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of an important goal in the field, i.e., the first total synthesis of 
the aglycon of 1 (i.e., calicheamicinone (2))12 (Scheme I). 

We drew from the general plan that was implemented in earlier 
work on simpler systems. However, it was necessary to provide 
the means to introduce the urethane function at the bridgehead 
double bond. The optimal timing for this installation emerged 
as a serious problem. The solution is described below. 

Commercially available ester 3 (Scheme II) underwent re-
giospecific bromination (NBS, CN3C=N)13 to afford 4,14 which 
upon formylation (CI2CHOMe; TiCl4) gave 5.14 The aldehyde 
function was employed to direct regiospecific monodemethylation 
(via BCl3), giving rise to the required phenol 614 (65% from 3). 
The sodium salt of 6 was subjected to reduction (DIBAH) to 
provide the unstable triol 7, which, upon treatment with sodium 
periodate, afforded 8.15a Upon oxidation of crude 8 with the 
Dess-Martin15b periodinane, there was obtained the spiroepoxy 
aldehyde 9.14 The yield for the three steps from 6 to 9 on large 
scale is ca. 40%. 

The next phase of the effort involved insertion of the six-carbon 
enediyne bridge between the ketone and aldehyde functions. 
Dilithio enediyne 1016 was added to the ketone in the nominal 
presence of the aldehyde, using the logic of in situ protection as 
developed, in another context, in the pioneering research of Co-
mins17 (Scheme III). Reaction of 9 with 10 in the presence of 
lithium A'-methylanilide afforded 11. Silylation of the tertiary 
alcohol gave rise to 12, which on cyclization (potassium 3-
ethyl-3-pentoxide)13'18 provided the core system 1314 (ca. 35-40% 
overall yield for the three steps from 9 on a 2-g scale). No 
stereoisomer of the secondary alcohol was observed. After con­
siderable experimentation, it was found that the enol ether function 
was not suitable for the required subsequent manipulations. 
Accordingly, compound 13 was converted to ketal 1414 (CSA-
ethylene glycol, 89% yield). Acetolysis of the epoxide (KOAc; 
AcOH; DMSO) led to crude 15,14 which upon deacylation (NH3; 
MeOH) and oxidation (sodium periodate) gave rise to ketone-
ketal 1614 (83% combined yield). 

The bridgehead enone presented a target of opportunity for the 
introduction of an azido function. For this to be possible, the 
ketone at the one-carbon bridge had to provide adequate enolate 
stabilization to support an addition-elimination mechanism, a 
possibility presaged by the research of Magnus.9" In the event, 
reaction of 16 with sodium azide in methanol afforded an 82% 
yield of 17.14 As matters transpired, this stage was still too early 
to actually unveil the urethane. First the secondary alcohol was 
acylated (EtO)2P(O)CH2COCl; Py)19 and the resultant ester 1814 

subjected to intramolecular Emmons condensation nb,2° to produce 
1914 (50% from 17). 

The conjugation afforded by the conjugated lactone provided 
a sufficiently stable setting for the steps required to transform 
the azide to the methyl carbamate function. Reduction of 19 
(H2S-piperidine-methanol; 95% yield) led to the remarkably 
robust vinylamine 20.14 The latter, upon treatment with phosgene 
in pyridine, gave rise to a bis acylation product, 21, and thence, 
upon treatment with methanol and pyridine, to the carbamate-
carbonate 2214 in 80% overall yield. Treatment of 22 first with 
DIBAH (which results in deprotection of the tertiary alcohol and 
reduction of the lactone to a lactol) followed by sodium boro-
hydride produced the alcohol 2314 in 43% overall yield. The first 

(12) We suggest this name, which incorporates the standard suffix use to 
denote the aglycon substructure of the anthracycline antibiotics. 

(13) These conditions were developed by Dr. Nobuharu Iwasawa. 
(14) The structure assigned to each new compound is consistent with its 

infrared and 250-MHz 1H NMR spectra, as well as parent ion identification 
by high-resolution mass spectroscopy and/or elemental analyses. 

(15) (a) Becker, H.-D.; Bremholt, T.; Adler, E. Tetrahedron Lett. 1972, 
4205. (b) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155. 

(16) Danishefsky, S. J.; Yamashita, D. S.; Mantlo, N. B. Tetrahedron Lett. 
1988, 20, 4681. 

