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Work is currently in progress in our laboratories to further 
investigate the role of the polymeric structure and conformation 
of DNA on the chemical reactions of the guanine radical cation, 
one of the two main intermediates of the direct effects of ionizing 
radiation.23 
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The narcissus alkaloids pancratistatin (l), narciclasine (2), and 
lycoricidine (3) are members of the Amaryllidaceae family and 
possess considerable medicinal potential because of their wide 
range of biological activities. Since their isolation in the late 196Osl 
and subsequent determination of their diverse cytotoxic properties: 
there has been a focused effort to provide the most promising of 
these alkaloids, pancratistatin (l) ,  to the medical comm~nity.~ 
Extremely low natural abundance as well as practical complica- 
tions in separation of the desired compound from other plant 
constituents diminishes the probability of reasonable supply of 
this and related compounds by means of isolation! Clearly there 
is justification for synthetic effort in this area if the following 
criteria can be met: (a) cost-effective preparation, (b) environ- 
mentally benign synthetic protocol that would make the synthesis 
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(1) Isolation of pancratistatin: (a) Pettit, G. R.; Gaddamidi, V.; Cragg, 
G. M.; Herald, D. L.; Sapwa, Y. J.  Chem. Soc., Chem. Commun. 1984,1693. 
(b) Pettit, G. R.; Gaddamidi, V.; Cragg, G. M. J .  Nar. Prod. 1984, 47, 1018. 
Narciclasin: (c) Okamoto, T.; Torii, Y.; Isogai, Y. Chem. Phurm. BUN. 1968, 
16,1860. Lycoricidine: (d) Okamoto, T.; Toni, Y.; Isogai, Y. Chem. Phurm. 
Bull. 1968, 16, 1860. 

(2) Biological properties of pancratistatin: (a) Pettit, G. R.; Gaddamidi, 
V.; Herald, D. L.; Singh, S .  B.; Cragg, G. M.; Schmidt, J. M.; Boettner, F. 
E.; Williams, M.; Sagawa, Y. J.  Nut. Prod. 1986, 49,995. Narciclasin: (b) 
Carrasco, L.; Fresno, M.; Vazquez, D. FEES Lett. 1975,52,236. (c) Jimenez, 
A.; Sanchez, L.; Vazquez, D. FEES Lett. 1975, 55, 53. (d) Mondon, A.; 
Krohn, K. Chem. Eer. 1975,108, 445. Lycoricidine: (e) Okamoto, T.; Toni, 
Y.; Isogai, Y .  Chem. Phurm. Bull. 1968, 16, 1860. ( f )  Ceriotti, G. Nuture 
(London) 1967, 213, 595. (8) Ugarkar, B. G.; DaRe, J.; Schubert, E. M. 
Synthesis 1987, 715. 

(3) Pancratistatin is in demand for clinical trials by the NCI (PA-92-27). 
It inhibits protein synthesis in a mechanism similar to that exhibited by the 
homoerythrina alkaloid homoharringtonine and other structurally related 
compounds. See: (a) Jimenez, A.; Sanchez, L.; Vazquez, D. FEES Lett. 1975, 
60, 66. (b) Jimenez, A.; Santos, A.; Alonso, G.; Vazquez, D. Eiochim. 
Eiophys. Acto 1976,425,342. (c) Baez, A.; Vazquez, D. Eiochim. Eiophys. 
Acta 1978,518.95. (d) Rivera, G.; Gosalbez, M.; Balltsta, J. P. G. Eiochem. 
Eiophys. Res. Commun. 1980, 94, 800. 

(4) Natural abundance of pancratistatin: 0.0019% (Pettit, G. R.; Gad- 
damidi, V.; Cragg, G. M. J.  Nut. Prod. 1984, 47, 1018). 
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Scheme I. A General Approach to Narcissus Alkaloids 
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(iii) 4 or 8, Bu4NI04, CH2C12; (iv) Al(Hg), THF; (v) C1SiMe2Pr', Im, 
CH2C12; (vi) BuLi, THF, -78 OC; then Br-piwronyloyl chloride; (vii) 
Pd(OAc),, TI(OAc), DIPHOS, anisole; (viii) Pd(C), cyclohexene, 
EtOH; (ix) CF3C02H, 0 OC, (x) Ac20, py. 

amenable to a largescale production, and (c) stereorational and 
general design for all of the members of this class, especially the 
compounds named above. 

