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?(a) 10 equiv of NH,OH-HClI, 10 equiv of Na,CO,, Et,0-H,0, 25
°C, 8 h, 74%. (b) Aqueous 5% NaOCi, catalytic Et;N, CH,Cl,-H,0,
0 °C, 40 min, 66%. (c) H,, Raney Ni, B(OH),, 1,4-dioxane~MeOH-
H,0, 25 °C, 5 h, 72%. (d) 1.5 equiv of tert-BuMe,SiCl, 1.5 equiv of
imidazole, DMF, 25 °C, 16 h, 88%. (e) 1.5 equiv of NaBH,, 1.5 equiv
of CeCl;7TH,0, MeOH, 0 °C, 2 h, 53%. (f) 1.5 equiv of BnBr, 1.5
equiv of NaH, DMF, 0 °C, 1 h. (g) 1.5 equiv of #n-Bu,NF, THF, 0
°C, | h, 58% from 7. (h) 1.4 equiv of Ti(OPr'),, 1.5 equiv of diiso-
propyl L-tartrate, 2.0 equiv of +-BuOOH, CH,Cl,, -20 °C, 5 h, 94%.
(i) 1.5 equiv of BnBr, 1.5 equiv of NaH, DMF, room temperature, 2 h,
98%. (j) 12 equiv of NaNj, 12 equiv of NH,Cl, DMF—ethylene glycol,
125 °C, 48 h, 78%. (k) 4.0 equiv of LiAIH,, Et,0, 0 °C, 4 h, then 1.5
equiv of BaNCS, THF, room temperature, 3 h, 83%. (1) 0.5 M aque-
ous HCI, 1,4-dioxane, 60 °C, 24 h, 74%. (m) 1.2 equiv of 2-chloro-3-
ethylbenzoxazolium tetrafluoroborate, MeCN, 0 °C, | h, then
quenched with 2.4 equiv of Et;N, 0 °C, 3 h, 82%. (n) H,, Pd(OH),—C,
MeOH, 60 °C, 30 min, 71%.

D-tartrate instead of L-tartrate gave a diastereomer of the epoxide
10 in 77% yield. The configuration of these diastereomers followed
Sharpless’ epoxidation rule.’

After benzylation of 10 with benzyl bromide-NaH in DMF,
treatment of the benzylated product 11 with sodium azide,'
ammonium chloride, and ethylene glycol in dimethylformamide
gave azide 12. Reduction of the azide group of 12 with lithium
aluminum hydride in ether and treatment of the resulting amine
with benzyl isothiocyanate gave thiourea 13. Deprotection of two
methoxymethyl groups of 13 by 0.5 M aqueous hydrogen chloride
in 1,4-dioxane afforded 14. Treatment of 14 with 2-chloro-3-
ethylbenzoxazolium tetrafluoroborate!! gave aminooxazoline 15
through an intermediate carbodiimide. The benzyl groups of 15
were removed with hydrogen using palladium hydroxide on carbon
(Pearlman’s catalyst) in methanol to give 16 ([a]*’p +14.4° (¢
0.32, H,0)), which was identical with natural trehazolin aglycon
([a]**p +13.5° (c 0.74, H,0))'? in all respects. The absolute
configuration of natural trehazolin aglycon was thus determined
as [1R-(12,28,32,48,58)].

(10) Vandermerf, C. A.; Heisler, R, Y.; McEmen, W. E. J. Am. Chem.
Soc. 1954, 76, 1231-1235,

(11) Takeda, T.; Mukaiyama, T. Chem. Lett. 1980, 163-166.

(12) Ando, O.; Nakajima, M.; Hamano, K.; Itoi, K.; Takahashi, S.; Ha-
ruyama, H.; Kinoshita, T. Degradation of natural trehazolin to its aglycon.
J. Antibiot., submitted for publication.
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?(a) 4.0 equiv of LiAlH,, Et,0, 0 °C, 4 h, 5% HCI-MeOH, 60 °C,
5 h, and then 1.0 equiv of 2,3,4,6-tetra-O-benzyl-a-p-glucopyranosyl
isothiocyanate, 1.5 equiv of Et;N, room temperature, 18 h, 69%. (b)
1.7 equiv of 2-chloro-3-ethylbenzoxazolium tetrafluoroborate, MeCN,
0 °C, 1 h, then quenched with 3.2 equiv of Et;N, 0 °C, | h, 68%. (¢)
H,, Pd(OH),-C, MeOH, 60 °C, 30 min, 44%.

