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accurate determination of molecular weight, reveals minor protein 
contaminants, and provides direct amino acid sequence infor
mation. 

Acknowledgment. This work was supported by grants from the 
National Science Foundation (DMR 8914359) and the National 
Institutes of Health (RR00862, GM38724, and BRSG S07 
RR07065). 

HM(AS)ZEO]4-A G . A S A S A G P E O A G A G A G A G P E G A G A G A G - V G-Oh 

I I I I I 
^HHnase*2H]2 

A Substoichiometric Pyridine-Lithium Enolate 
Complex: Solution and X-ray Data and Implications 
for Catalysis in the Aldol Reaction 

Paul J. Pospisil, Scott R. Wilson, and Eric N. Jacobsen* 

Roger Adams Laboratory, Department of Chemistry 
University of Illinois, Urbana, Illinois 61801 

Received May 4, 1992 

The coordination chemistry of lithium enolates has been the 
subject of extensive investigation,1"4 and the relative reactivity 
of different aggregates has emerged as an area of central concern.5 

In the context of a broad approach to the design of asymmetric 
catalytic aldol reactions, we are investigating the effect of sub
stoichiometric amounts of Lewis bases on the aggregation state 
and reactivity of enolates. Enantioselective catalysis is achievable 
in principle with chiral ligands that enhance enolate reactivity, 
effectively induce asymmetry in the aldol condensation, and turn 
over due to preferential binding to free enolate relative to the metal 
aldolate product.6 We report herein our initial studies directed 
toward this goal, including the unexpected reaggregation of lithium 
pinacolate (1) with substoichiometric amounts of pyridine and 
the first definitive observation of a coordinatively unsaturated 
lithium enolate complex.7 

Figure 1. Analysis of artificial proteins by matrix-assisted laser desorp-
tion mass spectrometry. (A) Spectrum of target copolypeptide 1 with 
RNase A as an internal calibrant. The m/z value of the molecular ion 
[M + H]+ is 17 264 ± 2. (B) Spectrum expanded in region of low 
molecular weight contaminants. The peaks progress starting with N-
terminal fragment 3 (calcd m/z = 5733, found 5730) with the sequential 
addition of amino acid residues through three repeats of the target rep
etitive sequence. The substituted valine is apparent in the seventh repeat. 
(C) Mass spectrum of the protein sample after removal of the contam
inating fragments by dialysis. 

3 is 5733, in good agreement with the observed value. More 
striking, however, is the fact that each succeeding signal can be 
rationalized by addition of a single amino acid residue, proceeding 
in the N- to C-terminal direction along sequence 1. Thus, one 
can read portions of the periodic sequence directly from the mass 
spectrum, including one of the substituted valines. These frag
ments appear in all preparations of the copolypeptide and probably 
arise from the action of exo- and endopeptidases, either in vivo 
and in vitro or both. The fragments are easily removed by dialysis 
as shown in Figure Ic, which shows only the singly, doubly, and 
triply ionized molecular ions of the intact protein. Fragmentation 
is not an artifact of the ionization technique. 

H-ASMTGGQQMGRDPMFKYSRDPMG-
[AGAGAGAGPEG]4-OH (3) 

Subsequent to the discovery of the contaminating fragments, 
the sample was rerun on a 25-cm 15% SDS polyacrylamide gel, 
and the proteins were visualized by Coomassie Blue staining. The 
fragments were not detected by this method, even when the sample 
was overloaded (up to 50 ng of protein per lane). In contrast, 
matrix-assisted laser desorption mass spectrometry provides rapid, 

(1) For a review on enolates: Mekelburger, H. B.; Wilcox, C. S. In Com
prehensive Organic Synthesis; Pergamon Press: Oxford, 1991; Chapter 1.5. 

(2) For reviews on lithium enolates: (a) Jackman, L. M.; Lange, B. C. 
Tetrahedron 1977, 33, 2121. (b) Seebach, D. Angew. Chem., Int. Ed. Engl. 
1988 27, 1624. (c) Jackman, L. M. In Comprehensive Carbanion Chemistry, 
in press. 

(3) For X-ray structures of organolithium compounds: Setzer, W. N.; 
Schleyer, P. v. R. Adv Organomet. Chem. 1985, 24, 353. 