Despite the many valiant synthetic approaches to these alka- 
l o i d ~ ~  and several total syntheses? no preparation of fewer than 

( 5 )  Synthetic approaches to lycoricidine: (a) Thompson, R. C.; Kallm- 
erten, J. J .  Org. Chem. 1990, 55, 6076. (b) Keck, G. E.; Fleming, S. A. 
Tetrahedron Lett. 1978, 4763. (c) Keck, G. E.; Boden, E.; Sonnewald, U. 
Tetrahedron Lett. 1981,22, 2615. (d) Weller, T.; Seebach, D. Tetrahedron 
Lett. 1982,23,935. (e) Tsuda, Y.; Isobe, K. J.  Chem. Soc., Chem. Commun. 
1971, 1555. ( f )  Compound i, prepared by Keck using adjustments of a 
published model study (ref 5c), could not be successfully r e d u d  to ii (Kwk, 
G. E. Private communication). 
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(6) Total synthesis of lycoricidine: (a) Ohta, S.;  Kimoto, S. Tetrahedron 
Lett. 1975,2279; Chem. Pharm. Bull. 1976,24,2977. (b) Ugarkar. B. G.; 
DaRe, J.; Schubert, E. M. Synthesis 1987, 715. (c) Paulsen, H.; Stubbe, M. 
Tetrahedron Lett. 1982,23,3171; Uebigs Ann. Chem. 1983,535. (d) Chida, 
N.; Ohtsuka, M.; Ogawa, S .  Tetrahedron Lett. 1991,32,4525. Panmatistatin: 
(e) Danishefsky, S.;  Lee, J. Y. J .  Am. Chem. Soc. 1989, 111, 4829. 
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15 synthetic operations has materialized to date.7 Scheme I 
describes a general synthetic strategy for the preparation of these 
alkaloids; the strategy is characterized by the union of enan- 
tiomerically pure oxygenated diene 5, derived biocatalytically from 
halobenzene 6, with an appropriate acyl nitroso unit. In this paper 
we report the synthesis of lycoricidine (3) as the pivotal model 
system for the preparation of narcissus alkaloids. 

Bromo- and chlorobenzenes 6 have been successfully oxidizeda 
to cyclohexadiene cisdiols 7 (whose preparation in crystalline form 
is now an industrial process)g by means of the bacterial di- 
oxygenase of Psuedomonas putida, Scheme 11. The unique 
disposition of functionality in such cyclohexadienediols as 7 has 
been exploited by this research group in a general synthetic design 
of carbohydratesI0 and cyclitols,11 including aminocyclitols.12 
Several other research groups have realized the synthetic potential 
of cyclohexadiene cis-diols in enantiocontrolled synthesis as ev- 
idenced by the increasing number of publications in this area." 

The polarization of the 1-halo 1,3-diene in 7 allows for regio- 
as well as stereospecific cycloadditions to various dienophile~,'~ 
including the acyl nitroso compounds generated in situ from 
hydroxamic acids. In addition, a remarkably stereospecific di- 
merization can take place with the C W 5  double bond assuming 
the role of dienophile.I5 The use of acyl nitroso compounds as 
dienophiles in [4 + 21 cycloadditions is well documented16 and 

J.  Am. Chem. SOC.. Vol. 114, No. 24, 1992 9695 

is utilized in total synthesis.17 On the other hand, the use of the 
1-halocyclohexadiene unit in the Diel,-Alder reaction has not bem 
reported prior to our synthesis of conduramineA1 .Ih An extensive 
study of the cycloadditions of several dienophiles with all four halo 
dienediols 5 (X = F, C1, Br, I) was undertaken, and the regio- 
and stereochemical results were compared to theoretical predictions 
obtained from AM1 calculations.18 