Finally, we synthesized trehazolin as follows. Treatment of the
amine obtained from 12 with 5% methanolic hydrogen chloride
at 60 °C removed the two methoxymethyl groups, and then
treatment of the resulting triol amine hydrochloride with
2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl isothiocyanate!'® and
triethylamine gave an a-D-glucopyranosylthiourea derivative 17.14
Cyclization of 17 with 2-chloro-3-ethylbenzoxazolium tetra-
fluoroborate!! and triethylamine in acetonitrile gave hexa-
benzyltrehazolin 18, which was hydrogenolized to trehazolin (1)
using Pearlman’s catalyst. The synthetic trehazolin (1, [a]¥p
+112.7° (¢ 0.59, H,0)) was identical with natural trehazolin
([e]*5 +99.5° (c 0.44, H,0))! in all respects, including inhibition
activity toward both silkworm and porcine trehalases.!

(13) Camarasa, M. J.; F-Resa, P.; D-L-Heras, F. G.; M-Castrillin, P. P.;
Felix, A. S. Synthesis 1984, 509-510.

(14) If deprotection of the two methoxymethyl groups of the resulting
amine was done in the final step after the formation of the thiourea, a 1:1
mixture of 18 and its 8-anomer was obtained.
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During the past decade the structural diversity of known
naturally occurring benz[a]anthraquinones has expanded, causing
them to become a major class of polyketide metabolites.! The
biosynthesis of three members has been reported: two are derived
from the predictable folding of a decaketide precursor,?~ while
a third may be derived by rearrangement of a linear intermediate.?
Many benzanthraquinones possess a hydroxyl at C-6 (derived from
C-1 of acetate, e.g., dehydrorabelomycin (1)%9), while a nearly

(1) Rohr, J.; Thiericke, R. Nat. Prod. Rep. 1992, 9, 103.

(2) Vineomycin A, and urdamycin A* have been investigated. The same
benz[a]anthraquinone, aquayamycin, is present in each.

(3) Imamura, N.; Kakinuma, K.; Ikekawa, N.; Tamaka, H.; Omura, S. J.
Antibiot. 1982, 35, 602.

(4) Rohr, J; Beale, J. M,; Floss, H. G. J. Antibiot. 1989, 42, 1151.

(5) The origin of the carbon skeleton of dehydroabelomycin has been
established from its intermediacy® in the biosynthesis of kinamycin D.”

(6) Seaton, P. J.; Gould, S. J. J. Am. Chem. Soc. 1987, 109, 5282.

(7) Sato, Y.; Gould, S. J. J. Am. Chem. Soc. 1986, 108, 4625.

(8) Gould, S. J.; Halley, K. A. J. Am. Chem. Soc. 1991, 113, 5092.
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equal number lack oxygen at this site (e.g., tetrangulol (2)!%!1),
We now report data on a member of each subset that indicate
that neither subset is the precursor of the other; rather, they are
derived from different prearomatic intermediates.

We have previously reported the isolation of 1 from Strepto-
myces murayamaensis and the incorporation of 1 into kinamycin
D by the same organism.5 In order to determine the origin of the
C-6 oxygen (C-6 is lost during the conversion of 1 into the ki-
namyeins’), sodium [1-2C,'80,]acetate (497 mg, 3a) was fed to
five 200-mL fermentations, and labeled 1a (3.6 mg) was subse-
quently isolated and converted to its triacetate. '*C NMR analysis
revealed the expected enhancements at nine carbons, and relative
to the specific enrichment at C-1, C-6, C-7, and C-8, the retention
of 180 at these sites was 84, 84, 58, and 82%, respectively. The
enrichment at the C-6 hydroxyl clearly establishes its origin from
an acyclic polyketide intermediate which had retained the acetate
carbonyl at this site. The lower level of 'O retention at C-7
presumably reflects exchange of the quinone carbonyl with the
medium.

We next investigated the biosynthesis of the benz[a]anthra-
quinone antibiotic PD 116470 (4), produced by Streptomyces WP
4669.12 Compound 4 was readily purified following the literature

(9) Liu, W. C,; Parker, W. L.; Slusarchyk, D. F.; Greenwood, G. L.;
Graham, S. F.; Meyers, E. J. Antibiot. 1970, 23, 437.