(17) Comins, D. L.; Brown, J. D.; Mantlo, N. B. Tetrahedron Lett. 1982, 
23, 3979. Comins, D. L.; Brown, ]. D. J. Org. Chem. 1984, 49, 1078. 

(18) Brown, H. C; Moritani, I. J. Am. Chem. Soc. 1953, 75, 4112. 
(19) The diethylphosphonyl acetyl chloride was obtained from the corre­

sponding acid. Cooke, M. P.; Biciunas, K. P. Synthesis 1981, 283. 
(20) Rathke, M. W.; Nowak, M. J. J. Org. Chem. 1985, 50, 2629. 

sulfur atom was installed by a Mitsunobu reaction on 23 (thio-
lacetic acid, triphenylphosphine, diisopropyl azodicarboxylate) 
to produce 24 (45% yield).14'21 Treatment of thioacetate 24 with 
DIBAH resulted in deacetylation. The crude product was sub­
jected to the action of phthalimidomethyl disulfide,22 thereby 
leading to trisulfide 2514 (65% from 24). Finally, the ketal linkage 
was cleaved through the action of CSA in aqueous THF at room 
temperature. There was thus obtained ^/-calicheamicinone (2) 
as a powder in 65% yield. While there exists, to our knowledge, 
no reference sample of this compound (2),12 the structure proposed 
here is firmly supported by infrared, NMR, and mass spectral 
determinations. Furthermore, the assignments are supported by 
the close similarity of these compounds with those of the desureido 
series, which were in turn supported by crystallographic deter­
minations.10'" 

With the feasibility of the "end game" reactions having been 
demonstrated, various intermediates in this effort emerge as 
possibilities for other syntheses, which might be more concise and 
which might produce only the relevant antipode. Research toward 
these goals is continuing in our laboratory. 
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(21) Volante, R. P. Tetrahedron Lett. 1981, 22, 3119. At the present 
writing, this reaction is badly complicated by the formation of a roughly equal 
amount of the cyclic (six membered ring) ether. 

(22) The first synthesis of an allylic trisulfide in this general series was 
accomplished by Magnus and co-workers.90 The preparation of the desureido 
variants of 25 and 2 were first achieved in our laboratory by Dr. John Ha­
seltine. 
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Although Hg(II) chemistry is dominated by linear, two-coor­
dinate compounds, studies of Hg(II)-biopolymer complexes in­
cluding Hg-substituted blue copper proteins1 and the Hg(II) 
biosensor, MerR,2 have revealed important primary bonding in­
teractions with additional ligands.3,4 Unfortunately, even for 
simple model compounds, vibrational,5 electronic absorption,6 and 
solution NMR7 spectroscopic data are unable to clearly differ­
entiate between Hg(II) thiolate complexes with primary coor-
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Table I. Solid-State "9Hg Nuclear Magnetic Resonance Spectroscopic Data 

compound0 structure4 tensor elements/ 
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-216 
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-3594 
-2490 
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-157* 

- 3 5 4 ' 

-2389' 

-176 

-478 

0.03 

0.32 

-821 

-978 

-1656 

0.73 

0.61 

0.30 

0I-IV were prepared according to published procedures (see text for references); purity was established by solution NMR and by vibrational 
spectroscopy. Data for V was generated from the solid-state spectrum published in ref 14. 4As determined from crystallographic studies (see text 
for references). 'Referenced to Hg(CH3)2 (5 = 0 ppm). d ACT = CT33 - (CT1, + CT22)/2. 'rj = (CT22 - <rn)/(CT33 - aiM). ' I n DMSO solution, [Hg(II)] = 
100 mM. Mn CHCl3 solution, [Hg(II)] = saturated (Dean, P. A. W.; Vittal, J. J.; Trattner, M. H. Inorg. Chem. 1987, 26, 4245-4251). *In DMSO 
solution, [Hg(II)] = 5 mM. 'In 1 M CH3CO2H. 

2.0 kHz 

JJ 
-350 -750 -1000 -500 

8 199Hg (ppil 

Figure 1. Solid-state CPMAO 199Hg NMR spectra of [(CHj)4N]2[Hg-
(SC6H4Cl)4] (I) at 53.7 MHz. Acquisition time = 0.15 s, pulse width 
= 4.8 MS (90°), contact time = 7 ms, recycle delay = 15 s, with applied 
line broadening of 200 Hz. Top: spinning speed = 2.0 kHz, 496 scans. 
Bottom: spinning speed = 3.1 kHz, 240 scans. The isotropic chemical 
shift is -485 ppm. 

dination numbers8 (CN) of 3 and 4, due to extensive secondary 
bonding interactions in the solid state8,9 and rapid ligand exchange 
in solution.7 CPMAS 1 0 solid-state " 3 C d N M R spectroscopy has 
been invaluable in understanding Cd-ligand interactions in nu­

ll) (a) Church, W. B.; Guss, J. M.; Potter, J. J.; Freeman, H. C. J. Biol. 
Chem. 1986, 261, 234-237. (b) Klemens, A. S.; McMillan, D. R.; Tsang, 
H.-T.; Penner-Hahn, J. E. J. Am. Chem. Soc. 1989, / / / , 6398-6402. 