The synthesis of lycoricidine was carried out as follows. 
Acetonide Sa was reacted with either 8 or 4 to produce oxazines 
galZa and 9b in 74% and 80% yields, respectively. Reduction of 
the bromine and the subsequent cleavage of the N-O bond were 
accomplished with aluminum amalgam at 0 oC12b (91%) with the 
preservation of the syn relationship of the C1 hydroxyl and the 
C4 nitrogen functionalities of aminoconduritols 10s and lob.'& 
The reduction of 9b to lob led, in several instances, to over-re- 
duction and the loss of the aryl bromine atom. For this reason 
the CBZ-protected alcohol 10s12a was alkylated with dimethyl- 
isopropylchlorosilane in 98% yield and converted to amide 11 
(77%) by acylation of the lithium amide with 2-bromopiperonyloyl 
chloride,IQ in addition to attaining amide 11 directly by silylation 
and CBZ-protection of lob. Closure of 11 was attempted by 
several methods including atom-transfer conditions of the radical 
cyclization,20 trans metalation and intramolecular opening of its 
epoxide:] and the Pdcatalyzed Heck reaction.= While this work 
was in progress, a diastereomer of this compound was reported 
by Chida and Ogawa to undergo a Heck-type closure.6d Despite 
the availability of full experimental details for this transformation, 
kindly furnished to us by Professor C l ~ i d a , ~ ~  we were not able to 
reproduce the conditions of this transformation. The closure of 
11 to 120 was finally accomplished in 27% yield by means of a 
modified Heck cyclization with Pd(OAc)2, Tl(OAc), and 1,2- 
bis(dipheny1phosphino)ethane in anisole?3." The major bypro- 
ducts of the reaction included desilylated and trans-acetylated 
derivatives of 12, all of which can be transformed to lycoricidine, 
making the overall yield of the cyclization 7040%. The cyclized 
amide 12 was easily deprotected by means of palladium on carbon 
in a mixture of cyclohexene and ethanol to yield amide 13 (99%). 
Treatment of this material with trifluoroacetic acid at 0 OC af- 
forded, in 85% yield, lycoricidine (3), whose physical, optical, and 
spectral properties matched those reported in the literature.6PScvd 
Its structure was further confirmed by conversion of 3 to its acetate 
14 (whose structure proof rests on X-ray crystallography)68f and 
comparison of its spectra to those kindly furnished to us by Chida. 

In summary, the synthesis of lycoricidine in nine steps dem- 
onstrates the potential viability of this approach to narcissus 
alkaloids. Further research will address the chemical oxidative 
conversion of lycoricidine to deoxypancratistatin and either a direct 

(7) The total syntheses of 3 pubkhed to date, while academically elegant, 
are not suited for a realistic provision of 3 on a large scale. The starting 
material, the number of steps and the overall yield, as reported, are tabulated 
below: 

Startin Material Number or SIC I Overall Yield % Reference 

Rpemnal 

Rpemnal 

Glucose 39 

Glucose 24 0 042 6d 

(8) Gibson, D. T.; Cardini, G. E.; Maseles, F. C.; Kallio, R. E. Biochem- 
istry 1970, 9, 1631. 

(9) The diols derived from chloro- and bromobenzene are now prepared 
in crystalline form on a multikilogram scale by Genencor International, Inc.; 
over 20 other diols derived from substituted aromatic compounds are com- 
mercially available from the following sources: Genencor Intemational, Inc., 
Rochester, NY.; IC1 Fine Chemicals, Manchester, U.K.; Enzymatix, Cam- 
bridge, U.K.; Janssen Chimica, Geel, Belgium. 

(10) Hudlicky, T.; Luna, H.; Price, J. D.; Rulin, F. Tetrahedron Lett. 1989, 
30, 4053. 

(1 1) (a) Hudlicky, T.; Price, J. D.; Rulin, F.; Tsunoda, T. J. Am. Chem. 
Soc. 1990, 112, 9439. (b) Hudlicky, T.; Luna, H.; Olivo, H. F.; Andersen, 
C.; Nugent, T.; Price, J. D. J. Chem. Soc., Perkin Trans. 1 1991, 2907. (c) 
Hudlicky, T.; Rulin, F.; Tsunoda, T.; Luna, H.; Andersen, C.; Price, J. D. Isr. 
J. Chem. 1991,31,229. 