(4) (a) Arnett, E. M.; Fisher, F. J.; Nichols, M. A.; Ribeiro, A. A. / . Am. 
Chem. Soc. 1990, 112, 801 and references cited therein, (b) Arnett, E. M.; 
Palmer, C. A. J. Am. Chem. Soc. 1990, 112, 7354. (c) Williard, P. G.; 
Carpenter, G. B. J. Am. Chem. Soc. 1986,108, 462. (d) Hahn, E.; Maetzke, 
T.; Plattner, D. A.; Seebach, D. Chem. Ber. 1990, 123, 2059. (e) Seebach, 
D. In Proceedings of the Robert A. Welch Foundation Conferences on 
Chemical Research, Houston, TX, 1984; Welch Foundation: Houston, TX, 
1984. (J) Laube, T.; Dunitz, J. D.; Seebach, D. HeIv. Chim. Acta 1985,68, 
1373. (g) Hayes, R. N.; Grese, R. P.; Gross, M. L. / . Am. Chem. Soc. 1989, 
/ / / , 8336. (h) Jackman, L. M.; Szeverenyi, N. M. / . Am. Chem. Soc. 1977, 
99, 4954. (i) Jackman, L. M.; Lange, B. C. J. Am. Chem. Soc. 1981, 103, 
4494. For related work on solution structures of phenolates, see: Jackman, 
L. M.; Rakiewicz, E. F. J. Am. Chem. Soc. 1991, 113, 1202 and references 
cited therein. 

(5) (a) Jackman, L. M.; Dunne, T. S. / . Am. Chem. Soc. 1985,107, 2805. 
(b) Williard, P. G.; Hintze, M. J. J. Am. Chem. Soc. 1990, 112, 8602. (c) 
Williard, P. G.; MacEwan, G. J. J. Am. Chem. Soc. 1989, Ul, 7671. (d) 
Hall, P. L.; Gilchrist, J. H.; Collum, D. B. / . Am. Chem. Soc. 1991,113, 9571 
and references cited therein, (e) Hall, P. L.; Gilchrist, J. H.; Harrison, A. 
T.; Collum, D. B. J. Am. Chem. Soc. 1991,113, 9575. (f) Jackman, L. M.; 
Rakiewicz, E. F. J. Am. Chem. Soc. 1991, 113, 4101 and references cited 
therein. 

(6) Arnett has previously demonstrated that Lewis bases such as THF and 
TMEDA bind to lithium enolates yet do not interact measurably with the 
corresponding aldolates. Arnett, E. M.; Fisher, F. J.; Nichols, M. A.; Ribeiro, 
A. A. J. Am. Chem. Soc. 1989, 111, 748. 

(7) Although the ligand-free hexamer 1 is formally coordinatively unsat
urated, Williard noted that the unusually short contacts between the lithium 
centers and the enolate double bonds may reflect a weak dative interaction. 
The resulting stabilization was proposed to account for the hexameric struc
ture, since such chelation is geometrically less accessible in a tetramer. 
Williard, P. G.; Carpenter, G. B. / . Am. Chem. Soc. 1985, 107, 3345. 
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Figure 1. ORTEP drawings of A and B. The Li-O tetrameric core and 
the N-Li bonds are highlighted. Thermal ellipsoids are scaled to rep
resent 35% probability surfaces. 
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Figure 2. 1H NMR titration plot of a lithium pinacolate (1) solution (0.1 
M) in cyclohexane-d12 with pyridine at 20 0C; a, b, and c correspond to 
resonances of free enolate; a", b", and c" are the resonances due to the 
pyridine-enolate complex; and r, t, and s correspond to pyridine; (*) 
C6D11H. 

Treatment of pinacolone with lithium bis(trimethylsilyl)amide 
in the presence of excess pyridine afforded an isolable lithium 
pinacolate complex, the solid-state structure of which was de
termined by X-ray crystallography to be the 4:4 enolate-pyridine 
tetramer A (Figure 1). This structure is closely analogous to 
the corresponding THF complex reported by Seebach and Dunitz.8 

Thus 1, which is a hexamer in both solution and the solid state,4"'7 

undergoes clean reaggregation to Lewis base-complexed tetramers 
upon addition of pyridine or THF. 

