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Table I. Acidities of Carboxamides and Thiocarboxamides and of 
the Radical Cations Derived Therefrom in Me2SO at 25 0C 

amide 

CH3CONH2 

CH3CSNH2 

CH3CONHPh 

CH3CSNHPh 

PhCONH2 

PhCSNH2 

(H 2N) 2C=O 

(H2N)2C=S 

(PhNH) 2C=O 

(PhNH)2C=S 

P^HA 

25.5" 

18.5» 

21.45« 

14.7W 

23.35° 

16.9* 

26.9" 

21.0» 

19.5» 

13.5» 

£ox(A-)E 

+0.725 
(110) 
+0.434 
(HO) 
+0.605 
(70) 
+0.670 
(150) 
+0.824 
(160) 
+0.499 
(70) 
+0.788 
(170) 
+0.361 
(HO) 
+0.425 
(70) 
+0.561 
(50) 

E0AHAY 
+3.286 
(250) 
+ 1.212 
(140) 
+2.140 
(160) 
+ 1.150 
(120) 
+2.844 
(120) 
+ 1.157 
(90) 
+3.104 
(230) 
+ 1.074 
(160) 
+ 1.951 
(60) 
+ 1.117 
(60) 

BDE* 

107.5 

91 

99.5 

91.5 

107 

90.5 

111 

93 

92.5 

87 

P * H A ' + * 

-18 

+5 

-5 

+7 

-11 

+6 

-12 

+5 

-6 

+4 

"Reference 1. »Algrim, D. J. Ph.D. Dissertation, Northwestern 
University, 1981. cpKHA = 13.8 in H2O (ref 2). dpKHA = 11.6 in H2O 
(ref 2). 'Measured in Me2SO (V) versus a Ag/AgI electrode by cyclic 
voltammetry (CV) by using the method described previously3 and ref
erenced to the standard hydrogen electrode (SHE8,,); wave widths in 
mV are given in parentheses. -^Measured in MeCN (V) by CV and 
referenced to SHEaq. g Estimated by using the following equation:4-5 

BDE (kcal/mol) = 1.37PA:HA + 23.06£OX(A-) + 55.86. * Estimated to 
be accurate to about ±2 units by using the equation p£HA'+ = pKHA + 
[£ox(A-)-£OI(HA)]23.06/1.37.9 

PhNHC(=X)NHPh, the Ap£HA values remain about the same 
(9.3 and 8.2 kcal/mol), but the ABDE values are decreased sharply 
(8.0 and 5.5 kcal/mol), as are the ApAr

HA*+ values (16 and 14 
kcal/mol). 

The large differences in the properties of carboxamides and 
their thio analogues can be rationalized in part by the superior 
ability of sulfur, relative to oxygen, in stabilizing RC(=X)NH~ 
anions (eq 1), RCC=NH)X* radicals (eq 2), and RC(=X)NH2

+* 
radical cations (eq 3). 

radicals are more stable than PhO* radicals, and there is ESR 
data to indicate that RS functions are better than RO functions 
at stabilizing either adjacent13 or para14 carbon-centered radicals. 
Finally, in gas phase, there is evidence that MeS is superior to 
MeO in stabilizing the positive charge in MeXCH2

+ cations.15 

The superiority of sulfur over oxygen in these respects is greatly 
exaggerated in thiocarboxamides versus carboxamides because 
the C = S bond is weaker than the C = O bond by about 30 
kcal/mol,16 which increases the contribution of lb, relative to la, 
more for X = S than for X = O. For the thioamides this leads 
to IR stretching frequencies for CN typical of C = N , to CS IR 
frequencies normally associated with C-S, to higher C = N ro
tational barriers (15.4 versus 7.5 kcal/mol), and to higher dipole 
moments.2 