(12) (a) Hudlicky, T.; Olivo, H. F. Tetrahedron Lett. 1991,32,6077. (b) 
For oxazine reduction. see: Keck. G. E.: Fleming. S.: Nickell. D.: Weider. 
P. Synth. Commun. 1979, 9, 281. 

(13) For recent examples of the applications of cyclohexadiene cis-diols 
to synthesis, aec: (a) Ley, S. V.; Redgrave, A. J.; Taylor, S. C.; Ahmed, S.; 
Ribbons, D. W. Synlerr 1991,741. (b) Carless, H. A. J.; Oak, 0. Z .  J. Chem. 
Soc., Chem. Commun. 1991, 61. (c) Hudlicky, T.; Luna, H.; Olivo, H. F.; 
Andersen, C.; Nugent, T.; Price, J. D. J. Chem. Soc., Perkin Trans. 1 1991, 
2907. (d) Roberts, S. M.; Downing, W.; Latouche, R.; Pitoll, C. A.; Pryce, 
R. J.; Ryback, G.; Williams, J. J. Chem. Soc., Perkin Trans. 1 1990, 2613. 
(e) Boyd, D. R.; Dorrity, R. M. J.; Hand, M. V.; Malone, J. F.; Sharma, N. 
D.; Dalton, H.; Gray, D. J.; Sheldrake, G. N. J. Am. Chem. Soc. 1991, 113, 
666. ( f )  Banwell, M. G.; Corbett, M.; Mackay, M. F.; Richards, S. L. J. 
Chem. Soc., Perkin Trans. 1 1992, 1329. (g) Johnson, C. R.; Ple, P. A.; Su, 
L.; Heeg, M. J.; Adams, J. P. Synlerr 1992,388. For comprehensive reviews 
of cyclohexadiene cis-diol chemistry, see: (h) Brown, S. M. In Organic 
Synthesis: Theory and Practice; Hudlicky, T., Ed.; JAI Press: Greenwich, 
CT; Vol. 2, in press. (i) Widdowson, D. A.; Ribbons, D. A.; Thomas, S. D. 
Janssen Chim. Acta 1990, 8, 3. Carless, H. A. J. Tetrahedron: Asymmetry 
1992, 3, 195. 

(14) Other dienophiles reacted with 5 methyl acrylate, methyl propiolate, 
allyl esters, Sa, 9, cinnamate esters. The results of these cycloadditions will 
be reported in a full paper in the near future. 

(15) For the structure of the Diels-Alder dimers of Sa and Sb, see: (a) 
Hudlicky, T.; Boros, E. E.; Olivo, H. F.; Merola, J. S .  J .  Org. Chem. 1992, 
57, 1026. (b) Ley, S. V.; Redgrave, A. J.; Taylor, S. C.; Ahmed, S.; Ribbons, 
D. W. Synlerr 1991, 741. 

(16) For a review of nitrosyl cycloadditions, see: Boger, D. L.; Weinreb, 
S. N. In Hetero Diels-Alder Methodology in Organic Synthesis; Academic 
Press: New York, 1987. 

- (17) For applications of the nitrosyl cycloaddition in the synthesis of 
natural products, see: (a) Keck, G. E.; Nickell, D. G. J. Am. Chem. Soc. 1980, 
102, 3632. (b) Keck, G. E. Tetrahedron Lett. 1978,4767. (c) Burkholder, 
T. P.; Fuchs, P. L. J. Am. Chem. Soc. 1988, Z I O ,  2431. (d) Iida, H.; Wa- 
tanabe, y.; Kibayashi, c. J. Am. Chem. Soc. 1985, 107, 5535. (e) Kreaze, 
G.; Dittel, W. Liebigs Ann. Chem. 1981, 610. ( f )  Braun, H.; Burger, W.; 
Kresze, G.; Schmidtchen, F. P.; Vaerman, J. L.; Viehe, H. G. Tetrahedron: 
Asymmetly 1990, 1, 403. (g) Shishido, Y.;  Kybayashi, C. J. Org. Chem. 1992, 
57, 2876. 

(18) We thank Professor James Tanko (Virginia Tech) for his help with 
AM1 calculations (MOPAC, version 5.0, developed by M. J. S. Dewar). 

