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Scheme I. Proposed biosynthetic pathway for the nucleoside skeleton 
of the polyoxins. Asterisk shows the 13C enrichment from D-[I-
13C]glucose. Incorporation stage of the one-carbon unit into C-7 is 
not known. 
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Table I. 13C NMR" Chemical Shift Assignment and Enrichment 
of Carbons of Polyoxin C (1) Labeled by [l-l3C]Glucose 

Carbon 
atom 

2 
4 
5 
6 
7 
1' 
2' 
3' 
4' 
5' 
6' 

Chemical shift,* 
ppm 

152.1 
165.4 
114.6 
140.9 
57.2 
92.2 
73.1 
69.8 
81.5 
54.4 

169.2 

Relative 
enrichment' 

1.40d 

0.94 
0.90 
1.05 
1.00 
2.81 
1.23 
0.90 
1.00 
2.81 
3.23 

a 13C NMR spectra were taken on a JOEL FX-60 spectrometer. 
Solvent: D2O-I N HCl (1:1). * Chemical shift was expressed in parts 
per million relative to tetramethylsilane, calculated from dioxane, 
67.4. '' Relative enrichment was obtained by comparison of the inte
gral curves of enriched and unenriched samples under the identical 
conditions. d This enrichment may be explained by the incorporation 
of [13C]carbamoyl phosphate which is formed from D-[l-l3C]glucose 
through the hexose monophosphate oxidative pathway. 

Biosynthesis of the Nucleoside Skeleton 
of Polyoxins1 

Sir: 

Previous studies from our laboratory have shown that the 
5-substituted pyrimidines of the polyoxin antibiotics2 are de
rived from uracil and C-3 of serine. The biosynthesis of the 
5-substituted uracils is not dependent on thymidylate syn
thetase.3 The biosynthesis of the two side-chain amino acids 
was also studied in detail.4-6 However, the biosynthesis of 5-
amino-5-deoxy-D-allofuranoseuronic acid is not understood. 
This unique sugar amino acid is the common constituent of all 
the polyoxins. Previous experiments3 have shown that r e 
labeled glucose, ribose, and glycerol were incorporated into the 
uronic acid. However, with the exception of C-6', the distri
bution of 14C could not be determined because a practical 
carbon-to-carbon degradation method was not available. This 
difficulty has now been overcome by utilizing [1-13C]glucose 
and 13C NMR analysis. In addition, we have studied the bio
synthesis of the nucleoside skeleton of the polyoxins in detail 
using l4C-labeled compounds including [3-14C]glycerate and 
[U- l4C]uridine. In this paper, we propose a novel biosynthetic 
pathway for the uronic acid moiety of 1 in Scheme I. This in

volves the condensation of uridine with phosphoenolpyruvate 
to afford octofuranuloseuronic acid as the intermediate. 
Subsequent oxidative elimination of the two terminal carbons 
would form the carbon skeleton of the nucleoside skeleton of 
the polyoxins (compound 1, Scheme I). 

D-[l-13C]Glucose7 (1.5 g, 90 at. %) was administered to a 
shaking culture of Streptomyces cacaoi var. asoensis 72 h after 
inoculation8 (1.2 L of the medium in 20 500-mL flasks; me
dium composition, 3% glycerol9, 1% glucose, 2% soybean meal; 
4% dry yeast, 0.2% NaNO3 , 0.2% K2HPO4). After an addi
tional 24-h incubation, the polyoxin complex was isolated from 
the culture filtrate.10 Alkaline hydrolysis2 of the complex af
forded 10 mg of polyoxin C (1, R = CH2OH). The 13C NMR 
spectrum1 ' of 1 showed significant enrichment of C-1', C-5', 
and C-6' (Table I). The distribution of the label clearly indi
cates that this hexose derivative does not originate from the 
carbon skeleton of glucose nor is it formed by the condensation 
of two three-carbon units as suggested earlier.3'1 Instead, equal 
enrichment of C-1' and C-5' indicates that C-1' ~ C-5' origi
nates from the ribose carbon skeleton. Known sugar metabo
lism supports the formation of [1,5-13C]ribose from [1-
13C]glucose via the pentose phosphate cycle.12'13 Taking into 
account the structure of octosyl acid14 (2, R = COOH or 
CH 2OH), also produced by 5. cacaoi, we considered the pos-
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Table II. Incorporation and Distribution of l4C-Labeled Compounds into Polyoxin C (1)" 

Compound added 

L- [methyl-> 4C] Methionine 
DL-[3-14C]Serine 
[3-14C]Pyruvate 
DL-[3-14C]Glycerate 

Amount, 

10 
38 
50 
16 

sp act., 
Ci/mol 

0.76 
1.5 
2.03 
0.24 

sp act., 
mCi/mol 

0.00 
0.35 
0.11 
0.029 

Polyoxin C isolated 
% distribution* 

Uracil 
(C-2,-4,-5,-6) 

18.7 
83.0 
62.8 

C-7 

83.5 
4.1 
7.0 

C-6' 

1.7 
9.5 

30.7 
a Feeding experiment was performed as described.3 Labeled compounds were added 45 h after inoculation. The polyoxin complex was isolated 

after an additional 72-h incubation. * Chemical degradation procedure was described in ref 3a. 