Replacement of a hydrogen atom on nitrogen by a phenyl 
substituent has about an equal effect in increasing the acidities 
of the carboxamides and thiocarboxamides, probably because the 
negative charge in the anions is localized primarily on oxygen or 
sulfur, and derealization of the charge to nitrogen is encouraged 
to about an equal degree by phenyl substitution. On the other 
hand, phenyl substitution has a much greater effect in lowering 
the BDE of the N-H bond in carboxamides and in decreasing 
the acidities of the radical cations derived therefrom than for the 
thiocarboxamides, probably because the radicals (eq 2) and radical 
cations (eq 3) for X = S are already effectively stabilized by 
localization of the odd electron and positive charge on the sulfur 
atom but less so for the oxygen atom where X = O. 
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When X in eq 1 and 2 is changed from O to S, the equilibria 
shift to the right because of the superior ability of sulfur in sta
bilizing the negative charge or odd electron, but in eq 3 the 
equilibrium shifts to the left (Table I) because the stabilizing effect 
of S versus O is greater on the radical cation than on the radical. 

The inherent greater ability of sulfur than oxygen to accom
modate a negative charge is suggested by the greater acidity of 
PhSH than PhOH by 10.7 kcal/mol in Me2SO and 8.5 kcal/mol 
in the gas phase, which can be explained by a decrease in lone 
pair-lone pair interactions in the larger S" ion.12a An adjacent 
PhS function is also far more effective in stabilizing a carbanion 
than is a PhO function.12b There is qualitative evidence that PhS* 

(11) Taft, R. W.; Gal, J. F., private communication. 
(12) (a) Taft, R. W.; Bordwell, F. G. Ace. Chem. Res. 1988, submitted 

for publication, (b) Bordwell, F. G.; Drucker, G. E.; Anderson, N. H.; 
Denniston, A. D. J. Am. Chem. Soc. 1986, 108, 7310-7313, and references 
cited therein. 

We recently reported the development of methodology, based 
on nickel-catalyzed intramolecular [4 + 4] cycloadditions of 
unactivated bis-dienes, which provides practical access to fused 
and bridged ring systems incorporating eight-membered carbo-
cycles.1 Described herein is the application of this methodology 
to the first synthesis of the recently characterized sesquiterpene 
lactone (+)-asteriscanolide (I).2 This study establishes the first 
asymmetric synthesis of a cyclooctane-containing terpenoid3 and 

(1) Wender, P. A.; IhIe, N. C. Tetrahedron Lett. 1987, 28, 2451. Wender, 
P. A.; Snapper, M. L. Tetrahedron Lett. 1987, 28, 2221. Wender, P. A.; IhIe, 
N. C. J. Am. Chem. Soc. 1986, 108, 4678. This reaction, while formally a 
cycloaddition, is mechanistically complex, proceeding through a series of 
metal-bonded intermediates. For a review of intermolecular nickel-catalyzed 
[4 + 4] cycloadditions, see: Jolly, P. W. In Comprehensive Organometallic 
Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: New 
York, 1982; Vol 8, pp 671-711. 

(2) San Feliciano, A.; Barrero, A. F.; Medarde, M.; del Corral, J. M. M.; 
Aramburu, A. Tetrahedron Lett. 1985, 26, 2369. For the isolation and 
characterization of the closely related methyl asteriscanoate and tetra-
dehydroasteriscanolide, see: El Dahmy, S.; Jalaipovic, J.; Bohlmann, F.; Sarg, 
T. M. Tetrahedron 1985, 41, 309. 
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Scheme I 

is based on the highest enantioselectivity yet reported for a Darvon 
alcohol modified lithium aluminum hydride reduction of a pro-
pargyl ketone.4 This combination of methodology for cyclooctane 
construction and for asymmetric control provides a concise and 
highly stereocontrolled route to the new asteriscane skeletal class 
and serves more generally to establish the basis for the broad 
implementation of this chemistry in synthesis. 

Our synthetic plan for asteriscanolide rested, in part, on the 
expectation that its C3 and C7 stereocenters could be set by 
selective delivery of hydrogen to the less-hindered exo face of the 
C3,C4 and C7,C8 double bonds in precursors such as 2 (Scheme 
I). Since the basis for this facial selectivity is attributable to the 
conformational constraints and steric effects imparted by the Cl, 
C2, and C9 stereogenic centers, the overall success of this plan 
would ultimately be determined by the stereochemical outcome 
of the cycloaddition of bis-diene 3. Favoring the desired outcome 
in this key process would be the preference for the development 
of the less strained cis fusions in the AB and AC ring systems. 

