J. Am. Chem. Soc.

spectrum of racemic 25 is identical with that of (+)-25 isolated
from Stoechospermum marginatum.!
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Cationomycin is a polyether ionophore antibiotic produced by
a rare actinomycete, Actinomadura azurea.’? It is structurally
unique, having an aromatic acyl side chain.* It binds selectively
monovalent cations and is under development as a controlling agent
for chicken coccidiosis because of its remarkable activity and
relative low toxicity.# As part of the research directed toward
chemical and biclogical modification of this interesting molecule,
we report herein the biosynthesis of cationomycin, including the
unambiguous assignment of the 1*C NMR of cationomycin labeled
with [1,2-13C]acetate by double quantum coherence® and ho-
moscalar correlated 2-D 13C NMR (COSY),® and a reasonable
explanation for randomization of the [2-13C]acetate.

An assignment of 13C NMR of cationomycin’ was based on
that of structurally related laidlomycin,® INEPT 1*C NMR
analysis,” and calculation with substituent parameters.!® [1-
13C] Acetate, [1-13C]propionate, [3-1*C]propionate, and [meth-
yl-1*C]-L-methionine were incorporated as expected.!! However,
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Figure 1. Homoscalar correlated 2-D '>*C NMR of cationomycin labeled
with [2-1*Clacetate. The spectrum was obtained by COSY sequence'?
on *C nucleus with 'H decoupling through the experiment at 100 MHz
using Jeol GX 400 (acquisition time ca. 40 h, dimension of matrix 256
X 1024, dimension of transformation 512 X 1024, amount of the com-
pound used ca. 20 mg). (a) Correlation of C-1 with C-2, (b) C-2 with
2-Me, (¢) C-3 with C-4, (d) C-4 with 4-Me, (e) C-4 with C-5, (f) C-5
with C-6 (g) C-6 with 6-Me, (h) C-10 with C-11, (i) C-11 with C-12,
(3) C-12 with 12-Me, (k) C-14 with C-15, (1) C-15 with C-16, (m) C-16
with 16-Me, (n) C-17 with C-18, (o) C-18 with 18-Me, (p) C-20 with
C-21, (g) C-21 with C-22, (r) C-22 with 22-Me, (s) C-22 with C-23, (t)
C-23 with C-24, (u) C-24 with 24-Me, (v) C-24 with C-25, (w) C-25
with C-26, (x) C-26 with C-27.

Scheme I. Pathway for Propionate from {2-'*C]Acetate
through the Krebs Cycle?
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@ Parentheses show the labeling pattern for the second cycle.

Scheme II. Biogenesis of Cationomycin
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feeding of [2-13C)acetate resulted in considerable randomization.
In the 1C NMR spectrum of cationomycin labeled with [1,2-
13Clacetate, the application of double quantum coherence and
homoscalar 2-D 13C NMR revealed eight pairs of 13C-13C cou-
pling, Jy.co- (= 76 Hz), Jy 3 (= 70.8 Hz), J4 5 (= 65.8 Hz),
J6’,6’-Me (= 42.7 HZ), J7_3 (= 37.8 HZ), J9,10 (= 41.5 HZ), 113,14
(= 36.6 Hz), and Jyg 5 (= 36.6 Hz).

In the case of [2-1*Clacetate, the carbons that should be derived
from C-1, C-2, and C-3 of propionate were also enriched. Ho-
moscalar correlated 2-D 13C NMR and double quantum coherence
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experiments revealed the correlation among the labeled carbons
(Figure 1) and the reasonable values of coupling constants (data
not shown). The indirect incorporation of [2-1*Clacetate can be
reasonably explained by the multiple passages of [2-13C]acetate
through the Krebs cycle followed by the methyl malonate-pro-
pionate shunt via succinate. For the first cycle, only C-3 of
propionate derived from succinate would be labeled. However,
for the second cycle, C-1, C-2, and C-3 of propionate derived from
succinate should be labeled in the enrichment ratio of 0.5:0.5:1.
This ratio would reach 1:1:1 by the multiple passages (Scheme
I). From the above results, it has been concluded that cation-
omycin is biosynthesized from 8 mol of acetate, 9 mol of pro-
pionate, and 2 mol of methionine methyl as shown in Scheme II.

In order to study in more detail the biosynthetic pathway of
cationomycin, appropriately labeled preformed side chain acids
were used for the feeding experiments. However, both
[OCH,-13C]-4-methoxy-6-methylsalicylate!* and [CH;-*H]or-
sellinate!* were not incorporated at all. It appears that the pre-
formed acids are not activated in vivo.

Registry No. Cationomycin, 80394-65-6; acetic acid, 64-19-7; pro-
pionic acid, 79-09-4.

(13) The compound was prepared from orsellinic acid ([methyl-1*C]methyl
iodide (90% enriched), KOH/Me,SO, 30 min at room temperature). Satis-
factory analytical data have been obtained for the compound.

(14) Labeled by Tritium Labelling Services of Amersham International
Limited, Buckinghamshire, England HP7 9LL. The specific activity was
0.408 Ci/mol.
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Devising effective strategies for the selective, metal-mediated,
homogeneous activation of C-H bonds on exogenous saturated
hydrocarbon molecules currently represents a great challenge.!?
Transition-metal systems involving oxidative addition/reductive
elimination sequences have received the greatest attention,!~
although recent results with a trivalent organolanthanide* suggest
“heterolytic” C-H activation pathways may also be widely ap-
plicable. We recently reported an actinide-centered cyclo-
metalation reaction in which extrusion of a saturated hydrocarbon
molecule occurs (eq 1, R = neopentyl) to yield thoracyclobutane
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50 °C, cyciohexane (R =neopenty!, closed container)

\CHZC(CH3)3

I, R = ncopenty!

25 Thermochemical data® (D(Th-R))? indicate that unfavorable
nonbonded interactions*®® and/or intrinsically weak Th-neopentyl
bonds in 1 partly compensate for the nonnegligible metallacyclic
ring strain energy in 2 (ca. 15 kcal/mol®). As a consequence, the
endothermicity of eq 1 (ca. +7 kcal/mol) is sufficiently small for
R = neopentyl to be outweighed by entropic (TAS)>!° factors;
thus, AG < 0. These observations raise the fascinating question
as to whether, for judiciously selected D(Th-R) and D(R-H), eq
1 can be rendered sufficiently endothermic (eq 2)!! that AG >

AH, ~ D(Th-R) + D(neopentyl-H) — D(Th-CH,(2)) -
D(R-H) (2)

0, i.e., that complex 2 will stoichiometrically activate saturated
hydrocarbons.!? Taking tetramethylsilane and methane as ex-
amples, we confirm this hypothesis and report that these substrates
are readily activated by a tetravalent actinide complex according
to the reverse of eq 1.

Complex 2 was synthesized and purified as described previ-
ously.®® Due to the extreme sensitivity of the subject compounds,
reactions were carried out in sealed NMR tubes under scrupulously
anaerobic and anhydrous conditions in the dark. From steric
considerations and since D(Th-secondary alkyl) is likely to be less
than D(Th-primary alkyl), %1% cyclohexane-d,, was chosen as the
solvent.!3® The reaction of 2 with tetramethylsilane, as monitored
by 270-MHz 'H NMR, is shown in Figure 1. Disappearance
of signals due to 2 is accompanied by the appearance of a new
thorium complex, 3, formulated as shown in eq 3 on the basis of
'H and 1*C NMR as well as comparison with an authentic sam-
ple.l*s® The very high solubility of 3 has so far limited isolated
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