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ether 12 and subsequently oxidatively demethylatedSb with silver 
oxide and hydrolyzed to give the desired tetracyclic trione 4 in 
77% yield. This oxidation could not be successfully scaled up, 
and as an alternative we found that the dimethyl ether 13b could 
be cleanly demethylated selectively at  the 6-position with 1:l 
HBr/HOAc to give in larger scales the trione 4, which had ‘H 
NMR, IR, and mass spectra identical with those of an authentic 
sample. That the 6-methoxyl in 13b is selectively cleaved can also 
be established by the same conversion for 13c prepared from the 
ethoxycarbene complex IC. The synthesis of the tetracyclic trione 
4 was achieved in nine steps from commercially available starting 
materials in 8% overall yield and is thus comparable to the other 
syntheses of this intermediate.* 

The synthesis of the intermediate 4 not only represents a formal 
synthesis of daunomycinone 6a9 but also demonstrates that the 
strategy of utilizing the benzannulation of cyclohexenyl chromium 
carbene complexes as outlined in Scheme I1 is a viable approach 
to anthracycline synthesis. Moreover, it can be anticipated to be 
a powerful approach since fully functionalized aglycones (Le., 6a) 
could be obtained directly from the corresponding cyclization of 
more highly functionalized carbene complexes and since it could 
at  the same time provide for a convergent synthesis for both the 
11-oxy and 11-deoxy anthracyclines due to the fact that the 
benzannulated product 9 has the oxygens in the incipient 6- and 
1 1 -positions differentially protected. 
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Oxygen-substituted carbenes have drawn considerable atten- 
tion.2 Interaction between the carbene unoccupied p orbital and 
the adjacent oxygen lone pair is thought to stabilize the singlet 
state relative to the triplet3 and to increase the nucleophilicity in 
oxycarbene~.~ The simplest member of this family, hydroxy- 
methylene, has been suggested as an intermediate in formaldehyde 
photochemistry, although it has eluded spectroscopic de tec t i~n .~  
Alkoxycarbenes have similarly been implicated as photoproducts 
of cyclobutanones and certain other cyclic ketones.6 Methoxy- 
chlorocarbene (1) was proposed by Hine and co-workers in 1953’ 
to be an intermediate in the alkaline methanolysis of chloroform. 
More recently, the groups of Mosss and Stevens9 have investigated 
the reactions of 1 generated by thermolysis of 3-chloro-3-meth- 
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Figure 1. Infrared spectrum obtained on irradiation ( h  >340 nm) of 
argon matrix isolated (1:700; 10 K) 3-chloro-3-methoxydiazirine (2). 
Bands marked C are  assigned to methoxychlorocarbene (l), those 
marked D are  due to 2, and those marked A are from acetyl chloride. 

oxydiazirine (2). Two aspects of the chemistry of 1 are of par- 
ticular note. First, methoxychlorocarbene (1) is the premier 
example of an ambiphilic singlet ~ a r b e n e . ~ , * , ~  The substituent 
effects produce a species exhibiting both electrophilic and nu- 
cleophilic proclivities. Second, l does not thermally rearrange 
to acetyl chloride, but rather generates methyl chloride and CO 
if ~ n t r a p p e d . ~  Although the mechanism of this reaction is un- 
certain, carbocations have been suggested as intermediates in the 
decomposition of other alkoxychlorocarbenes.’’ This is in striking 
contrast to non-halogen-substituted oxycarbenes, which generally 
undergo alkyl migration to give the corresponding carbonyl 
compounds,6J’ albeit likely via biradicals. 

Although a number of carbenes have been characterized by IR, 
ESR, and UV: no oxycarbenes have been directly observed. We 
now wish to report the IR spectrum of methoxychlorocarbene ( l ) ,  
its novel photochemistry, and information concerning its molecular 
structure. 

Irradiation (A >340 nm) of argon matrix isolated 3-chloro-3- 
methoxydiazirine (2)93’2 at 10 K produces a new species with major 
IR absorptions at  2963, 1449, 1300, 1286, 1280, 1135, 950, 842, 
777, 698, and 402 cm-’ (Figure 1). The product is photolabile 
a t  these wavelengths and is converted to acetyl chloride, ketene, 
and HCl on continued i r radiat i~n.’~ This photoreactivity limits 
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of the carbene takes place is 360 nm. Combining this energy, the 
heats of formation of acetyl chloridez0 and 1 and the UV spectrum 
of acetyl chloride2] indicates that rearrangement of excited singlet 
1 to excited singlet acetyl chloride is exothermic by ca. 30 
kcal/mol. Although the topology of the relevant energy surface 
is not known, the reaction clearly fulfills at least the energetic 
requirements for an adiabatic photorea~t ion. '~  Since acetyl 
chloride does not fluoresce, this mechanism must remain tentative 
at  this time. Further studies on the chemistry and structure of 
1 are in progress.22 
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the extent to which this intermediate can be built up. No diazo 
intermediate (1 900-2300 cm-l) was observed, nor were chloro- 
oxiraneI3 or methyl chloride formed.13 Ketene and HC1 do not 
arise from secondary photolysis of acetyl chloride. Independent 
experiments showed acetyl chloride to be photochemically stable 
at these wavelengths ( A  >340 nm), although higher energy ir- 
radiation (A >270 nm) cleanly produces ketene and HCI in an 
argon matrix.14 

The identity of 1 as the initial photoproduct was confirmed by 
bimolecular reaction. Irradiation of a 3-methylpentane glass of 
2 at 10 K produced the same IR absorptions as observed in argon. 
Warming the matrix to 80 K caused the disappearance of the 
photoproduct IR bands with concurrent generation of a mixture 
of azine 3 and dimer 4.13 These products are sensibly derived from 
reaction of carbene 1 with starting diazirine or with another 
carbene molecule, respectively. 