{10) Dann, M.; Lefemine, D. V.; Barbatshi, F.; Shu, P.; Kunstmann, M.
P.; Mitscher, L. A.; Bohonos, N. Antimicrob. Agents Chemother. 1968, 832.

(11) Kunstmann, M. P.; Mitscher, L. A. J. Org. Chem, 1966, 31, 2920.

(12) Wilton, J. H.; Cheney, D. C.; Hokanson, G. C.; French, J. C. J. Org.
Chem. 1988, 50, 3936.
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procedure. Through 1D and 2D NMR experiments we have
confirmed the structure of 4 and obtained the complete ’°C NMR
assignments. Sodium [1-1*C]acetate (480 mg total) (3b) was fed
to three 330-mL broths in thirds at 20, 30, and 40 h after inoc-
ulation, and subsequent workup yielded 8.1 mg of 4a. The 13C
NMR spectrum (100.6 MHz, MeOH-d,) indicated that nine
carbon atoms were enriched, as indicated on the structure. Sodium
[1,2-13C,]acetate (400 mg) (3c) was fed next in order to establish
the nature of the biosynthetic backbone. This yielded 16.4 mg
of pure 4b. The '3C NMR spectrum of 4b showed 18 resonances
with doublets flanking the natural abundance singlets, indicating
nine intact precursor acetate units and one lone enriched singlet,
while the 2D INADEQUATE spectrum confirmed the expected
pairings of the doublets. The labeling pattern revealed that 4 is
derived by a simple folding and condensation of a decaketide to
the angular benz[a]anthraquinone skeleton, as shown in Scheme
I

[2,4,5,9,11-2H;]-1b% and [2,4-2H,]-2a'? were next tested as
intermediates in the biosynthesis of 4. Samples of 1b and 2a (20
mg in 2 mL of DMSO) were fed to separate fermentations using
the same protocol as above. Purified 4 obtained from the 1b
feeding showed no enrichment by 2H NMR spectroscopy. No
remaining 1b could be detected in the broth, indicating that it
had been consumed. Workup of the 2a feeding afforded 15 mg
of 4¢, and 8.0 mg of 2a was recovered unchanged. ’H NMR
analysis (61.4 MHz, methanol for chemical shift reference and
deuterium quantitation) of 4¢ clearly showed resonances at 6 6.90
and 6.95, corresponding to H-2 and H-4, respectively (average
enrichment 1.38%).

In the biosynthesis of dehydrorabelomycin (1), the C-6 hydroxyl
oxygen is retained from the original acetate precursor. Although
aromatic hydroxylation is a well-known metabolic reaction, tet-
rangulol (2) is clearly not a precursor to 1. Tetrangulol, rather
than 1, has now been shown to be the key intermediate in the
biosynthesis of 4. Recently postaromatic deoxygenation of a
polyketide metabolite has been demonstrated,!’ but the results
reported here show that such a process does not occur in the
biosynthesis of 4. Having undergone only oxidation at C-12 and
decarboxylation at C-2, 1 and 2 are the two simplest benz[a]-
anthraquinones. Therefore, C-6 deoxygenation must occur at a
prearomatic stage.! Since polyketide biosynthesis has been shown
to be a “processive” metabolism,''? the cumulative results indicate
that 1 and 2 are generated from different polyketide synthases.
Thus, there are two separate pathways, and 1 and 2 can now be
considered the “parents” of two different large subfamilies of
metabolites. As part of a program to explore the subsequent
modifications of these compounds, the mechanism of the formation
of 4 from 2 will be described in due course.
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The chemistry of complexes of the d-transition elements con-
taining organoimido functional groups constitutes a rapidly ex-
panding area of research.! Examples of molecules containing
multiple terminal imido functional groups now exist for repre-
sentative elements from groups 5-8.!2 In contrast, f-metal
terminal organoimido complexes are still relatively rare,’ and
examples of single actinide metal sites coordinated by greater than
one imido ligand are unknown. On the basis of the stability of
uranyl ion (UO,)?*, there appears to be no reason why the iso-
electronic bis(organcimido) species should not be accessible.*
Development of this chemistry has been hampered by the lack
of synthetic routes to high-valent (V, VI) uranium complexes and
by the relatively small number of ligands which have been dem-
onstrated to stabilize these oxidation states.>> Here we describe
the synthesis and structural characterization of the first bis(or-
ganoimido) complex of uranium(VI). This species also represents
the first complex of uranium(VI) supporting metal-carbon bonding
in either a g- or w-fashion.