The execution of this plan began with the addition of isopropenyl 
lithium to acrolein (Scheme II). The resulting alcohol 45 was 
parlayed into the diene acid 5 by esterification with isobutyric 
anhydride followed by a regio- and stereoselective enolate Claisen 
rearrangement.6,7 The direct conversion of the carboxylic acid 
functionality in 5 to an aldehyde proved problematic, so a two-step 
procedure involving LAH reduction and Swern8 oxidation was 
used. Subsequent addition of lithium vinylacetylide to the resulting 
aldehyde provided racemic 6 in high yield. 

While (±)-6 was expected to serve in our studies toward racemic 
asteriscanolide, it was anticipated that an asymmetric synthesis 
could be fashioned at this point through conversion of this racemic 
material to R -6, a procedure which more generally could prove 
useful in future applications of nickel-catalyzed bis-diene cycli-
zations. Toward this end, (±)-6 was oxidized under Swern's 
conditions,8 and the resulting tert-a\kyl alkynyl ketone was sub
mitted to asymmetric reduction. Amongst the reagents examined, 

(3) For a recent asymmetric synthesis of the cyclooctanoid lignan stega-
none, see: (a) Meyers, A. I.; Flisak, J. R.; Aitken, R. A. J. Am. Chem. Soc. 
1987, 109, 5446. For alternative approaches to the construction of eight-
membered rings and lead references, see: (b) Paquette, L. A.; Ham, W. H. 
J. Am. Chem. Soc. 1987, 109, 3025. (c) Wender, P. A.; Correia, C. R. D. 
J. Am. Chem. Soc. 1987, 109, 2523. (d) Disanayaka, B. W.; Weedon, A. C. 
/. Org. Chem. 1987, 52, 2905. (e) Mehta, G.; Murthy, A. N. J. Org. Chem. 
1987, 52, 2875. (0 Swindell, C. S.; Patel, B. P.; deSolms, S. J.; Springer, J. 
P. J. Org. Chem. 1987, 52, 2346. (g) Pirrung, M. C. J. Org. Chem. 1987, 
52, 1635. (h) Berkowitz, W. F.; Amarasekara, A. S.; Perumattam, J. J. J. 
Org. Chem. 1987, 52, 1119. (i) Paquette, L. A.; Learn, K. S.; Romine, J. L. 
Tetrahedron 1987, 43, 4989. (j) Gadwood, R. C; Lett, R. M.; Wissinger, 
J. E. J. Am. Chem. Soc. 1986, 108, 6343. (k) Shea, K. J.; Gilman, J. W.; 
Haffner, C. D.; Dougherty, T. K. J. Am. Chem. Soc. 1986, 108, 4953. (1) 
Ohtsuka, Y.; Oishi, T. Tetrahedron Lett. 1986, 27, 203. (m) Kinney, W. A.; 
Coghlan, M. J.; Paquette, L. A. J. Am. Chem. Soc. 1985, 107, 7352. 

(4) Grandbois, E. R.; Howard, S. I.; Morrison, J. D. In Asymmetric 
Synthesis; Morrison, J. D., Ed.; Academic: Orlando, 1983; Vol. 2, Chapter 
3. Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1984, 25, 3055. Cohen, N.; 
Lopresti, R. J.; Neukom, C; Saucy, G. J. Org. Chem. 1980, 45, 582. 
Brinkmeyer, R. S.; Kapoor, V. M. J. Am. Chem. Soc. 1977, 99, 8339. 

(5) Previously prepared by the addition of vinylmagnesium bromide to 
methacrolein: Oppolzer, W.; Snowden, R. L.; Simmons, D. P. HeIv. Chim. 
Acta 1981, 64, 2002. 