(2) (a) O'Halloran, T. V. Metal Ions in Biological Systems; Sigel, H., Ed.; 
Marcel Dekker. Inc.: New York, 1989; Vol. 25, pp 105-146. (b) O'Halloran, 
T. V.; Frantz, B.; Shin, M. Y.; Ralston, D. M.; Wright, J. G. Cell 1989, 56, 
119-129. (c) Shewchuck, L. M.; Verdine, G. L.; Nash, H.; Walsh, C. T. 
Biochemistry 1989, 28, 6140-6145. (d) Ross, W.; Park, S. J.; Summers, A. 
O. J. Bacteriol. 1989, 171, 4009-4018. (e) Helmann, J. D.; Ballard, B. T.; 
Walsh, C. T., Science 1990, 946-948. 

(3) Wright, J. G.; Tsang, H.-T.; Penner-Hahn, J. E.; O'Halloran, T. V. 
J. Am. Chem. Soc. 1990, 112, 2434-2435. 

(4) Watton, S. P.; Wright, J. G.; MacDonnell, F. M.; Bryson, J. W.; Sabat, 
M.; O'Halloran, T. V. J. Am. Chem. Soc. 1990, 112, 2824-2826. 

(5) (a) Bowmaker, G. A. Spectroscopy of Inorganic-Based Materials; 
Clark, R. J. H., Hester, R. E„ Eds.; Wiley: New York, 1987; pp 1-117. (b) 
Bowmaker, G. A.; Dance, 1. G.; Dobson, B. C; Rogers, D. A. Aust. J. Chem. 
1984, 37, 1607-1618. (c) Liesk, J.; Klar, G. Z. Inorg. AlIg. Chem. 1977, 435, 
103-112. 

merous model compounds and meta l loprote ins , I M 3 but only a 
single solid-state 199Hg N M R spectrum has been reported.14 

Herein we demonstrate this technique to be an effective probe 
of Hg(I l ) structure and bonding in two-, three-, and four-coor­
dinate complexes, which allows assignment of primary coordination 
numbers for Hg(II) thiolates in the solid state and provides insights 
into the secondary bonding interactions unique to this member 
of the zinc triad.9 Solid-state 199Hg N M R of structurally char­
acterized complexes provides a definitive structure/chemical shift 
correlation that can facilitate structural assignment on the basis 
of solution 199Hg N M R data. 

Figure 1 shows C P M A S solid-state 199Hg N M R spectra for 
[(CH3)4N]j[Hg(4-chlorothiophenolate)4]1 5 (I in Table I), which 
consist of a series of sidebands separated by the spinning speeds 

(6) (a) Beltramini, M.; Lerch, K.; Vasak, M. Biochemistry 1984, 23, 
3422-3427. (b) Vasak, M.; Kagi, J. H. R.; Hill, H. A. O. Biochemistry 1981, 
20, 2852-2856. (c) Tamilarasan, R.; McMillan, D. R. Inorg. Chem. 1986, 
25, 2037-2040. (d) Johnson, B. A.; Armitage, I. M. Inorg. Chem. 1987, 26, 
3139-3144. 

(7) (a) Carson, G. K.; Dean, P. A. W. Inorg. Chim. Acta 1982, 66, 
157-161. (b) Cheesman, B. V.; Arnold, A. P.; Rabenstein, D, L. J. Am. 
Chem. Soc. 1988, 110, 6359-6364. 

(8) Primary bonds refer to mercury-ligand bond distances appropriate for 
the sum of their covalent radii, while secondary interactions are those char­
acterized by Hg(II)-ligand distances longer than expected for covalent or ionic 
bonding to mercuric ion, but shorter than the sum of their van der Waals radii. 
The effective coordination number (CN) is described in shorthand notation: 
a compound with two short primary bonds and three longer secondary in­
teractions is a [2 + 3] complex, with an effective CN of 5. For further 
discussion, see: ref 9 and Grdenic, D. Q. Rev., Chem. Soc. 1965, 19, 303. 