As part of our studies of preparative routes to uranium orga-
noimido complexes,’ we are examining generation of uranium
imido functionalities by abstraction of an amido hydrogen by a
leaving hydrocarbyl or amido ligand.5 The room temperature
reaction of red-orange (CsMe;),U(CH,;)Cl" with 1 equiv of

(1) (a) Nugent, W. A,; Haymore, B. L. Coord. Chem. Rev. 1980, 31, 123.
(b) Nugent, W. A; Mayer, J. M. Metal-Ligand Multiple Bonds; John Wiley
and Sons: New York, 1988,

(2) Chao, Y. W.; Wexler, P. A,; Wigley, D. E. Inorg. Chem. 1990, 29,
4592,

(3) (a) Burns, C, J.; Smith, W. H,; Huffman, J. C.; Sattelberger, A. P. J.
Am. Chem. Soc. 1990, 112, 3237. (b) Zalkin, A.; Brennan, J. G.; Andersen,
R. A. Acta Crystallogr. 1988, C44, 1553, (c) Brennan, J. G.; Andersen, R.
A. J. Am. Chem. Soc. 1985, 107, 514. (d) Cramer, R. E.; Panchanathes-
waran, K.; Gilje, J. W. J. Am. Chem. Soc. 1984, 106, 1853. (e) Cramer, R.
E.; Edelmann, F.; Mori, A. L.; Roth, S.; Gilje, J. W.; Tatsumi, K.; Nakamura,
A. Organometallics 1988, 7, 841.

(4) (a) Weigel, F. In The Chemistry of the Actinide Elements; Katz, J.
J., Seaborg, G. T., Morss, L. R., Eds.; Chapman and Hall: New York, 1986;
Chapter 5 and references therein. (b) Wells, A. F. Structural Inorganic
Chemistry, Clarendon Press: Oxford, 1975; p 1000. (c) Pyykko, P.; Laak-
sonen, L. J. Phys. Chem. 1984, 88, 4892. (d) Pyykkd, P. Inorg. Chim. Acta
1987, 139, 243 and references therein.

(5) (a) Van Der Sluys, W. G.; Sattelberger, A. L. Chem. Rev. 1990, 90,
1027. (b) Bachter, W.; Jacob, E. In Handbook of the Physics and Chemistry
of the Actinides; Freeman, A. J., Keller, C., Eds.; Elsevier North-Holland:
Amsterdam, 1985; Vol. 3, Chapter 7 and references therein.

(6) (a) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. J. Am. Chem. Soc.
1988, /10, 8729. (b) Cummins, C. C.; Baxter, S. M.; Wolczanski, P. T. J.
Am. Chem. Soc. 1988, 110, 8731. (c) Cummins, C. C.; Van Duyne, G. D;
Schaller, C. P.; Wolczanski, P. T. Organometallics 1991, 10, 164, (d) Cum-
mins, C. C.; Schaller, C. P.; Van Duyne, G. D.; Wolczanski, P. T.; Chan, A.
W. E.; Hoffmann, R. J. Am. Chem. Soc. 1991, 13, 2985. (e) Wheeler, D.
R.; Huffman, J. C.; Miller, M. M.; Burns, C. J.; Sattelberger, A. P. Manu-
script in preparation.

(7) Manriquez, J. M.; Fagan, P. J.; Marks, T. J. J. Am. Chem. Soc. 1978,
100, 3939.
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Figure 1. ORTEP drawing of Cp*,U(NC¢H;); (2), with atoms shown
as 50% probability ellipsoids. Selected distances (A) and angles (deg)
for 2: U(1)-N(1) = 1.952 (7), U(1)-N(1)-C(11) = 177.8 (6), N(1)-
U(1)-N(1) = 98.7 (4), Cp*(centroid)-U(1)—Cp* = 141.9.