The IR spectrum of 1 provides significant insight into its 
electronic structure. Of particular concern is the relative im- 
portance of 7r-bonding as indicated in 5. A logical comparison 
may be made between the IR spectrum of 1 and that of chloro- 
methyl methyl ether, for which a complete vibrational analysis 
has been reported.I5 Chloromethyl methyl ether shows a C-0-C 
antisymmetric stretch at 1120 cm-I and has only CH2 deformations 
in the region from 1200 to 1400 cm-'.I5 In contrast, a major band 
in the IR spectrum of 1 appears at 1300 cm-l. Deuterium labeling 
shows that this absorption is not due to a methyl deformation. 
Irradiation of the trideuterio analogue of 2 in an argon matrix 
gives the trideuterio carbene, with IR absorptions at 2178, 1370 
(weak), 1330, 1324, 1073, 1053,926,807,755,680, and 386 cm-I. 
In particular, methyl absorptions in the 1450-cm-' region are 
absent, but the ca. 1300-~m-~ band remains. We thus assign this 
absorption to the C-O-C antisymmetric stretch of the carbene.I6 
The higher frequency compared to the corresponding stretch in 
CICH20CH3 indicates considerable C-0  double-bond character. 
This conclusion is supported by ab initio calculations by Schaefer 
and co-workers, who predict the C-0 stretch in hydroxymethylene 
to be 1381 cm11.17,18 

In contrast to thermolysis  result^,^-^ matrix isolated 1 rearranges 
photochemically to acetyl chloride. This transformation likely 
involves either a concerted 1,2-methyl migration or C-0 bond 
cleavage to give a radical pair followed by recombination. More 
enigmatic is the conversion of 1 to ketene and HC1. Although 
it is a logical intermediate, acetyl chloride gives ketene at shorter 
wavelengths only. An appealing mechanism thus involves the 
adiabatic conver~ion '~ of electronically excited carbene to elec- 
tronically excited acetyl chloride. The excited acetyl chloride 
subsequently cleaves to HC1 and ketene. Simple-minded calcu- 
lations indicate that the adiabatic conversion is energetically 
feasible. Rondan, Houk, and Moss4 have calculated (4-31G) the 
energy for the isodesmic reaction, :CHz + CH3C1 + CH,OCH, 
--L ClCOCH3 + 2CH4, to be -60.3 kcal/mol. Using the known 
heats of formation for the other speciesZo in this equation gives 
an estimated AH,' of 2.9 kcal/mol for 1. Our photochemical 
results indicate that the longest wavelength where rearrangement 
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One of the more promising approaches to the investigation of 
the conformations and molecular dynamics of polynucleotides is 
the use of phosphorus-31 nuclear magnetic resonance (,'P 
NMR).1-5 The full potential of 31P N M R  has not been utilized 
since there has been no unambiguous method for assigning the 
signals. Thus, the information present in the chemical shifts has 
not been fully exploited, nor have the molecular dynamics of 
distinct sites been well explored. 

Unlike many other elements, phosphorus does not have a 
suitable isotope for the purpose of assigning NMR resonances. 
Thus, we were led to develop the use of I7O directly bonded to 
the phosphorus of polynucleotides as a means of specifically and 
unobtrusively labeling particular sites. The introduction of "0 
induces an appreciable increase in the line width of the 31P res- 
onances of polynucleotides and hence presents an unambiguous 
assignment procedure that is also applicable to nucleic acid-protein 
complexes. 

For the phosphorus nuclei of polynucleotides there are two main 
contributions to transverse relaxation: dipolar and chemical shift 
anisotropy.'-5 The two pathways contribute about equally to the 
transverse relaxation of 31P when the experiment is performed at 
4.7 T.lW5 The dipolar relaxation is due to the 5', 5", and 3' protons 
of the polynucleotide, which are between 0.26 and 0.28 nm away 
from the phosphorus nucleus. When the phosphorus is directly 
bonded to I7O two additional relaxation pathways come into play. 
Scalar relaxation of the second kind arises from rapid modulation 
of the 31P-170 scalar coupling due to the quadrupolar relaxation 
of the 170 and is given by6 

~ ~ ~ ~~~ 

(1) James, T. L. Bull. Magn. Reson. 1983, 4, 119-159. 
(2) Bolton, P. H.; James, T. L. J .  Am. Chem. SOC. 1980, 102, 25-31 
(3) Shindo, H.  Biopolymers 1980, 19, 509-523. 
(4) Rill, R. L.; Hilliard, P. R.; Levy, G. C. J .  Biol. Chem. 1983, 258, 

(5) Allison, S. A.; Shibata, J .  H.; Schurr, J. M. Biopolymers 1982, 21, 

(6) Spiess, H. W. In 'NMR: Basic Principles and Progress"; Diehl, P.; 
Fluck, E.; Kosfield, R., Eds.; Springer Verlag: New York, 1978; Vol. 15, p 
55-2 14. 

(7) Aldefer, J. L.; Hazel, G. L. J .  Am.  Chem. SOC. 1981, 103, 5925. 

2 5 0-25 6 .  

729-762. 

0 1984 American Chemical Society 