(9) Wright, J. G.; Natan, M. J.; MacDonnell, F. M.; Ralston, D. M.; 
O'Halloran, T. V. Progress in Inorganic Chemistry; Lippard, S. J., Ed.; Wiley: 
New York, 1990; Vol. 38. 

(10) Yannoni, C. S. Ace. Chem. Res. 1982, 15, 201-208. 
(11) (a) Summers, M. Coord. Chem. Rev. 1988, 86, 43-144. (b) South, 

T. L.; Kim, B.; Summers, M. F. J. Am. Chem. Soc. 1989, / / / , 395-396. 
(12) (a) Kennedy, M. A.; Ellis, P. D. J. Am. Chem. Soc. 1989, 111, 

3195-3203. (b) Ellis, P. D. Science 1983, 221, 1141-1146. 
(13) Giedroc, D. P.; Johnson, B. A.; Armitage, I. M.; Coleman, J. E. 

Biochemistry 1989, 28, 2410-2418. 
(14) Harris, R. K.; Sebald, A. Magn. Reson. Chem. 1987, 25, 1058-1062. 
(15) Choudhury, S.; Dance, I. G.; Guerney, P. J.; Rae, A. D. Inorg. Chim. 

Acta 1983, 70, 227-230. 
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2.0 kHz (top) and 3.1 kHz (bottom). Moment analysis16 gives 
the chemical shift tensor elements <rn, <T22,

 a r |d 033 found in Table 
(, from which the chemical shift anisotropy, Ao-, and the axial 
asymmetry, r;, are calculated. Ac is a measure of deviation from 
spherical symmetry and corresponds roughly to the width of the 
sideband envelope, while TJ = 0 for axially symmetric chemical 
shift tensors.17 Linear alkyl Hg(II) complexes with no secondary 
bonding interactions are known to possess huge shift anisotropics 
(5000-7000 ppm);'8 accordingly, Harris and Sebald were unable 
to obtain meaningful solid-state spectra for linear organomercury 
species.14 The Ao- obtained for I, -176 ppm (Table I), indicates 
a high degree of charge symmetry around Hg(II), reflected further 
in the nearly axially symmetric value for r;. Hg(II) in Hg(SBul)2 

(II) is surrounded by a very distorted tetrahedron of bridging 
thiolates in the solid state;19 consequently, a larger shift anisotropy 
(-478 ppm) is found. Thus, our data reveal that CPMAS 199Hg 
NMR is sensitive to changes in geometry within a given coor­
dination number. The difference between the isotropic solid-state 
and solution chemical shifts («100 ppm) in both I and II highlights 
the problems implicit to interpretation of solution NMR in rapidly 
exchanging Hg-thiolate systems that are prone to ligand disso­
ciation; titration of Hg(II) with 4-chlorothiophenolate shows that 
the chemical shift is dependent on ligand concentration, ap­
proaching the solid-state shift at high RS"/Hg(II) ratios.20 

Solid-state spectra for two structurally characterized planar 
three-coordinate Hg(II) thiolates, [(n-C2H5)4N][Hg(SBut)3]4,5b 

(III) and [(n-C4H9)4N] [Hg(SPh)3]21 (IV), exhibit substantially 
higher shift anisotropy (-821 and -978 ppm, respectively) and 
asymmetry (0.6-0.7) than the tetrahedral thiolates (Table I); from 
differences in A<r and JJ, three- and four-coordinate complexes are 

(16) Maricq, M. M.; Waugh, J. S. J. Chem. Phys. 1979, 70, 3300-3316. 
(17) Mason, J., Ed. Multinuclear NMR, Plenum Press: New York, 1987. 
(18) (a) Wasylishen, R. E.; Lenkiski, R, E.; Roger, C. Can. J. Chem. 1982, 

60, 2113-2117. (b) Jokisaari, J.; Diehl, P. Org. Magn. Reson. 1980, 13, 
359-362. (c) Gillies, D. G.; Blaauw, L. P.; Hays, G. R.; Huis, R.; Clague, 
A. D. H. J. Magn. Reson. 1981, 42, 420-428. 

(19) Kunchur, N. R. Nature 1964, 204, 468. 
(20) Millikan, C. F.; O'Halloran, T. V., unpublished results. 
(21) Christou, G.; Folting, K.; Huffman, J. C. Polyhedron 1984, 3, 

1247-1253. 

