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boration-carbenoidation-oxidation reaction. The chiral auxiliary, 
a-pinene, can be readily recovered and recycled, making the 
asymmetric synthesis exceptionally efficient. With the increasing 
knowledge of organoboranes, the asymmetric synthesis of chiral 
products via carbon-carbon bond formation has now become more 
attractive. We are continuing to explore asymmetric synthesis 
via chiral organoboranes. 

(18) The Varian XL-200 spectrometer was purchased with funds from 
NSF Grant CHE-8004246. This support is gratefully acknowledged. 
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Marine animals of the phylum Ectoprocta (usually termed 
Bryozoa or Polyzoa) are colonial filter-feeders and each member 
(polypide) is enclosed in a separate unit (zooecium). Because of 
their superficial appearance Bryozoa are commonly known as 
sea-mats and false corals.2 The genus Bugula? contains very 
prominent mosslike colonies, and Bugula neritina (Linnaeus) is 
well-known for its ability to attach to ship hulls.4 Our initial 
report5 that certain Bryozoa such as B. neritina L. contain an
ticancer constituents, preliminary study of an adrenochrome-like 
pigment in the same species,6 and isolation of indoles such as 
flustramines A and B from Flustra foliacea1 appear to represent 
the only prior chemical investigations of Bryozoan metabolites. 

We now report the structure of a remarkable8 anticancer 
constituent of Bugula neritina designated bryostatin 1. The study 
began in 1968 with a Gulf of Mexico collection and has recently 
culminated in the structural elucidation of bryostatin 1 (1) by 
crystallographic and spectroscopic techniques. The biological 
activity of bryostatin 1 (1) is noteworthy. In the murine P388 
lymphocytic leukemia (PS system)9 macrocyclic lactone 1 shows 
52-96% life extension at 10-70 j*g/(kg/injection dose) levels and 
an ED50 of 0.89 /ig/mL against the P388 in vitro cell line. 

An initial methylene chloride extract prepared from 500 kg of 
wet animals was further fractioned by the solvent partition se-

(1) Contribution 86 of the series "Antineoplastic Agents"; for part 85 refer 
to: Pettit, G. R.; Paull, K. D.; Herald, C. L.; Herald, D. L.; Riden, J. R., 
submitted for publication in Can. J. Chem. 

(2) Woollacott, R. M., Zimmer, R. L., Eds., "Biology of Bryozoans"; 
Academic Press: New York, 1977. 

(3) Day, J. H. "A Guide to Marine Life on South African Shores"; 
Balkema: Cape Town, 1974; p 123. One type (avicularium) of Bugula 
neritina L. polypide resembles the beak of a bird and by closing one jaw 
against the other is able to protect the colony from uninvited encroachment. 
Such avicularia are a common component of B. neritina L. 

(4) Benson, P. H.; Moncreiff, R. W. C. R. Congr. Int. Corros. Mar. 
Salissures, 4th 1977. 

(5) Pettit, G. R.; Day, J. F.; Hartwell, J. L.; Wood, H. B. Nature (London) 
1970, 227, 962-963. 

(6) Villela, G. G. Proc. Soc. Exptl. Biol. Med. 1948, 68, 531-533. 
(7) Carle, J. S.; Christopherson, C. J. Org. Chem. 1980, 45, 1586-1589. 

Carle, J. S.; Christopherson, C. J. Org. Chem. 1981, 46, 3440-3448. Wulff, 
P., Carle, J. S.; Christophersen, C. J. Chem. Soc., Perkin Trans. 1 1981, 2895; 
Comp. Biochem. Physiol. B 1982, 71B, 525, 523. 

(8) Of the presently known cyclic ionophores only the Streptomyces griseus 
component aplasmomycin seems distantly related to bryostatin 1: Okami, Y.; 
Okazaki, T.; Kitahara, T.; Umezawa, H. J. Antibiot. 1976, 29, 1019. Na-
kamura, H.; Iitaka, Y.; Kitahara, T.; Okazaki, T.; Okami, Y. J. Antibiot. 
1977, 30, 714. 

(9) Schmidt, J. M.; Pettit, G. R. Experientia 1978, 34, 659-660. 
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quence 9:1 —»4:1 methanol-water with ligroin —• carbon tetra
chloride.10 The carbon tetrachloride fraction (214 g) was purified 
by column chromatography using both Sephadex LH-20 and silica 
gel monitored by bioassay (PS system). Recrystallization from 
methylene chloride-methanol gave crystals of bryostatin 1 (1): 
melting at 230-235 0C. TLC (silica gel) .R7 0.7 (9:1 CH2Cl2-
CH3OH); EI MS m/z 886 (M-H2O, C47H66O16), exact mass 
886.4376 amu (calcd. 886.4351 for C47H66O16); FAB MS m/z 
904 (M); [a]25