(6) Parker, K. A.; Farmar, J. G. Tetrahedron Lett. 1985, 26, 3655. 
(7) All new compounds were fully characterized by spectral and physical 

methods, and, with the exception of the unstable 7 and 8, satisfactory com
bustion analyses or high resolution mass spectra were obtained. 

(8) Mancuso, A. J.; Swern, D. Synthesis 1981, 165. 

the Darvon alcohol modified LAH reagent4 proved superior, 
providing /?-6 in exceptional chemical (95%) and optical yield 
(>98% ee).9 

The next phase of our strategy called for the conversion of 
propargyl alcohol /?-6 to butenolide 3. While similar transfor
mations have been achieved in related systems via the Pd-catalyzed 
carbonylation of vinyl iodides,10 this procedure gave 3 but only 
in low yield, due largely to the instability of the vinyl iodide 
intermediate. Consequently, an alternative procedure for ac
complishing this transformation was explored. Hydroalumination 
of the alkyne in R-6 was accomplished in a stereo-, regio-, and 
chemoselective manner with Red-Al, and the resulting vinyl-
aluminate was stannylated at -78 0C with Me3SnCl." This 
resulted in a mixture of products including the expected vinyltin 
compound 7 and the 1,3-rearranged isomers 8a,b. The extent of 
rearrangement and therefore the ratio of products varied with 
reaction time. Related stannyl migrations have been reported for 
simple 3-stannyl-l,3-diene/l-stannyl-2,3-diene systems on 
treatment with strong nucleophiles (e.g., MeLi, Me3SnLi) at room 
temperature12 or under free-radical conditions13 with the ther
modynamic product typically being the 3-stannyl isomer. In our 
system, however, the rearrangement occurs at -78 0C since at 
low conversions the 3-stannyl isomer 7 was found to predominate, 
whereas the 1-stannyl isomers 8a,b were favored on extended 
reaction time. From a synthetic standpoint the formation of this 
mixture of products was not problematic since it was shown that 
each purified isomer or the mixture can be metalated on treatment 
with rc-butyllithium and that the resulting lithium reagent is 
carboxylated at the internal position to provide, on acidic workup, 
the desired lactone 3. 

The availability of bis-diene 3 through the above nine-step 
sequence set the stage for the investigation of the key nickel-
catalyzed cycloaddition. This substrate incorporates three features 
not previously studied in the nickel-catalyzed intramolecular 
cycloaddition reactions, namely substituents on both dienes, an 
electron-withdrawing group at the internal position of one diene, 
and the inclusion of one olefin in a pre-existing ring. Gratifyingly, 
these features did not frustrate the intended process; the cyclization 
proceeded quite well, with excellent mode-14 and stereoselectivity, 
providing 2 in 67% yield. Completion of the synthesis from 2 then 
proceeded according to plan. Thus, conjugate reduction of the 
unsaturated lactone with copper hydride15 and selective kinetic 
protonation of the resulting enolate from the exo face produced 
9 in greater than 95% isomeric purity. Finally, the C7 stereocenter 
was established through exo face hydroboration; in situ chromium 
oxidation of the resultant borane16 introduced the C6 ketone, 
directly furnishing (+)-asteriscanolide (I).17 

In summary, a short, enantioselective synthesis of (-f)-aster-
iscanolide based on the nickel-catalyzed intramolecular [4 + 4] 
cycloaddition reaction has been developed, proceeding in 13 steps 
and 2.7% overall yield. This study also provides general protocols 
for the facile construction of bis-dienes and for the incorporation 
of enantiocontrol into the synthetic strategy. Further applications 

(9) Enantiomeric excess was determined by formation of the (-t-)-MTPA 
ester (DCC, DMAP, CH2C1?: Neises, B.; Steglich, W. Angew. Chem., Int. 
Ed. Engl. 1978, 17, 522) and integration of the ' 'F NMR signals. Assignment 
of absolute stereochemistry is based on literature precedent for such reductions 
and on the relative chemical shifts of the MTPA esters (Yamaguchi, S. In 
Asymmetric Synthesis; Morrison, J. D., Ed.; Academic: Orlando, 1983; Vol. 
1, Chapter 7) and ultimately by correlation with the natural product. 

