m/e 73
CsHn
() CH=RH
d 0
CsH +e m/e 10
shn CH—NH2
¢ R
+
HO2€ Y HO2C'CH2*CH=NH_
(x) m/e 88
m/e 159 :
lm*:ss-s
+
0=C=CH—CH=NH,
m/e 70
HO 'OH _C3H 0
/Lf— 3H7 o HO_OH
—
H/ X
NH2 NH 2
(IX) m/e 88

SCHEME

formulation was clearly supported by its mass spectral
fragmentation pattern.

23 K, Schlogl, Monatsh., 1958, 89, 61.

24 Y, Iwakura, K. Uno, and S. Kang, J. Org. Chem., 1966, 81,
142,

26 Part II1, J. P. Devlin, W. D. Ollis, J. E. Thorpe, R. J. Wood,
B. J. Broughton, P. J. Warren, K. R. H. Wooldridge, and D. E.
Wright, J.C.S. Perkin I, 1975, 830.
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The acylation of hydroxamic acids 1%13.15.26,27 ha5 been
associated with considerable uncertainty about the nature
of the products; actinonin with acetic anhydride-
pyridine yielded a triacetyl derivative (XVI). Actinonin
and diazomethane gave the 0O0’-dimethyl derivative
(XVII). Actinonic acid formed by periodate oxidation
of actinonin must have the structure (XVIII).

LCsHu
H, 0

H ,
QJ\(NNT/OAC
H P © A

. c
CH2
Ac(l) (XYI)

CsHn
H ,/ OMe

® H
O
H Pri ©

°N- OMe

CH 2:OH (XVIT)

{(XYIIT)

The isolation of r-valyl-L-prolinol (VI) from the acidic
hydrolysis of actinonin (XII) demonstrates that one
peptide linkage is hydrolysed much more easily than the
other. This presumably involves intramolecular assist-
ance in the cleavage of the amide bond by the protonated
hydroxamic acid residue. Rather unexpectedly, L-
valyl-L-prolinol (V1) is also produced by hydrolysis of the
same amide bond by agqueous sodium hydrogen carbonate.
This reaction presumably involves intramolecular base-
catalysed cleavage of the amide bond by the hydroxamic
acid residue.

As that of a natural antibiotic, the structure (XII) for
actinonin is of considerable interest. Actinonin is the
first known naturally occurring derivative of L-prolinol
(III). In this connection it may be noted that biological
activity is retained # in a synthetic analogue of a nona-
decapeptide related to adrenocorticotrophic hormone in
which an L-proline residue is replaced by an L-prolinol
residue. Although the number of known naturally
occurring hydroxamic acids 1% is increasing, actinonin
is the first of the type, RCO-NH-OH, to be identified.

26 .. W. Jones, Amer. Chem. J., 1912, 48, 1; L. W. Jones and
L. Neuffer, /. Amer. Chem. Soc., 1917, 89, 6569; L. W. Jones and
C. D. Hurd, ibid., 1921, 48, 2422; C. D. Hurd and C. B. Cochran,
ibid., 1923, 45, 616; E. Usova and E. Vorosin, Doklady Akad.
Nauk S.S.S.R., 1957, 113, 1306 (Chem. Abs., 1957, §1 16,104);
ibid., 1957, 114, 120 (Chem. Abs., 1958, 52, 1099); D. Snobl and
O. Exner, Coll. Czech. Chem. Comm., 1969, 84, 3325.

2?2 M. T. W. Hearn and A. D. Ward, Austral. J. Chem., 1969, 22,
161.

28 W. Oelofsen and C. H. Li, J. Amer. Chem. Soc., 1966, 88,
4254.

29 H. Maehr, Pure Appl. Chem., 1971, 28, 603.
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Polypeptide antibiotics 3 are often associated with p-
amino-acid residues.3 This has been an important
formulation for the topochemical investigation of
biologically active peptides 393! and structure-activity
correlation.3 Actinonin is therefore unusual? as an
antibiotic in that it contains only L-amino-acid residues.
The pentyl side-chain of the p-pentylsuccinic acid residue
of actinonin (XII) is isosteric with the side-chain R?
(XIII) of an r-amino acid residue. The structural
correspondence between actinonin (XII) and a polypep-
tide containing only L-amino-acid residues permits its
description as a pseudopeptide.