D + 34.1° (c = 0.044, CH3OH); UV (CH3OH) 
X1112x 233 nm (« 25 700) and 263 (e 28 700); IR (KBr) 3470, 3400, 
2970,2950,1735,1716,1700, 1640,1600, 1433,1385,1365, 1245, 
1160, 1100, 1080, 1000 cm"1. Detailed high-resolution (400 MHz) 
NMR data has been included in a subsequent report.11 

Stout parallelepiped crystals were obtained from slow mixing 
of a layered solution of bryostatin 1 in methylene chloride under 
methanol. When maintained in the mother liquor, these crystals 
were found to belong to space group PlxIxIx with a = 21.782 
(5), b = 20.428 (4) and c = 23.664 (6) A and Z = 8. As the 
crystals dried, the c axis appeared to halve, and the relatively poor 
diffraction pattern conformed to PlxI1I.

11 A total of 5464 
reflections was collected at -100 0C by using 1° o> scans and 
graphite-monochromated Mo Ka (0.71069 A) radiation. Of these 
data, 3553 (65%) were judged observed (\F0\ > 3a(F0)) and used 
in subsequent calculations. By means of the program system 

(10) Pettit, G. R.; Ode, R. H. "Biosynthetic Products for Cancer 
Chemotherapy"; Plenum Press: New York, 1979; Vol. 3, p 59. 

(11) Pettit, G. R.; Herald, C. L.; Kamano, Y.; Gust, D.; Aoyagi, R. J. Nat. 
Prod., in press. 

(12) A similar type of transformation has been observed for the hydro
chloride of gramicidin S: Hodgkin, D. C; Oughton, B. M. Biochem. J. 1957, 
65, 752-756. 

0002-7863/82/1504-6846S01.25/0 © 1982 American Chemical Society 



Communications to the Editor J. Am. Chem. Soc, Vol. 104, No. 24, 1982 6847 

0 3 3 C r V ' Cl9-
C 3 2 Q C20 

039 

C40 

C42 

C44 

V-/ V ^ C 2 4 

C2I >C22 

Figure 1. Computer-generated perspective drawing of the final X-ray 
model of bryostatin 1 less hydrogens.17 

MULTAN 7813 approximately 2000 phase sets were generated for 
the largest 350 normalized structure factors, and the sets were 
ranked with placement of equal weight on ABSFOM, PSIZERO, 
RESID, and NQEST. E-syntheses using one of the most prom
ising sets provided two chemically sensible and identical 24-atom 
fragments that were related by a translation of approximately c/2. 
Efforts to extend this model by tangent formula recycling14 and/or 
attempts to refine this model in least-squares analysis were un
successful. Thus, we returned to tangent formula recycling using 
a scale factor that was the average of the Wilson plot and the 
least-squares scale factors. An E-synthesis from this approach 
was strinkingly improved and showed 100 chemically sensible 
atoms in two essentially identical fragments. Further tangent 
formula recycling showed virtually all of the non-hydrogen atoms 
in both molecules of bryostatin 1. 

Refinement of the final model by block-diagonal least-squares 
analysis alternating with Fourier syntheses using (2Fobsd - F^^) 
as coefficients15 led to the placement of 128 non-hydrogen atoms 

(13) All crystallographic calculations were done on a Prime 850 computer, 
operated by the Cornell Chemistry Computing Facility. Principal programs 
employed were REDUCE and UNIQUE, data reduction programs: Leonowicz, 
M. E., Cornell University, 1978. MULTAN 78, "A System of Computer Pro
grams for the Automatic Solution of Crystal Structures from X-ray Dif
fraction Data", direct methods programs and fast Fourier transformation 
routine (locally modified to perform all Fourier calculations including Pat
terson syntheses): Main, P.; Hull, S. E.; Lessinger, L.; Germain, G.; Declercq, 
J.-P.; Woolfson, M. M., University of York, England, 1978. NQEST, CY
BER 173 version, negative quartets figure of merit calculation: Weeks, C. 
M., Medical Foundation of Buffalo, Inc., August 1976. BLS78A, anisotropic 
block-diagonal least-squares refinement: Hirotsu, K.; Arnold, E., Cornell 
University, 1980. ORTEP, crystallographic illustration program: Johnson, C. 
K., Oak Ridge, TN, ORNL-3794, June, 1965. 

(14) Karle, J. Acta Crystallogr., Sect. B 1968, B24, 182-186. 
(15) Main, P. Acta Crystallogr., Sect. A 1979, A35, 779-785. 

in the two independent molecules and determination of the 
structure of bryostatin 1 as illustrated by 1. The current X-ray 
model includes 59 anisotropic non-hydrogen atoms per molecule, 
the end atoms on the ester side chains which are isotropic (fi's 
in the range 5-20 A2, average B approximately 2.5 A2), several 
solvent methanol molecules, and 114 hydrogens at calculated 
positions. The standard crystallographic residual (R factor) for 
this model has converged to 0.07 for the observed data. 