(10) Marshall, J. A.; Lebreton, J.; DeHoff, B. S.; Jenson, T. M. Tetra
hedron Lett. 1987, 28, 723. Cowell, A.; Stille, J. K. Tetrahedron Lett. 1979, 
133. 

(11) For a related transformation, see: Corey, E. J.; Eckrich, T. M. 
Tetrahedron Lett. 1984, 25, 2415. 

(12) Reich, H. J.; YeIm, K. E.; Reich, I. L. J. Org. Chem. 1984, 49, 3438. 
(13) Cochran, J. C; Leusink, A. J.; Noltes, J. G. Organometallics 1983, 

2, 1099. 
(14) Less than 5% of [4 + 2] products were observed. 
(15) Semmelhack, M. F.; Stauffer, R. D.; Yamashita, A. J. Org. Chem. 

1971,42, 3180. 
(16) Piancatelli, G.; Scettri, A.; D'Auria, M. Synthesis 1982, 245. 
(17) Synthetic asteriscanolide was identical in all respects, including re

tention time on a chiral capillary GC column, with a sample of the natural 
material kindly provided by Prof. Dr. San Feliciano. 
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Scheme II" Anti 

(•(-ASTERISCANOLIDE 
(D 

"(a) Isopropenyl Grignard (57%); (b) isobutyric anhydride (99%); 
(c) LDA, -78 0C to 0 0C (69%); (d) LAH (93%); (e) DMSO, (CO-
Cl)2, Et3N (88%); (f) L i C = C C H = C H 2 (88%); (g) DMSO, (COCl)2, 
Et3N (89%); (h) LAH/Darvon (97%); (i) Red-Al; Me3SnCl (83%); (j) 
K-BuLi; CO2 (56%); (k) Ni(COD)2, Ph3P, 90 0C (67%); (1) Red-Al. 
CuBr (74%); (m) BH3-THF; PCC (48%). 

of this methodology are under investigation and will be reported 
in due course. 
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Features which recur in the active site of enzymes, unrelated 
by evolution, are particularly worthy of chemical modelling. It 
is essential, however, that these small organic molecules maintain 
the spatial relationships found in the enzymic system. Models 
of the serine proteases1 (e.g., I23, 22b, 32c) orient the anti lone pair 
of the carboxylate toward the imidazole, in contrast to the serine 
proteases,3 malate and lactate dehydrogenase,4 thermolysin,5 and 

* Address correspondence to: Professor Steven C. Zimmerman, 270 Roger 
Adams Laboratory, Box 35, Department of Chemistry, University of Illinois, 
Urbana, IL 61801. 
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(b) Komiyama, M.; Bender, M. L. Bioorg. Chem. 1977, 6, 13. (c) Roberts, 
J. D.; Yu, C; Flanagan, C; Birdseye, T. R. J. Am. Chem. Soc. 1982, 104, 
3945. (d) Bruice, T. C; Sturtevant, J. M. J. Am. Chem. Soc. 1959, 81, 2860. 

(3) Blow, D. M.; Birktoft, J. J.; Hartley, B. S. Nature (London) 1969, 221, 
337. Kraut, J. Ann. Rev. Biochem. 1977, 46, 331. 
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u-N^N » \ 

5 :XJF 
-N V N „HS 

4: X = O- 5 

10: X = NH2 

DNAse I6 which have all evolved to use His-Asp (GIu) couples 
with the N-3(H)-syn lone pair arrangement (Chart I).7 ,8 

With respect to carboxylate orientation, Gandour has argued 
that there is a large stereoelectronic effect in operation whereby 
the carboxylate syn lone pair may be as much as 104 times more 
basic than the anti.9 '10 However, it is not known whether this 
will affect the pK3 of the His-Asp couple. In an elegant study, 
Craik has compared native trypsin with a mutant enzyme in which 
aspartate is replaced by neutral asparagine (D 102 N trypsin).11 

In this case, the carboxylate syn lone pair of Asp-102 increases 
the pATa of His-57 by 1.5 units. In all anti imidazole-carboxylates 
the ApK3, in aqueous medium,12 is less than 1 pA"a unit. If the 
larger ApAT3 seen in trypsin results from this syn orientation, then 
this could explain the preference seen for the N-3(H)-syn lone 
pair orientation in the enzymic His-Asp couple. 