Titrations of 0.1 M cyclohexane-d12 solutions of either 1 or the 
lithium aldolate 29 with Lewis bases were monitored by 1H NMR. 
Whereas aldolate 2 underwent no detectable binding to pyridine 
nor to a wide range of other potential ligands,6 titration of 1 with 
a variety of oxygen- or nitrogen-containing Lewis bases resulted 
in dramatic changes in 1H NMR signals of the enolate. In the 
titration with pyridine at 20 0C (Figure 2), the resonances due 
to 1 (5 4.13, 3.95,1.46) were replaced by a distinct set of enolate 

(8) Amstutz, R.; Schweizer, W. B.; Seebach, D.; Dunitz, J. D. HeIv. Chim. 
Acta 1981, 64, 2617. 

(9) Williard, P. G.; Salvino, J. M. Tetrahedron Lett. 1985, 26, 3931. 
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Figure 3. Job plots, (a) Plot of [enolate-THF] versus the mole fraction 
[!]/([!] + [THF]) at constant [1] + [THF] = 0.2 M (20 0C). The 
dashed line at XmolM = 0.5 indicates the predicted position of the curve 
apex for a 4:4 enolate-THF complex, (b) Plot of [enolate-pyridine] 
versus the mole fraction [1]/([1] + [pyridine]) at constant [1] + [pyr
idine] = 0.2 M (20 0C). The dashed line at A"en 

: 0.57 indicates the 
predicted position of the curve apex for a 4:3 enolate-pyridine complex. 

peaks (S 4.00, 3.98,1.38). Complete disappearance of 1 occurred 
with only 0.74 equiv of added pyridine (Figure 2), whereas a full 
1 equiv of added THF was required to achieve complete reag
gregation of the enolate at 20 0C. 

The difference in the binding behavior of THF and pyridine 
was investigated further using Job's method of continuous vari
ations.10'11 The apex of the Job plot for the interaction of THF 
with 1 occurred at an equimolar ratio of enolate to ligand (Xetm]iW 
= 0.5), as expected for 1:1 binding (Figure 3A). In contrast, 
the Job plot of the interaction of pyridine with 1 reached a 
maximum concentration of complex at an enolate:pyridine ratio 
of 1.00:0.75 (Enolate « 0.57), indicating a complex of 4:3 stoi-
chiometry (Figure 3B). The solution aggregation state of this 
complex was assessed by freezing point depression studies in 
cyclohexane.12 A molecular weight of 674 ± 30 g/mol thus 
determined from solutions containing 0.1 M 1 and 0.74 equiv of 
pyridine is consistent with an enolate tetramer bearing three 
pyridine ligands (MW l t o ! f a l = 662). 

Crystals of the nonstoichiometric enolate-pyridine complex B 
were grown from a mixture of pinacolone, lithium bis(tri-
methylsilyl)amide, and pyridine (1:1:0.65) in methylcyclohexane. 
The solid-state structure was determined by X-ray crystallography 
(Figure 1) to be that of a tetramer bearing one tricoordinate 
lithium site, consistent with the solution measurements described 
above.13'14 One pyridine ligand is bound to each of the three 
remaining lithium centers, and these groups are oriented similarly 
to those of the 4:4 complex. The enolate attached opposite to the 
open lithium coordination site of the tetramer is also positioned 
as in the 4:4 complex. The average distance between the bare 
lithium and the adjacent enolate oxygens is 1.89 A, whereas the 
average lithium-oxygen distance is 1.97 A in the saturated 4:4 
complex. It therefore appears that the open lithium site is partially 
stabilized by stronger interaction with the adjacent enolate oxy
gens. 

The bare lithium site in the 4:3 complex is also shielded by the 
three tert-butyl groups of adjacent enolates, and reorientation of 

(10) Zimmerman, S. C; Wu, W.; Zeng, Z. / . Am. Chem. Soc. 1991,113, 
196 and references therein. 