LiNHC¢H; in diethyl ether for 12 h in the presence of 1 equiv
of TMEDA results in the slow evolution of methane and the
formation of a brown-orange solution. Following removal of the
diethyl ether under reduced pressure, the residue is extracted with
toluene, the extract is filtered through Celite, and the solvent is
removed in vacuo. Treatment of the resulting red-brown oil with
cold hexane yields [Li(TMEDA)](CsMes),U(NC,H;)Cl1 (1)? as
a brown-orange powder in 75% yield (eq 1).°

_ (CiHg,0
(CsMes),U(CH;)Cl + ILINHC¢H; + TMEDA ——

[Li(TMEDA)](Csi\des)zU(NC(;Hs;Cl (1)

The addition of 1 equiv of phenyl azide to a stirred solution
of 1in diethyl ether at room temperature results in a rapid color
change from brown-orange to black-brown with the evolution of
nitrogen.’* After 12 h the solvent is removed, yielding
(CsMe;),U(NC¢H;), (2) as a black-green powder (85% yield)
upon washing with cold hexane (eq 2).'® Compound 2 is soluble
in ether and aromatic solvents and exhibits only modest air and
moisture sensitivity.

. (CoHy),0
[Li(TMEDA)](CsMe;),U(NCsH;)Cl + 1N,C4H; ~

(CsMes)zg(NcsHsz)z %)

Compound 2 may be more directly prepared in high yield (80%)
by the addition of 1-lithio-1,2-diphenylhydrazine to a stirred diethyl
ether solution of (CsMes),U(CH,)Cl at room temperature (eq
3). Evolution of methane is vigorous, and the solution color
changes from the deep maroon of (CsMe;),U(CH,)CI to the
black-brown of 2 within ca. 15 min., The intermediacy of a U(IV)
n%-1,2-diphenylhydrazido(2-) species may be postulated, which
subsequently undergoes N—=N bond cleavage to form 2. Other

(8) Arney, D. S. J; Burns, C. J.; Smith, D. C. Manuscript in preparation.

(9) [Li(TMEDA)}(CsMe;),UNC:H;)Cl (1): 'H NMR (250 MHz,
CeDg, 25 °C) 6 39.55 (s, /2 = 31 Hz, 2 H, meta), 30.45 (s, »,/, = 31 Hz,
2 H, ortho), 13.79 (s, »,,, = 31 Hz, | H, para), 4.82 (br, »;;; = 48 Hz 4 H,
Me,NCH,CH,NMe,), 3.29 (br, o, = 250 Hz, 12 H, Me;NCH,CH,NMe),
~1.27 (s, »;/; = 15 Hz, 30 H, CsMes); IR (Nujol mull) 1288 (s), 1272 (vs),
1264 (vs), 1224 (m), 1188 (w), 1160 (s), 1148 (w), 1120 (m), 1092 (w), 1069
(w), 1064 (m), 1031 (m), 1016 (m), 1010 (m), 992 (s), 984 (w), 977 (w), 952
(m), 900 (s), 876 (m), 828 (w), 792 (s), 783 (w), 764 (s), 724 (m), 692 (s),
672 (w), 628 (s), 608 (m), 592 (w), 584 (m), 492 (m). Anal. Calcd for
C;3,H N3LICIU: C, 50.68; H, 6.79; N, 5.54. Found: C, 51.06; H, 6.69; N,
5.17

(10) (CsMes),U(NC¢Hs), (2): 'H NMR (250 MHz, CDy, 25 °C) 6 9.26
(t, 4 H, Juy = 7.75 Hz, meta), 4.16 (s, 30 H, CsMe;), 2.82 (d, 4 H, J,yy =
7.46 Hz, ortho), 0.72 (t, 2 H, Jyy = 7.35 Hz, para); *C NMR (62.9 MHz,
CeDg, 25 °C): 6 181.2 (Copenyt)s 143.4 (Chpenyt), 136.5 (Cipgo/Cring), 110.8
(Cipso/ Cring)» 109.7 (Cppeny)» 7.7 (CsMes); IR (Nujol mull) 1273 (s).1266 (s),
125’(m). 1210 (vw), 1160 (m), 1142 (w), 1062 (m), 1014 (m), 992 (m), 905
(s), 889 (m), 860 (w), 819 (w), 756 (vs), 686 (vs), 601 (vw), 527 (s). Anal.
Caled for C3,H,oN,U: C, 55.65; H, 5.84; N, 4.06. Found: C, 55.27; H, 6.06;
N, 3.74.
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