The mode of biological action of actinonin (XII) has
been investigated 3 and it is proposed that its site of
action is associated with ribonucleic acid synthesis. This
opinion may be compared with the inhibitory action of
certain hydroxamic acids on deoxyribonucleic acid
synthesis.3

EXPERIMENTAL

Unless otherwise stated, i.r. spectra were measured in
chloroform, u.v. spectra in ethanol, and 60 and 100 MHz
n.m.r. spectra in deuteriochloroform (tetramethylsilane as
internal reference). Only significant bands from these
spectra are quoted. Mass spectra were determined with an
A E.I. MS9 high resolution spectrometer. M.p.s were deter-
mined with a Kofler hot-stage apparatus. Evaporation
refers to evaporation under diminished pressure. Light
petroleum refers to the fraction with b.p. 60—80° unless
otherwise stated.

Separations by column chromatography were carried out
with Hopkin and Williams MFC grade silica and Mackerey,
Nagel & Co. MN-polyamide. Paper chromatography was
performed with Whatman No. 1 paper and the following
solvent systems: EAW [ethanol-ammonia(d 0-88)-water
(20:1:4)], BAW [n-butanol-acetic acid—water (2:1:1)],
PAB [light petroleum-acetic acid—n-butanol (15: 10: 12)],
and CAA [cyclohexane-acetic acid-isopentyl alcohol
(15:10:2)]. Merck Kieselgel G was used for thick- and
thin-layer chromatography. Chromatograms were de-
veloped by spraying with (a) a solution (0-59%,) of ninhydrin
in n-butanol, (b) ethanolic iron(x11) chloride (19%,), (¢) iodine
in carbon tetrachloride (5%), and (d) cerium(iv) sulphate
(2%) in 2N-sulphuric acid solution followed by heating, or by
examination under u.v. illumination. Unless otherwise
stated, Dowex 50W-X8 resin was used for ion-exchange
chromatography. During isolation processes, the appro-
priate combination of fractions was determined by examin-
ation of their i.r. spectra and t.l.c. behaviour.

‘When substances are stated to be identical, their identity

3 R. O. Studer, Progr. Medicin. Chem., 1967, 5, 1; M. M.
Shemyakin, Yu. A. Ovchinnikov, and V. T. Ivanov, Angew. Chem.
Internat. Edn., 1969, 8, 492; J. S. Davies, ‘Amino-acids, Peptides,
and Proteins,” Chem. Soc. Specialist Peviodical Reporis, 1969, 1,
211; 1970, 2, 192; 1971, 8, 276; V. T. Ivanov and Yu. A.
Ovchinnikov, ‘Conformational Analysis,” ed. G. Chiurdoglu,
Academic Press, New York, 1971, p. 111.

31 R. Bentley, ‘ Molecular Asymmetry in Biology,” Academic
Press, New York, 1969, vol. 1, 239; New Scientist, 1969, 448;
C. Toniolo and A. Signor, Experientia, 1972, 28, 753.

32 G. Hartmann, W. Behr, K.-A. Beissner, K. Honikel, and A.
Sippel, Angew. Chem. Internat. Edn., 1968, 7, 693; J. Schmidt-
Thomé, ¢bid., 1971, 10, 817.

33 M. M. Attwood, J. Gen. Microbiol., 1969, §5, 209.

3¢ G. R. Gale, Experientia, 1968, 24, 57.
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has been established by comparison of m.p. and mixed m.p.
determination, and, where appropriate, comparison of i.r.,
n.m.r., and mass spectra and behaviour on paper and thin-
layer chromatography.

Culture of Streptomyces roseopallidus DS 40562 and
Isolation of Actinonin (with M. DuBost, D. MaNcy, S. PIN-
NERT, and J. PREUD’HOMME).—The organism was cultured
on maltose-tryptone agar and incubated for 15 days at 26°
with subsequent inoculation into a liquid medium which
contained corn steep liquor (5 g; 509, dry extract), sucrose
(7-5 g), ammonium sulphate (0-5 g), calcium carbonate (1-9
g), and water (to 250 ml). The culture was maintained for
2 days at 26° with continuous agitation and added to a
second batch (120 1) of this medium with further incubation
for 2 days at 27° with continuous agitation.