(19) This compound was prepared from the corresponding acid by treat- 
ment with thionyl chloride. The acid is prepared by bromination of piperonal 
(Becker, D.; Hughes, L. R.; Raphael, R. A. J. Chem. Soc., Perkin Trans. I 
1977,1674) and either KMn0, or Ag20 oxidation (Dallacker, F. Liebigs Ann. 
Chem. 1960,633, 14). 

(20) (a) Curran, D. P. Synthesis 1988. 417, 489. (b) Curran, D. P. In 
Comprehensiue Organic Synrhesis; Trost, B. M., Fleming, I., Eds.; Pergamon 
Press: Oxford, 1991; Vol. 4, Chapter 4.2. 

(21) Beak, P.; Meyers, A. I. Acc. Chem. Res. 1986,19,356. The authors 
thank Professor Beak for valuable experimental advice. 

(22) (a) Heck, R. F. Org. React. 1982, 27, 345. Heck, R. F. In Com- 
prehensiw Organic Synthesis; Trost, B. M., Fleming, I., Eds.; Pergamon Rea9: 
Oxford, 1991; Vol. 4, Chapter 4.3. (b) Knochel, P. In Comprehenciw Organic 
Synthesis; Trost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford, 1991; 
Vol. 4, Chapter 4.4. 

(23) We are grateful to Professor Noritaka Chida of Keio University for 
supplyin us with detailed experimental procedures for this transformation and the f H-NMR spectra of lycoricidine and its triacetate. 
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enzymatic hydroxylation of the aromatic ring or incorporation 
of the phenolic hydroxyl to the aryl precursor 4 as suitable 
modifications for the synthesis of pancratistatin (1). We will report 
on the progress toward this goal in due course. 
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The existence of a new class of stable clusters has just been 
postulated from the exceptional abundance of the ionic species 
MBC12+ (M = Ti, V) in the distribution of metal-carbon clusters 
obtained from reactions of the metal with hydrocarbon~.l-~ It 
has been proposed that the prominence of the Macl2 cluster arises 
due to its presence as a neutral species. The unusual stability of 
Macl2 is taken as a strong argument in favor of the cagelike 
structure of the pentagonal dodecahedron with Th symmetry 
proposed by Guo et ~ l . , l - ~  which is reminiscent of another cage 
structure with exceptional stability, the famous buckminsterful- 
lerene, Cso. 

We report the first quantum chemical calculations on Ti8CI2. 
Those calculations have been camed out at the ab initio SCF level4 
using the ASTERIX program system.' Since no experimental 
structure is available yet, the geometry of the lowest closed-shell 
singlet state has been optimized using an analytical gradient 
techniqueas In a first series of calculations, the constraints of 
the Th symmetry point group have been imposed along the com- 
plete process of geometry optimization. Accounting for the 80 
valence electrons, the lowest singlet state in the Tb symmetry can 
be labeled as 

(4a,)2( aU)2(3eg)4( eU)4(3tg)6(6tU)6 ( 

Only three geometrical parameters are independent under the 
constraints of the Th group and require optimization, namely, the 
radius of the "metal sphere" containing all Ti atoms, the radius 
of the carbon sphere, and the C-C distance. The optimal values 
for those parameters and for the corresponding Ti-Ti and T i 4  
distances are reported in Table I. The HOMO, 4a,, corresponds 
to a poorly stabilized, in-phase combination of the metal 4s orbitals, 
with negligible contribution (4%) from the carbons. The low-lying 
LUMO, 4t,, results from a stabilizing interaction between the 
carbon r* orbitals and appropriate combinations of the dXz2,zz 
metal orbitals. It immediately appears from the weak HOMO- 
LUMO gap (0.063 hartree or 1.7 eV; Table I) that the promotion 
of an electron pair from 4a, to the triply degenerate orbital 4t, 
will lead to a stabilized triplet state. As a matter of fact, two 