As anticipated from the pseudosymmetry of the crystal, both 
independent molecules of bryostatin 1 have identical stereo-
structures and essentially identical conformations.16 Figure 1 
shows a perspective view of the X-ray model (less hydrogens) of 
crystalline bryostatin 1. The relative17 stereochemical designations 
of the eleven chiral centers in bryostatin 1 are 3(R),5(R) J-
(5),9(5),ll(5),15(JR),19(S),20(5),23(S),25(/?),26(/?). The 
crystal conformation of bryostatin 1 defines a roughly scoop-shaped 
molecule with length 13 A, width 8 A, and height approximately 
6 A. Examination of molecular models suggests that there are 
other plausible conformations. 

Bryostatin 1 may be considered as a 26-membered macrolide 
ring. Embedded in the 26-membered ring is a 20-membered cycle 
defined by taking the shorter path through the pyran oxygens 
rather than along the carbon chain. The longest chain of carbon 
atoms is 27 and has been used in the proposed numbering system. 
The oxygen substitution pattern, augmented by the gera-dimethyl 
substituents at carbons 8 and 18, suggests a polyketide biosynthesis 
for bryostatin 1. All three pyran rings are approximately in the 
chair conformation and each has a 4-position substituent that 
projects outward. All of the macrocycle substituents are equatorial 
with reference to the pyran rings. An intramolecular hydrogen 
bond appears between 019H and 03 (2.71, 2.71 A), and two 
possible hydrogen bonds are found between 03H and 05 (2.84, 
2.87 A), and between 03H and Oi l (3.00, 3.02 A). 

In the crystalline conformation oxygens 0 1 , 03 , 05 , O i l , 
019A, and 019B are all on the interior of the large, oxygen-rich 
cavity in bryostatin 1. The size and shape of this cavity and the 
arrangement of oxygen atoms suggest that the molecule may have 
cation-binding capabilities, similar to the polyether antibiotics. 
The axial (£,£)-octa-2,4-dienoic acid substituent at C20 would 
be expected to enhance lipid solubility. An intriguing possibility 
is that this substituent could swing over the internal cavity by 
rotation about the C20-O20 bond and "seal" one side. The 
stereochemistry of the two acetylidene units in bryostatin 1 at Cl 3 
and C21 is such that the carbonyl oxygen points in the direction 
of increasing carbon number along the macrocycle. While these 
units are disubstituted at the /3 carbon, it is conceivable that they 
could function as Michael acceptors for biopolymer amine and/or 
thiol groups. 

The extremely low dose level for antineoplastic activity suggests 
that this most interesting substance may possess other potentially 
useful pharmacological (and/or microbiological) activities and 
may become a valuable biochemical probe. Recent experiments 
with Bugula neritina L. fractions indicate that this marine animal18 

will yield additional19 biosynthetic products with an exceptionally 

(16) For more detail see: Arnold, E. Ph.D. Dissertation, Cornell Univer
sity, Ithaca, NY, 1982. 

(17) The enantiomer of bryostatin 1 shown in Figure 1 was selected as 
follows: The method of Engel (Engel, D. W. Acta Crystallogr., Sect. B 1972, 
B28, 1498-1509) was used to measure anomalous scattering effects due to 
oxygen and carbon (A/" = 0.032 and A/" = 0.009 electrons, respectively, for 
Cu Ka radiation). Seven groups of Bijvoet pairs that were expected to have 
the largest Bijvoet ratios were measured (three times) very slowly by using 
Cu Ka radiation and the same crystal that had been used for the Mo Ka data 
collection. Neighboring pairs, which in each case were centrosymmetric 
reflections, were measured in a manner similar to provide an empirical cor
rection for absorption and other anisotropic effects. The absorption-corrected 
Bijvoet ratios that were obtained for each of the seven groups indicated the 
enantiomer shown in Figure 1. Efforts to determine the absolute configuration 
of bryostatin 1 are continuing. 

(18) Alternatively, bryostatin 1 may have a dinoflagellate or other marine 
plant origin. 