For the production of actinonin, a medium containing
soya flour (16 kg), distillers soluble (4 kg), soya oil (12 1),
sodium chloride (2 kg), and water (to 400 1) was inoculated
with the culture described above (401) and maintained at 27°
for 140 h with continuous agitation and aeration. The
culture fluid was acidified to pH 5-0 with hydrochloric acid
and filtered. The filtrate was brought to pH 9-0 by addition
of sodium carbonate and extracted with n-butanol (120 1).
The extract was washed with water (12 1) and evaporated to
12 1 under reduced pressure. The concentrated extract was
diluted with hexane (36 1) and extracted with water pre-
viously acidified to pH 4:0 (3 x 12 1). The combined
aqueous extracts were concentrated to 2 1 under reduced
pressure and lyophilised. The residue (280 g) was dis-
solved in water (2-8 1) and the solution was extracted with
chloroform (4 X 2:81). The combined extracts were dried
and evaporated to 600 ml; actinonin (60 g) separated on
cooling. The antibiotic was further purified by dissolution
in methanol (500 ml) and dilution of the solution with ether
(51); actinonin was obtained as colourless microprisms (55
g), m.p. 148° (Found: C, 589; H, 89; N, 11.2%; Mt,
385-2576. C,,H,;N,O; requires C, 59-2; H, 9-2; N, 10-9%;
M, 385-2576); [0 ** —48° (¢ 1-0 in MeOH); [0, —65°
(H,0); pK, 9-32 (H,0); v, (dioxan) 3500, 3300, 1665,
1640, and 1525 cm™; < (C,D,N} 1-84br (s, CO-NH-OH), 0-78
(d, Me,CH-CH-NH-CO), 5-16 (t, Me,CH-CH-NHCO), 7-07
(A), 7-43 (B), and ca. 7-8 (X) (ABX system with X addition-
ally coupled; Jax 8, Jux 6, Jas 14 Hz).

Acetylation of actinonin in pyridine with acetic anhydride
at room temperature (24 h) gave triacetylactinonin (XVI)
as a gum after purification on alumina columns and elution
with chloroform; v_ 1800 and 1720 cm™; 1 7-63 (3H, s),
7-70 (3H, s), and 7-97 (3H, s).

Acidic Hydrolysis of Actinonin—(a) With 6N-hydro-
chlorvic acid. (i) Isolation of (- )-D-pentylsuccinic acid (I).
A solution of actinonin (1-05 g) in dilute hydrochloric acid
(6N; 90 ml) was heated under reflux (3 h) and extracted with
ether. The combined extracts were shaken with aqueous
sodium hydrogen carbonate solution (109, w/v) and the
aqueous layer was acidified and extracted with ether.
Evaporation of the ethereal extract gave a solid (531 mg)
which crystallised from light petroleum to give (+4)-D-
pentylsuccinic acid as needles (450 mg, 889,), m.p. 82-5—
83-5° (lit.,* 84—86°) (Found: C, 57-4; H, 85; CMe, 6-7.
Calc. for C;H,,O,: C, 57-4; H, 8-6; CMe, 80%), [o],* {24°
(EtOH). The anhydride (40 mg, 90%), v, 1875 and 1795
cm™, was prepared by treatment of the acid (49 mg) with
boiling acetic anhydride.

(ii) Racemisation of (+)-D-pentylsuccinic acid. The (+)-
acid (45-5 mg) was dissolved in methanol and treated with
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an excess of ethereal diazomethane. The solution was kept
at room temperature for 0-5 h and evaporated to dryness.
The residual crude methyl ester was added to a solution of
sodium methoxide [from sodium (100 mg) in anhydrous
methanol (10 ml)] and the mixture was kept at room
temperature for 16 h. The solution was diluted with water
(20 ml) and after addition of sodium hydroxide (100 mg) was
heated under reflux for 0-5 h and extracted with ether.
Acidification of the aqueous layer followed by extraction
with ether and evaporation of the ether extract gave (+)-
pentylsuccinic acid, m.p. 78—79° 2 (from light petroleum),
identical with authentic material.