' Permanent address: Gerbrandylaan 45, 2253 LA Voorschoten, The 
Netherlands. 
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Figure 1. Computed structure of the Ti& cage molecule along the Du 
distortion path. White circles, labeled A-D, correspond to titanium 
atoms; black circles, labeled 1-6, to carbon atoms. Bold lines represent 
short bonds (carbon-carbon, 1-2 = 1.299 A; titanium-carbon, A 6  = D6 
= B5' = C5' = 1.952 A); thin lines represent long bonds ( C C ,  5-6 = 
1.478 A; T i C :  A1 = B1 = C2 = D2 = 2.145 A); broken lines represent 
intermediate bonds: (C-C: 3-4 = 1.392 A; T I C :  A3 = B4 = C3' = 
D4' = 2.067 A). The Ti-Ti distances are as follows: BC = AD = 3.033 
A; AC' = BD' = 3.198 A; AB = CD = 3.275 A (see Table I). When 
a Th symmetry is assumed for the cage, all C C  bonds, all T i C  bonds, 
and all Ti-Ti distances become equivalent. 

low-lying triplet states have been characterized at the open-shell 
SCF level of calculation by populating 4t, with either two or four 
electrons. The corresponding states are labeled as 

3T, (3a,)2(lau)2(3e,)4(leu)4(4t,)2(6tu)6 (2) 

and 

3T, (3a,)2(3e,)4(leu)4(4t,)4(6tu)6 (3) 

and the total energies respectively associated with states 2 and 
3 at their optimal geometries are lower by 0.171 and 0.233 hartree 
than that of state 1 (Table I). 

In state 3, the energy gaps separating the HOMO from the 
partly occupied molecular orbitals (POMO), on the one hand, 
and the POMO from the LUMO, on the other hand, are large 
enough to suggest that the considered state is the lowest state of 
the TiBC12 cage as far as the symmetry constraints of the Th point 
group are applied to the wave function. 

As shown by Jahn and Teller? degenerate electronic states such 
as states 2 and 3 cannot exist, except for linear molecules, since 
they cause structural instability. In order to explore the effect 
of this first-order Jahn-Teller (FOJT) distortion, the degenerate 
character of the wave function was removed by allowing the four 
electrons equally distributed in the triply degenerate POMO to 
be accommodated in two orbitals only, thus giving rise to a 
closed-shell singlet configuration with DZb symmetry:" 

IA, 
(9a,)2(4b~,)2(4b2,)2(3b~,)2(2au)2(6blu)2(6b2u)2(6b3u)2 (4) 

(1) Guo, B. C.; Kerns, K. P.; Castleman, A. W., Jr. Science 1992, 255, 
1411. . 

(2) Guo, B. C.; Wei, S.; Purnell, J.; Buzza, S.; Castleman, A. W., Jr. 

(3) Wei, S.; Guo, B. C.; Purnell, J.; Buzza, S.; Castleman, A. W., Jr. J .  
Science 1992, 256, 515. 

Phys. Chem. 1992.96, 4166. 
(4) The Gaussian basis set used for titanium is a (13s, 8p, 5d) set obtained 

by adding one p function of exponent 0.15 to the set optimized by Hyla- 
Kryspin et alSJ It was contracted into [5, 3, 31. The basis set used for carbon 
is a (99, 5p) set taken from Huzinaga6 and contracted into [3, 21. The 
molecular basis set is then made of 824 Gaussian functions, and the number 
of contracted orbitals is 364. 

(5) Hyla-Kryspin, I.; Demuynck, J.; Strich, A,; Benard, M. J .  Chem. Phys. 
1981, 75, 3954. 

(6) Huzinaga, S. Tech. Rep.-Uniu. Alberta, Dep. Chem., Diu. Theor. 
Chem. 1971. 

(7) (a) Emenwein, R.; Rohmer, M.-M.; Blnard, M. Compur. Phys. Com- 
mun. 1990,58, 305. (b) Rohmer, M.-M.; Demuynck, J.; Benard, M.; Wieat, 
R.; Bachmann, C.; Henriet, C.; Emenwein, R. Compur. Phys. Commun. 1990, 
60, 127. (c) Rohmer, M.-M.; Ernenwein, R.; Ulmschneider, M.; Wiest, R.; 
Btnard, M. Inr. J .  Quantum Chem. 1991, 40, 723. 

(8) de Vaal, P.; Pouchan, C.; B€nard, M. Unpublished. 
(9) Jahn, H. A.; Teller, E. Proc. R. SOC. London 1937, Al61, 220. 
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