Table III. Incorporation and Distribution of [U-14C]Uridinefl into 
Polyoxin C (1) and the RNA Isolated from S. cacaoi 

Compd isolated 

Polyoxin C(I) 
RNA-uridine 
RNA-cytidine 
RNA-adenosine 
RNA-guanosine 

sp act., 
mCi/mol 

0.327' 
9.33 
2.43 
1.03 
1.03 

14C % distribution 
Base 

74.0 
73.3 
68.7 

1.2 
2.1 

Sugar* 

26.0^ 
26.7 
31.3 
98.8 
97.9 

" [U-14C]L'ridine (36 ^Ci, sp act. 513 Ci/mol) was added to the 
cultures (four 500-mL flasks). * (the specific activity of the nucleoside 
minus the specific activity of the base) -r- (the specific activity of the 
nucleoside) X 100. c Carrier 1(10 mg) was added to the alkaline 
hydrolysate of the polyoxin complex. Crystalline 1 was isolated by 
chromatography on charcoal followed by further purification by paper 
chromatography to a constant specific activity. d Percent distribution 
on C-6' was found to be 1.7% by ninhydrin oxidation. 

sibility that the condensation of ribose and a three-carbon unit 
would produce an octose carbon skeleton. Subsequent splitting 
off of the two terminal carbons might yield the sugar skeleton 
of 1. Conversely, reduction at the ketal carbon (C-7') would 
result in the formation of the anhydro ring structure of 2 
(Scheme I). Higher incorporation of the label into C-6' com
pared with C-T or C-5' reflects the operation of the hexose 
monophosphate oxidative pathway, which yields unlabeled 
ribose from [l-13C]glucose. The most probable candidate for 
this three-carbon unit would be phosphoenolpyruvate. [3-
14C]Glycerate15 and [3- l4C]pyruvate were incorporated into 
1 (Table II). However, the incorporation of 14C into C-6' by 
[3-14C]glycerate was much higher than by [3-14C]pyruvate. 
Moreover, pulse labeling with DL-[3-14C]glycerate (admin
istered 68 h after inoculation and isolated 1 h later) resulted 
in an 83% distribution of 14C into C-6'. These data indicate that 
phosphoenolpyruvate is the direct three-carbon precursor. The 
low incorporation of 14C into C-6' from [3- ,4C]pyruvate can 
be explained by the gluconeogenic formation of [3-14C]phos-
phoenolpyruvate. The possibility of the addition of a one carbon 
unit to ribose can be eliminated for the following reasons: (i) 
L-[methylJ4C]methionine was not incorporated into 1 (Table 
II), and (ii) only a small portion (1.7%) of the 14C incorporated 
into 1 from [3-14C]serine was found in C-6' (Table II). If the 
14C had been incorporated via the one-carbon pool, the signal 
enrichment of C-7 and C-6' in the [ 1 -' 3C]glucose experiment 
should be comparable.16 The data show that there is no ap
parent enrichment of C-7 (Table I). These data strongly in
dicate that the origin of C-6' is related directly to the glycolytic 
pathway and not to the one-carbon pool. A low incorporation 
of 14C into C-6' from [3-14C]serine may be ascribed to the 
following pathway: serine —• hydroxypyruvate —* glycerate 
-* phosphoenolpyruvate. 

To determine if the biosynthesis proceeds at the nucleoside 
level or at the sugar level, a pulse-label experiment using 
[U-14C]uridine was performed. [U-14C]Uridine was added 
to growing cultures of 5. cacaoi 45 h after inoculation and 

incubated for 1 h. The polyoxin complex and the RNA from 
the cell were isolated.17 The distribution of 14C between base 
and sugar of the uridine and cytidine isolated from the RNA 
was approximately the same as for I1 8 (Table III). The specific 
activity of the uridine isolated from the RNA was considerably 
higher than that of the adenosine and guanosine. The data 
indicate that uridine was taken up intact without cleavage of 
the nucleoside bond. Therefore, uridine but not ribose is the 
direct precursor. As illustrated in Scheme I, uridine (or UMP) 
may first be oxidized to the 5'-aldehyde, which undergoes aldol 
condensation with phosphoenolpyruvate to give octofuranu-
loseuronic acid nucleoside. Subsequent elimination of two 
carbons (C-7' and C-8') followed by transamination would 
result in the formation of the nucleoside skeleton of the po-
lyoxins. The isolation of octosyl acids14 supports this pathway, 
since octosyl acid can be formed from the common interme
diate by reduction at C-7'.19 