(iii) Isolation of hydvoxylamine and vL-prolinol (I111). The
original acid hydrolysate of actinonin after ether extraction
was evaporated to dryness; examination of the crystalline
residue (1-03 g) of mixed hydrochlorides by paper chromato-
graphy (system EAW) indicated the presence of two nin-
hydrin-positive components at Ry 0-5 (purple) and 0-68
(vellow-pink). An aqueous solution of the residue was
passed through a column of Amberlite CG 400 ion-exchange
resin (HO~ form) and eluted with water. Evaporation of
the acidified (hydrochloric acid) eluate gave a residual gum
(513 mg) and trituration of this material with anhydrous
chloroform gave hydroxylamine hydrochloride as insoluble
crystals (186 mg, 98%,), identified by the formation of a pink
precipitate on treatment with nickel chloride-biacetyl
mono-oxime ¢ and by its conversion into m-nitrobenzald-
oxime, m.p. 119—120°, identical with authentic material.?®
The chloroform solution was evaporated and crude L-
prolinol hydrochloride was obtained as an oil (308 mg, 82%,)
which slowly crystallised to a deliquescent solid on pro-
longed drying in vacuo. Paper chromatographic examin-
ation (system EAW) of this material showed a yellow-pink
spot at Ry 069 on development with ninhydrin. The
crude hydrochloride (125 mg) was treated with aqueous
sodium hydroxide (10% w/v; 2 ml) and benzoyl chloride
(380 mg) and the mixture shaken at room temperature for
5 h, then extracted with ether. Evaporation of the extract
gave a gum (110 mg) which was purified by column chrom-
atography on silica and elution with benzene and chloro-
form. The chloroform eluate on evaporation yielded NO-
dibenzoyl-L-prolinol as a viscous oil (93 mg), [a] *¢'® —153°
(CHCly) which could not be induced to crystallise after
microdistillation at 130—150° and 2 X 10™* mmHg. This
material was identical with authentic NO-dibenzoyl-L-
prolinol obtained similarly from r-prolinol® (Found: C,
73-3; H, 6-2; N, 4-5. C,,H,,NO, requires C, 73-8; H, 6-2;
N, 4:5%), [dp2* —154° (CHCLy), v, 1730, 1625, 1610, and
1590 cm™. The rL-prolinol isolated as hydrolysis product
was further characterised by its conversion into the N-2,4-
dinitrophenyl derivative, obtained as a yellow gum (92 mg),
[o],28 —1140° (CHCL,) {lit.,® [, —1275° (MeOH)}. Itwas
identical with authentic N-2,4-dinitrophenyl-L-prolinol
obtained 22 in a similar manner from L-prolinol 8 as a yellow
gum, [ 22 —1109°, which was purified by microdistillation
at 130—150° and 2 X 10 mmHg (Found: C, 49-3; H, 5-1;
N, 15-6. Calc. for C;;H;;N;O;: C, 49-4; H, 4-9; N, 15:7%).

(iv) Isolation of (+)-L-valine (11).—-The Amberlite CG 400
ion-exchange resin employed in the separation of hydroxyl-
amine and L-prolinol from the acid hydrolysate was subse-
quently eluted with N-hydrochloric acid to give rL-valine
hydrochloride (409 mg, 97%). The N-2,4-dinitrophenyl
derivative 8 was obtained as yellow crystals (from ether-

35 G. Ciamician and P. Silber, Ber., 1903, 86, 4266.
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light petrolenm), m.p. 130—131° (Found: C, 46-6; H, 4-8;
N, 14.9. Calc. for C;;H,;N,0,: C, 46-6; H, 4-6; N, 14-8%),
[a] 248 —25° (CHCly), and was identical with authentic N-
2,4-dinitrophenyl-L-valine, m.p. 131—132° (lit.,® 132°).