Scientific Reference System. SRS Version 5.0 and SRS+. Trinity 
Software: P.O. Box 960, Campton, NH 03223. List price: SRS-Version 
5.0, $60.00; SRS+, $95.00. 

Scientific Reference System is a program for Apple Macintosh com­
puters that enables the user to import, store, index, and retrieve abstracts 
from on-line data services. The program imports text saved from a 
database search directly onto a HyperCard stack. An Apple Macintosh 
computer with at least 1 megabyte of memory and two 800K disk drives 
or one disk drive and a hard disk are required for the operation of this 
program. In terms of convenience, a hard disk is strongly recommended. 
HyperCard version 1.2 or higher is also necessary and is supplied on the 
program disk. The principal difference between SRS-version 5.0 and 
SRS+ is that the latter, in addition to importing abstracts from STN-
CAS Online, also imports texts from BRS and Dialog CAS-Online, BRS 
and Dialog Medline, Agricola, and Medline Silver Platter databases. 

The information imported from the on-line session is displayed on a 
reference card containing seven fields: title, authors, reference, year of 
publication, keywords, abstract number, and complete abstract. Each 
card also has an initially hidden "Note Pad" that is quite useful for 
adding additional comments or notations about the reference. Substantial 
space (30K) for text is available in this particular field. Indeed, the 
manual suggests that the contents of an entire paper can be accommo­
dated if need be. The reference card itself can be easily edited and 
chemical structures can be pasted-in from a suitable structure drawing 

easily distinguished. As seen in the four-coordinate compounds, 
la values are also sensitive to geometric variations among planar 
three-coordinate species. The greater distortion of IV toward a 
T-shape, relative to the more trigonal complex III, is reflected 
in a 159 ppm increase in Aa. The close agreement between 
solid-state and solution isotropic shifts for both three-coordinate 
species implies that the predominant species in solution is 
three-coordinate, corroborating X-ray absorption studies on the 
H g ( S B u V analogue.22 

Analysis of the published solid-state spectrum14 for Hg(OOC-
CH3)2 (V) yields a large anisotropy, -1656 ppm, that exceeds the 
ACT for trigonal compounds. Contrary to the four-coordinate label 
employed by Harris and Sebald, the compound is best described 
as two-coordinate linear, with three additional secondary bonding 
interactions [2 + 3] with neighboring acetate oxygen atoms 
(Hg-O1 = 2.06 A, Hg-O2 = 2.09 A, Hg-O3 = 2.71 A, Hg-O4 

= 2.76 A, Hg-O5 = 2.75 A; ^O1-Hg-O2 = 176°).9 '" The 
anisotropy is considerably reduced in comparison to purely linear 
species, but an order of magnitude greater than that observed for 
complexes with a primary coordination number of 4. Thus, while 
the secondary oxygens in Hg(OOCCH3)2 are well outside the 
covalent-bonding distance for Hg(II)-O, they influence the ob­
served anisotropy. 

The ease with which CPMAS '99Hg NMR can distinguish 
between three- and four-coordinate Hg(II) thiolates, yield in­
formation concerning structural distortion within a given coor­
dination number, and clarify the role of secondary interactions 
makes it a powerful probe of Hg(II) coordination chemistry. 
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program. The user can also create reference cards containing data not 
necessarily imported from an on-line search. A major drawback to 
indexing a stack of references containing a large number of cards is the 
limit of nine available categories for creating index terms. This problem 
can be overcome relatively easily by generating additional sub-stacks that 
can be used, in essence, to extend the number of indexing terms if desired. 
However, crossfiling is most efficient when all cards are in one stack. The 
stack can be searched using terms composed of single words, multiple 
words, or parts of words. Cards will be located that display the searching 
term(s) in any of the fields. A very useful feature of this system is the 
ability to create and save a citation list of the entire reference stack. The 
citations can be formatted to conform to the standards of a selected 
journal. For example, American Chemical Society Journal style can be 
selected from a rather extensive list of international journals and all 
citations will be arranged accordingly. 

All in all, this appears to be a useful program for collecting and 
organizing information obtained from on-line data services. The in­
struction booklet is clearly written and the program itself is quite easy 
to learn. However, since the nature of the data provided by the various 
on-line databases is necessarily restricted, the value of this program to 
a given user will be a function of how that individual collects, stores, and 
evaluates information gleaned from the current chemical literature. 
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