There are a number of precedents of the same type of con
densation in the biosynthesis of 2-keto-3-deoxyaldonic acids.20 

Formation of 3-deoxy-D-arafo'rto-hepturosonate 7-phosphate, 
the precursor of the shikimate pathway, is a well-known ex
ample in which aldolase uses phosphoenolpyruvate as the 
substrate. The difference in the polyoxin complex is that the 
condensation occurs at the 5' end of the nucleoside instead of 
at the anomeric carbon. 
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Bis(pentamethylcyclopentadienyl)actinide Chemistry: 
Properties of Stable Thorium and Uranium 
Dialkyls and Hydrides 

Sir: 

Currently two major goals in organoactinide chemistry1 are 
to design ways of manipulating coordinative unsaturation for 
optimum chemical reactivity and to develop meaningful 
chemical comparisons between organoactinide reaction pat
terns and those of transition metal organometallics. In regard 
to the former point, one of our aims has been to explore the 
chemistry of species with fewer pentahaptocyc\oper\tad\eny\ 
ligands (e.g., U[R(C5H4)2]X2,2 U(C5Hj)2X2

3 (X = functional 
group)) than in the more saturated M(C5Hs)3X (M = Th, U; 
X = functional group) derivatives.4 In this communication we 
report initial results on new bis(pentamethylcyclopentadien-
yl) derivatives of thorium and uranium. These compounds 
represent some of the most chemically reactive and versatile 
organoactinides prepared to date. Furthermore, in regard to 
the second point above, they provide a direct chemical com
parison to an analogous series of transition metal (Ti, Zr) or
ganometallics.5 Among the new compounds we discuss here 
are the most thermally stable actinide polyalkyls prepared to 
date and their facile reaction with hydrogen. We report the first 
organoactinide hydrides, which demonstrate the existence of 
isolable compounds with actinide-hydride bonds.6 

The reaction of pentamethylcyclopentadienide Grignard 
reagent (prepared by metalating pentamethylcyclopentadiene7 

with isopropylmagnesium chloride in refluxing toluene) with 
thorium and uranium tetrachlorides produces, after filtration 
and removal of the solvent, crystalline bis(pentamethylcy-
clopentadienyl)actinide dichlorides in 70-90% yield. 

toluene 
2(CH3)5C5- + MCl4 - ^ M[(CH3)5C5]2C12 + 2Cl" (1) 

100 °C 

la, M = Th (colorless needles) 

b, M = U (red-orange needles) 

These air-sensitive new complexes were characterized by IR 
and 1H NMR spectroscopy and by elemental analysis.8a 

Cryoscopic molecular weight measurements in benzene show 
lb to be monomeric; la is insufficiently soluble for such de
terminations.9 For lb we propose the monomeric solution 
structure shown; the solid-state structure of la and lb 
must await diffraction studies. The lack of association in 

solution and the relatively low uranium coordination num
ber in the present case stands in contrast to the associated 
U[R(C5H4)2]X2 species.2 

In diethyl ether solution, the bis(pentamethylcyclopenta-
dienyl) dichlorides can be alkylated with methyllithium ac
cording to eq 2. 

M[(CH3)5C5]2C12 +2LiCH3 

(C2Hs)2O , 
M[(CH3)5C5]2(CH3)2 + 2LiCl (2) 

-78 0C 

2a, M = Th (colorless needles) 
b, M = U (orange needles) 

The products were isolated in 65-70% yield by evaporation of 
the ether and recrystallization from toluene. The air-sensitive 
new dialkyls were characterized by the same techniques as the 
dichlorides.813 We find them to be monomeric in benzene8b and 
propose the structure shown. Unlike previously reported ac
tinide polyalkyls, 1^1 0 2a and 2b possess very high thermal 

stability. In toluene solution at 100 0C, 2a has a half-life of ~1 
week, while 2b has a half-life of ~16 h. Of thermal stability 
comparable with that of 2b is the uranium metallocycle pre
pared via the route of eq 3 using 1,4-dilithiotetraphenylbuta-

Ph 

LT(CH1)JC6LCl2 + ^c 
Ph 

(C 2H s ) 20 
1 

room temp 
[(CH3)A]2U, + 2LiCl (3) 

diene.11 This product, after crystallization from toluene, was 
characterized by the chemical and physical methods described 
above.8c 

The reaction of 1 and 2 in toluene yields monoalkylated 
derivatives 

M[(CH3)5C5]2C12 + M[(CH3)5C5]2(CH3)2 

toluene 
- ^ - 2M[(CH3)5C5]2(C1)CH3 (4) 
room 

3a, M = Th (colorless needles) 
b, M = U (orange-red needles) 

with eq 4 lying 90-95% to the right as determined by 1H NMR 
spectroscopy. Interestingly, molecular weight measurements 
in benzene8d show 3b to be monomeric, while 3a is dimeric. The 
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