We wish to report the synthesis and p/Q determinations of 4, 
the first syn oriented model of the enzymic His-Asp couple. 
Crucial to the design of our system was the X-ray structure of 
pyrido-crown ether 5,13 synthesized by Cram,1 4 in which the 
benzoic acid moiety engages in a syn hydrogen bond with the 
pyridine nitrogen. A serviceable route to 4 involved the reaction 
of 1-benzylimidazole with formalin to produce 2,5-bis(hydroxy-
methyl)imidazole 6 (Scheme I). 15~17 Conversion to the bis-
(chloromethyl)imidazole hydrochloride and reaction with a large 
excess of ethylene glycol produced diol 7, which was debenzylated 

(5) Weaver, L. H.; Kester, W. R.; Matthews, B. W. J. MoI. Biol. 1977, 
114, 119. 

(6) Suck, D.; Oefner, C. Nature (London) 1986, 321, 620. 
(7) Phospholipase A2 is an exception in that it uses the N-l(H)-anti lone 

pair orientation: Dijkstra, B. W.; Drenth, J.; KaIk, K. H. Nature (London) 
1981, 289, 604. 

(8) When histidine acts as a base, the less favorable N-3(H) tautomeric 
form may be preferred since it is more basic by 0.4 pA'j units: Tanokura, M. 
Biochim. Biophys. Ada 1983, 742, 576. 

(9) Gandour, R. D. Bioorg. Chem. 1981, 10, 169. 
(10) Experimental support for this proposal has been reported: Rebek, J., 

Jr.; Duff, R. J.; Gordon, W. E.; Parris, K. J. Am. Chem. Soc. 1986, 108, 6068. 
(11) Craik, C. S.; Roczniak, S.; Largman, C; Rutter, W. J. Science 

(Washington D.C.) 1987, 237, 909. 
(12) Mixed organic-aqueous solvents can cause inversion of imidazolium 

and carboxylic acid p£as: Komiyama, M.; Bender, M. L.; Utaka, M.; Takeda, 
A. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 2634. Halle, J.-C; Simonnin, 
M.-P. J. Biol. Chem. 1981, 256, 8569. 

(13) Goldberg, L; Rezmovitz, H. Acta Crystallogr., Sect. B. Struct. 
Crystallogr. Cryst. Chem. 1978, 34, 2894. 

(14) Bell, T. W.; Cheng, P. G.; Newcomb, M.; Cram, D. J. J. Am. Chem. 
Soc. 1982, 104, 5185. 

(15) 2-Hydroxymethylation of 1-benzylimidazole: Jones, R. J. J. Am. 
Chem. Soc. 1949, 71, 383. 5-Hydroxymethylation of 1,2-disubstituted im
idazoles: Godefroi, E. F.; Loozen, H. J. J.; Ludreer-Platje, J. T. J. Reel. Trav. 
Chim. Pays-Bas 1972, 91, 1383. 

(16) All new compounds gave correct elemental analysis and/or high 
resolution mass spectral data and had spectroscopic properties which were in 
accord with the assigned structure. Compound 4 analyzed best as a hydrate. 
Anal. Calcd for C18H22O6N2-LSH2O: C, 55.52; H, 6.47; N, 7.19. Found: 
C, 55.17; H, 6.10; N, 7.36. 

(17) (a) We have since developed an improved synthesis of 2,4(5)-bis-
(benzyloxymethyl)imidazole and 8 (ref 17b). (b) Zimmerman, S. C; Cramer, 
K. D.; Galan, A. A., manuscript in preparation. 
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