(b) With N-hydrochlovic acid. A mixture of actinonin
(500 mg) and N-hydrochloric acid (10 ml) was heated at 100°
for 3 h. The oil which separated was extracted into ether
(3 X 10 ml) and the combined extracts were evaporated.
The residual oil was triturated with light petroleum and the
crystalline solid (180 mg) which separated was crystallised
from light petroleum to give prisms (130 mg, 53%) of (+)-D-
pentylsuccinic acid, m.p. 79—80°.

Aqueous sodium hydroxide (509, w/v) was added to the
acid hydrolysate and the alkaline solution then saturated
with sodium chloride and continuously extracted with ether
for 16 h. The extract was dried and evaporated giving
crude L-valyl-L-prolinol (VI) (220 mg, 859%,) as an oil. The
picrate was obtained as yellow prisms (from methanol-ether),
m.p. 193-5—194-5° (Found: C, 44-7; H, 55; N, 16-0.
CoHgoN,0, requires C, 44-8; H, 5-4; N, 16-3%,), identical
with an authentic sample.®

Hydrolysis of Actinonin with Sodium Hydrogen Carbonale.
—A mixture of actinonin (500 mg), methanol (5 ml), water
(1 ml), and sodium hydrogen carbonate (110 mg, 1 equiv.)
was heated under reflux for 4 h, then acidified with 2N-
hydrochloric acid, saturated with sodium chloride, and
extracted with ether. The extract gave a syrup (200 mg)
which contained some actinonin (100 mg). The aqueous
layer was made alkaline with 2N-sodium hydroxide and
continuously extracted with ether for 20 h. The extract was
dried and evaporated giving L-valyl-L-prolinol (55 mg, 219%,)
characterised as its picrate (see above).

Perviodic Acid Oxidation of Actinonin. Formation of
Actinonic Acid 3¢ (XVIII).—A suspension of actinonin (200
mg) in water (20 ml) was treated with aqueous periodic acid
(1-58; 5ml) withstirring. The yellow solid which separated
slowly dissolved and the solution was kept at room tempera-
ture overnight. The solution was saturated with sodium
chloride and extracted with ether. The ethereal solution was
thrice extracted with aqueous sodium hydrogen carbonate
and the aqueous layer was acidified with 2n-hydrochloric
acid, then saturated with sodium chloride and extracted
with ether. The ethereal extract was evaporated to dryness
to give actinonic acid as a gum (155 mg, 81%), m/e 370 (M*,
CyoHgN,05), v, (film) 8350br, 2950, 1710, 1665, and 1610
cm™,

DL-2-(Aminomethyl)heptanoic Acid (VIII).—A mixture of
2-methyleneheptanoic acid 2 (12-5 g) and ammonium
hydroxide (d 0-88; 250 ml) was heated in an autoclave at
160—170° for 24 h. After filtration and aeration the solu-
tion was evaporated to half volume and shaken with ether.
The aqueous layer was further concentrated until the crude
amino-acid separated as a cream solid (3-7 g, 26%,). Crystal-
lisation from water gave prisms (2-3 g) of DL-2-(amino-
methyl)heptanoic acid, m.p. 224—225° (Found: C, 60-3; H,
10-7; N, 87. CgH,,NO, requires C, 60-3; H, 10-8; N,
8:8%,).

Lossen Degradation of Actinonin.—A stirred mixture of
actinonin (1-04 g), methylketen diethyl acetal ¥ (2 g), and
anhydrous ether (30 ml) was heated under reflux for 30 h.
The solution was evaporated and the oily residue treated
with anhydrous benzene (30 ml) and heated under reflux for
3 h. Evaporation gave the crude isocyanate (XIV) as an
oil (1-8 8), v, (film) 2295 cm™. The isocyanate (XIV) was
heated under reflux with dilute hydrochloric acid (6~5; 80
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ml) for 3 h. The solution was washed with ether and
evaporated. Paper chromatography of the residue (1-23 g)
(system EAW) indicated the presence of valine (Rp 0-5),
prolinol (0-74), and a third ninhydrin-positive component
(0-67, blue-violet). Prolinol hydrochloride was separated
from this mixture by using Amberlite CG 400 ion-exchange
resin (HO~ form) as described above. The remaining mix-
ture of amino-acid hydrochlorides (0-68 g) was subjected to
chromatography on thick paper sheets (Whatman 3MM)
with the system EAW as developing solvent: zone separ-
ation of valine (Rp 0-54) and the second amino-acid (0-64)
was detected by marginal application of ninhydrin. Elution
of the zones with aqueous ethanol yielded valine (353 mg) and
the second amino-acid (113 mg). The latter material after
crystallisation from water and methanol gave DL-2-(amino-
methyl)heptanoic acid (VIII) as prisms, m.p. 227—229°
(Found: C, 60-0; H, 10:7; N, 8-7. Calc. for CgH,;NO,:
C, 60-3; H, 10-8; N, 8:8%,), identical with the material
described above.