(11) Hill, Z. D.; MacCarthy, P. J. Chem. Educ. 1986, 63, 162. 
(12) (a) Bauer, W.; Seebach, D. HeIv. Chim. Acta 1984, 67, 1972. (b) 

Lewis, H. L.; Brown, T. L. / . Am. Chem. Soc. 1970, 92, 4664. 
(13) For other tricoordinate lithium compounds, see: (a) Reference 3 and 

refs 158, 162b, and 200-202 therein, (b) Schleyer, P. v. R. Pure Appl. Chem. 
1983, 55, 355; 1984, 56, 151. (c) Beno, M.; Hope, H.; Olmstead, M. M.; 
Power, P. P. Organometallics 1985, 4, 2117. (d) The tetrameric 4:3 phe-
nyllithium-ether complex (PhLi-Et2O)3LiBr also consists of a cube bearing 
a tricoordinate lithium center. Stabilization of the open coordination site may 
be occurring through the bromide which resides at the opposite corner of the 
tetrameric cube. The halide-free complex (PhLi-OEt2)4 is a simple tetramer 
with four tetracoordinate lithium centers. Hope, H.; Power, P. P. J. Am. 
Chem. Soc. 1983, 105, 5320. (e) Jackman, L. M.; Chen, X. J. Am. Chem. 
Soc. 1992,114, 403. (f) For a review addressing lithium structures with two 
to eight coordinating ligands, see: Power, P. P. Ace. Chem. Res. 1988, 21, 
147. 

(14) Williard and co-workers have recently elucidated the structures of 
n-BuLi tetramers that are partially solvated by TMEDA. Williard, P. G. 
Personal communication. 
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one of the enolate groups would be required for a closed transition 
state aldol reaction involving the tetramer.15 Molecular mechanics 
calculations (MM2) performed on the 4:3 complex indeed indicate 
unhindered rotation of the enolate ligands, so coordination of a 
fourth group is expected to be sterically accessible without prior 
deaggregation of the tetramer.16 Seebach has proposed that aldol 
reactions of tetrameric Lewis base-coordinated enolates may take 
place via a ligand dissociative process, and although our data do 
not provide definitive evidence for such a mechanism, they cer
tainly support the viability of a coordinatively unsaturated reactive 
tetramer." On the basis of these results, experiments to evaluate 
the relative reactivities of the ligand-free, 3:4, and 4:4 complexes18 

and of related lithium enolates bearing chiral ligands are currently 
underway in our laboratories. 
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(15) Denmark, S. E.; Henke, B. R. / . Am. Chem. Soc. 1991, 113, 2177 
and references cited therein. 

(16) Jackman has provided strong evidence for a reactive tetramer in 
transesterification by lithium aryloxides. Jackman, L. M.; Petrei, M. M.; 
Smith, D. B. J. Am. Chem. Soc. 1991, 113, 3451. 

(17) Seebach, D.; Amstutz, R.; Dunitz, J. D. HeIv. Chim. Acta 1981, 64, 
2622. 

(18) For discussions on the relative reactivity of partially solvated alkyl-
lithium aggregates, see: (a) Hay, D. R.; Song, Z.; Smith, S. G.; Beak, P. J. 
Am. Chem. Soc. 1988, 110, 8145. (b) Collum, D. B. Ace. Chem. Res., in 
press. 
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We recently discovered that a sponge of the genus Polyfi
brospongia contained a novel class of bis-oxazoles, one of which, 
hennoxazole A, displayed significant antiviral activity.1 This 
finding prompted us to examine the sponge further to determine 
whether other biologically active constituents were present. We 

(1) Ichiba, T.; Yoshida, W. Y.; Scheuer, P. J.; Higa, T.; Garcia Gravalos, 
D. J. Am. Chem. Soc. 1991, 113, 3173. 

Figure 1. Perspective drawing of the relative configuration of miyakolide 
(1) as determined by X-ray analysis. The oxygen atoms are hatched. 

now report on the isolation and characterization of a new ma
crolide, miyakolide (I),2 which is structurally similar to the 
bryostatins, an important class of anti-cancer compounds.3 

Polyfibrospongia sp. (8.4 kg) was collected at the same site 
off the island of Miyako and processed in the same manner as 
previously described.1 The fractions obtained by initial chro
matography, which showed TLC spots different from those of the 
hennoxazoles, were separated by Sephadex LH-20 (CH2Cl2/ 
MeOH 1:2). The resulting fractions were repeatedly separated 
by HPLC (RP-8, MeOH/H20 5:1; Si-60, hexane/EtOAc 3:2) 
to give 97 mg (0.0012%) of miyakolide (I).4 Recrystallization 
(CH2Cl2/MeOH) furnished colorless crystals: mp 197-199 0C; 
[a]\ -24° (c 1.05, CHCl3). The molecular formula C36H54O12 
was established by HRFABMS on a fragment ion at m/z 
661.3606 (M - OH, C36H53O11 requires 661.3624). The presence 
of four rings in 1 was inferred from the unsaturation requirement 
of the molecule and from the 13C NMR data,4 which pointed to 
a ketone (6 215.0), two ester carbonyl functions (S 176.0, 166.5), 
and two C=C double bonds (8 154.5, 136.1, 124.9, 116.9). 