(19) To simplify the systematic description of bryostatin 1 and related 
natural products, we propose designating the fundamental ring system bryo-
pyran. A more systematic description will appear in a subsequent commu-
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high level of antineoplastic activity (PS system). Studies concerned 
with uncovering such constituents and their mode of action will 
be continued. Presently, bryostatin 1 is being evaluated by using 
a selection of the U.S. National Cancer Institute's experimental 
solid tumor systems. 
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In a classical investigation, West and Rochow1 established that 
dilithio derivatives can be prepared from a,o)-dibromoalkanes and 
lithium metal in ether only if four or more methylene groups 
separate the two functions. In the reaction of lithium with di-
bromomethane, only 6% bis(trimethylsilyl)methane was obtained 
after quenching with trimethylchlorosilane. On the other hand, 
1,2-dibromoethane and 1,3-dibromopropane in a similar reaction 
gave no products indicative of the corresponding dilithio deriva
tives, although reaction did take place. More recently, Shimp and 
Lagow came to similar conclusions when performing this reaction 
with lithium vapor.2 Likewise, our own attempts to prepare 
1,3-dilithiopropane (la, Scheme I) from 1,3-dichloropropane or 
1,3-dibromopropane (2a) by reaction with lithium metal or 
fert-butyllithium were unsuccessful. Only aromatic,3 conjugated,4 

and specially functionalized5 1,3-dilithium compounds have been 
described so far. We report here the first synthesis and some 
properties of the simple aliphatic 1,3-dilithium compound (la) 
and its 2,2-dimethyl derivative lb. 

A new approach to 1 was made possible by our finding6 that 
l,3-bis(bromomagnesio)propane (3a)7 could, under special con
ditions, be prepared directly and conveniently from 2a; by reaction 
of HgBr2 in THF with 3a, 4a was obtained.6 Addition of 2 equiv 
of terf-butyllithium to 4a in pentane at 0 0C gave 5a in a rapid 
reaction, after which precipitated LiBr was removed by filtration. 
The filtrate was a solution of pure 5a8 in pentane, but on attempts 
to isolate 5a, it disproportionated to di-/ert-butylmercury and a 
nearly insoluble (oligomeric?) material, presumably 
(CH2CH2CH2Hg)n. Addition of 2 further equiv of tert-buty\-
lithium to the solution of 5a lead to a slow reaction (several hours 
at room temperature) and the precipitation of a white powder that 
contained la, together with 7 and LiH. Ia was characterized by 
hydrolysis to propane and reaction with trimethylchlorostannane 
to 6a;6 in these reactions, 7 was converted to propene and 8, 
respectively (Scheme II). Presumably, the preparation of la can 
also be achieved by treating 4a directly with 4 equiv of tert-bu-
tyllithium; so far, we did not explore this variant because it would 
furnish a precipitate that, besides la, 7, and LiH, also contains 
large amounts of LiBr. 

We had anticipated that la would be unstable and decompose 
spontaneously to allyllithium (7) by elimination of LiH. The 
analogous slow elimination of HMgBr had been observed in 3a 
at room temperature;6 a process that is facilitated through ac
tivation of the /8 hydrogen by the two carbon-metal bonds.9 

Normally, primary alkyllithium compounds eliminate LiH at a 
measurable rate only above ca. 100 °C.10 However, the effec
tiveness of /3-hydrogen activation in la is quite spectacular: at 
20 0C the half-life of la is 1 h at the utmost, as estimated by 
monitoring the amount and ratio of propane and propene after 

(1) West, R.; Rochow, E. G. J. Org. Chem. 1953, 18, 1739. 
(2) Shimp, L. A.; Lagow, R. J. J. Org. Chem. 1979, 44, 2311. 
(3) Letsinger, R. L.; Gilpin, J. A.; Vullo, W. J. / . Org. Chem. 1962, 27, 

672. 
(4) (a) Klein, J.; Medlik-Balan, A.; Meyer, A. Y.; Chorev, M. Tetrahedron 

1976, 32, 1839. (b) Goldstein, M. J.; Wenzel, T. T.; Whittaker, G.; Yates, 
S. F. J. Am. Chem. Soc. 1982, 104, 2669. 

(5) Barluenga, J.; Villamaiia, J.; FananSs, F. J.; Yus, M. J. Chem. Soc, 
Chem. Commun. 1982, 355. 

(6) (a) Seetz, J. W. F. L.; Akkerman, O. S.; Bickelhaupt, F. Tetrahedron 
Lett. 1982, 23, 1497. (b) Half-life of 3a in the reaction mixture after its 
formation from 2a: tu2 = ca. 40 days at 25 0C. 

(7) Costa, L. C; Whitesides, G. M. J. Am. Chem. Soc. 1977, 99, 2390. 
(8) 5a: 1H NMR (90 MHz, CDCl3) 6 1.26 (s, 3/HfH = 10? Hz, 18 H, 

NBu), 1.27 (m, 6 H). 
(9) Traylor, T. G.; Koermer, G. S. J. Org. Chem. 1981, 46, 3651 and 

references cited therein. 
(10) (a) Ziegler, K.; Gellert, H. G. Justus Liebigs Ann. Chem. 1950, 567, 

179. (b) Finnegan, R. A.; Kutta, H. W. J. Org. Chem. 1965, 30, 4138. 
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