Pyrolysts of DL-2-(Aminomethyl)heptanoic Acid.—The acid
(7-5 mg) obtained from the Lossen degradation of actinonin
was heated at 250° in a slow stream of nitrogen. The con-
densate yielded 2-methyleneheptanoic acid (X) (3:7 mg),
identical with authentic material.?® In a similar manner,
trans-oct-2-enoic acid 37 (XI) was obtained from 3-amino-
octanoic acid 2 (IX).

Formation of the Dihydyrouracils (XVa and b).—A mixture
of actinonin (230 mg), methylketen diethyl acetal (1 ml), and
NN-dimethylformamide (10 ml) was heated under reflux
(3 h) and evaporated. The residue was dissolved in cyclo-
hexane (5 ml) and the solution filtered and evaporated to
give the dihydrouracil (XVa) as an oil (230 mg), v, (film)
3360, 1722, 1680, 1640, 1160, 1055, and 958 cm™. This
compound (XVa) was dissolved in aqueous methanol and the
solution kept at room temperature for 3 days. Evaporation
yielded (XVb) as a gum (190 mg), mje 367 (M*, C;,H;,N,0,),
Voax (film) 3360, 1722, 1680, and 1640 cm™.

Dimethylactinonin (XVII).—A solution of actinonin (250
mg) in methanol (20 ml) was treated with an excess of
diazomethane and kept at room temperature for 12 h.
Addition of acetic acid and evaporation gave a residue which
was dissolved in chloroform (10 ml) and kept at 0° for 1 h.
Filtration and evaporation of the filtrate gave dimethyl-
actinonin as an oil (250 mg), m/e 413 (M*, Co)H3yN,Oy), v,
3450, 1660, 1630, and 1525 cm™.

DL-2-Acetamido-3-methylbutyrohydroxamic Acid.—A solu-
tion of N-acetyl-pL-valine 38 (1 g) in methanol (20 ml) was
treated with an excess of ethereal diazomethane and the
mixture was kept at room temperature for 0-5 h and filtered.
The filtrate was evaporated and the crude methyl ester (1-2
g) was dissolved in methanol (10 ml). The solution was
added to a filtered solution of hydroxylamine in methanol
[previously prepared by mixing solutions of potassium
hydroxide (0-56 g) in methanol (5 ml) and hydroxylamine
hydrochloride (0-35 g) in methanol (5 ml)} and the mixture
kept at 0° for 36 h. Evaporation gave a crude potassium
salt which was converted into the hydroxamic acid by
passage of its aqueous solution through a column of Amber-
lite CG 50 ion-exchange resin (CO,~ form) and elution with
water. Evaporation of the eluate, trituration of the residue
with chloroform, and crystallisation from dioxan gave DL-2-
acetamido-3-methylbutyrohydvoxamic acid as plates, m.p. 155°

36 E. Cawkill, M.Sc. Thesis, University of Sheffield, 1971.
37 M. Jacobson, J. Amer. Chem. Soc., 1953, 75, 2584.
38 R. L. M. Synge, Biockem. J., 1933, 13, 1913.
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(Found: C, 484; H, 81; N, 158%; Equiv., 174. We are pleased to acknowledge the support and interest
C,H,,N,0, requires C, 48-3; H, 8:1; N, 16:19%; Equiv., of the late Dr. R. Slack, who established and fostered our
172). The compound gave an intense wine-red colouration collaboration.

with ethanolic iron(111) chloride. [4/1141 Received, 12tk June, 1974]
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