Analysis of the 1H, 13C, and 2D spectra (H-H and C-H COSY, 
COLOC) enabled the structures of rings A-D and their sub-
stituents to be deduced. All connections, except that between rings 
B and D for which there are two possibilities, were also established 
by 2D NMR spectroscopy. Since this ambiguity could not be 
resolved by the NMR method, recourse was made to X-ray 
analysis. A suitable crystal was grown from a solution in Et-

(2) The compound was named after the island Miyako where the sponge 
was collected. 

(3) Pettit, G. R.; Gao, F.; Sengupta, D.; Coll, J. C; Herald, C. L.; Doubek, 
D. L.; Schmidt, J. M.; Van Camp, J. R.; Rudloe, J. J.; Nieman, R. A. 
Tetrahedron 1991, 47, 3601 and references cited therein. 

(4) 1: UV (MeOH) \ „ „ 225 nm (e 21000); IR (KBr) 3450, 2930, 1705, 
1650, 1190, 1150 cm"1; 1H NMR (500 MHz, CDCl3) 6 5.74 (1 H, s, H34), 
5.18 (ddd, J = 12, 5, 5 Hz, H13), 5.15 (1 H, d, J = 8.3 Hz, H29), 5.02 (1 
H, d, J = 2 Hz, C18-OH), 4.48 (1 H, s, C9-OH), 4.13 (1 H, ddd, J = 10, 
9, 2 Hz, H15), 3.88 (1 H, br d, J = 10 Hz, HU), 3.84 (1 H, dd, J = 12, 1 
Hz, H22), 3.74 (1 H, d, J = 13 Hz, H21), 3.63 (3 H, s, OCH3), 3.54 (1 H, 
dd, J = 11, 11 Hz, Hl), 3.51 ( l H , i , / = l Hz, OH), 3.40 (1 H, dd, / = 
10, 10 Hz, H23), 2.70 (1 H, q, J = 7 Hz, H17), 2.56 (1 H, s, H8), 2.48 (1 
H, m, H6), 2.47 (1 H, m, H12), 2.42 (1 H, d, / = 13 Hz, H19), 2.34 (1 H, 
dd, J = 13, 12 Hz, H21), 2.09 (1 H, d, J = 13 Hz, H19), 2.02 (1 H, br d, 
J = 12 Hz, H4), 1.98 (1 H, m, HlO), 1.96 (1 H, m, H5), 1.76 (2 H, m, H24, 
H5), 1.70 (1 H, m, HlO), 1.70 (3 H, s, H31), 1.68 (1 H, m, H14), 1.68 (3 
H, s, H32), 1.62 (1 H, m, H25), 1.52 (1 H, M, H14), 1.49 (1 H, m, H2), 1.48 
(1 H, m, H25), 1.47 (1 H, m, H4), 1.22 (3 H, d, J = 7 Hz, H33), 1.21 (1 
H, m, H24), 0.96 (3 H, d, / = 7 Hz, H27), 0.92 (3 H, d, J = 1 Hz, H28), 
0.86 (3 H, d, J = 7 Hz, H26); 13C NMR (67.5 MHz, CDCl3) S 215.0 (C7), 
176.0 (C16), 166.5 (C35), 154.5 (C20), 136.1 (C30), 124.9 (C29), 116.9 
(C34), 99.4 (C18), 96.1 (C9), 78.9 (C3), 73.6 (CU), 73.6 (C23), 73.4 (C22), 
73.3 (C15), 73.2 (C13), 71.2 (Cl), 60.4 (C8), 50.9 (OCH3), 47.4 (C17), 45.6 
(C6), 43.9 (C2), 42.9 (C19), 41.1 (ClO), 34.3 (C4), 34.3 (C12), 32.9 (C24), 
32.3 (C5), 31.7 (C14), 31.6 (C21), 30.5 (C25), 25.6 (C31), 18.3 (C32), 13.7 
(C27), 12.5 (C33), 10.0 (C26), 5.6 (C28); LR FABMS m/z 678 (M+), 677, 
661, 307, 289. 
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