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simple neutral uranyl-containing receptors show high association 
constants for anion complexati~n.'~ Moreover, the unique com- 
bination NH groups of a which Lewis can acidic form uranyl a favorable center H-bond and the with presence a coordinated of amide 6 
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anion guest, in a preorganized receptor, can lead to highly specific 
anion recognition. 
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Byssochlamic acid (l), a metabolite first isolated from the 
ascomycete Byssochlamys fulva,' is a member of the small but 
structurally unique class of natural products known as nonadrides2 
This family is characterized by the presence of a nine-membered 
carbocycle fused to two five-membered anhydride residues and 
includes the potent hepatotoxin rubratoxin B (2).3 The consti- 
tution of 1 and its a h l u t e  codiguration were established through 
an elegant series of degradative studies by Barton et al.,4.5 and 
the relative con@uration was confiied by X-ray crystallographic 
analysis of its @-bromophenyl)hydrazide.6 We report here a 
synthesis of 1 which hinges on a photoaddition-cycloreversion 
metathesis to construct the core cyclononadiene system.' This 
route is significantly different from that described by Stork* in 
the only published synthesis of a nonadride. 

Before embarking on our approach to 1, we confirmed by 
experiment the prediction made from theory that the natural, cis 
configuration of alkyl chains is more stable than the trans ori- 
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en ta t i~n .~  This removed the potential difficulty of controlling 
relative stereochemistry across a medium-sized ring en route to 
1. 

Sensitized irradiation through v e x  of bromomaleic anhydride 
in the presence of 1-pentene afforded a mixture of three photo- 
adducts in the ratio 4:l:l (Scheme I). These were conveniently 
isolated as the corresponding diacids 3 after basic hydrolysis and 
characterized as dimethyl esters 4.1° Dehydrobromination of 4 
cleanly afforded the cyclobutene 5, which was saponified to give 
dicarboxylic acid 6. The second component required for the 
synthesis, diol 11, was prepared by the sequence shown in Scheme 
11. Thus, 4ethylcyclohexanone (7, obtained by Jones' oxidation 
of the corresponding alcohol, was carboxylated and the resulting 
@-keto ester 8 was brominated to give 9. Favorskii rearrangement 
of the latter yielded diester 10," which was reduced with the ate 
complex of diisobutylaluminum hydrideI2 to 11. 

The dipotassium alkoxide from 11 was reacted with 5 but gave 
the desired cyclobutene half-ester in only low yield. Although 
this hydroxy acid lactonized readily to 12, an improved procedure 
for preparation of the latter was found by treatment of a mixture 
of 6 and 11 under Steglich-Keck  condition^.'^ This resulted in 
diolide 12 directly as a mixture of cis and trans stereoisomers 
(Scheme 111). Irradiation of this mixture in dilute solution 
afforded the intramolecular photoadducts 13, 14, and 15 in the 
ratio 2: 1.6: 1. Careful 2D NMR analysisI4 of these adducts in- 
dicated that they were exo-exo, exo-endo, and endo-endo ste- 
reoisomers with respect to the propyl and ethyl side chains. 
Conformational analysis using MM2 calculations suggests that 
the apparent, severe steric congestion of the side chains in 15 can 
be relieved by folding of the cyclopentane into a pronounced 
envelope conformation. No evidence for formation of the fourth, 
endo-exo isomer was found, implying that the trans isomer of 12 
gives only 14. 

Exposure of the mixture of 13,14, and 15 to refluxing toluene 
led to quantitative cycloreversion by opening of the central cy- 
clobutane ring in the direction opposite to that by which it was 
formed. This produced a 2:l mixture of cis and trans cyclo- 
nonadienes, 16 and 17, the former presumably originating from 
13 and 15, and the latter from 14.15 Direct oxidation of the 
bis(buten0lide) moieties to 1 and its trans isomer was unsuccea9ful, 
but basic hydrolysis of the mixture of 16 and 17, followed by 
oxidation of the carboxylates 18 with permanganate and acidi- 
fication, afforded 1 exclusively. Evidently, in the process of 
oxidizing 17, epimerization of the propyl side chain had occurred 

(9) MM2 calculations predict that 1 is more stable than its trans isomer 
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Scheme I" 

3, R = H  (iv)( = 
(u)c4, R = M e  6. R = H  

"(i) hu, Ph2C0, MeCN, then Na2C03 (aqueous), then HC1 (aque- 
ous) (68%); (ii) CH2N2, E t 2 0  (91%); (iii) DBU, CHCl, (100%); (iv) 
LiOH, THF-H20 (72%). 

Scheme II' 

(i) ( 7, R = H 
9 (iv) ( 10, R = C02Mc 

8. R = C02Me 11. R CH2OH 

"(i) NaH, (MeO)$O, C6H6 (86%); (ii) Br2, E t 2 0  (iii) NaOMe, 
MeOH (37% from 8); (iv) DIBALH-n-BuLi, hexane-THF, -78 "C - 
room temperature (62%). 

Scheme 111" 
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(ii) I 

16. R,  = H. R2 = n-R 13, R, = n-R, R2 = R3 = H, R4 = Et 

17, R, = n - R ,  R2 = H 14, Rl = n - R .  R2 = R, = H, R3 Et 

15, R, = & = H, R2 = n-R. R3 = El 
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"(i) DCC, DMAP, DMAPaHCl, CHCI,, A, 20 h (51%); (ii) hu, 
CH2C12, 4 h (63%); (iii) toluene, A, 2 h (100%); (iv) LiOH, H20-di- 
oxane; (v) KMn04,  then HC1 (aqueous) (37% from 17). 

to give the more stable cis isomer 1. The synthetic material was 
identical with a sample of natural byssochlamic acid by comparison 
of IR, 'H and "C NMR, and mass spectra. 
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Determination of the solution structure of a protein by NMR 
relies primarily on the analysis of a large number of 'H-lH NOE 
interactions, supplemented by dihedral angle information derived 
from vicinal 'H-'H J couplings. Threebond couplings are com- 
monly interpreted in terms of dihedral angles using the well-known 
Karplus relationship and can provide information on the backbone 
angle q5 and the side-chain torsion angles xn. In principle, 3JHuN 
couplings can be used to extract information about the backbone 
angle 11,, but in practice the variation in 3JHuN as a function of 
11, is too small for this purpose.' The correlation between the 
magnitude of 'JcuH, and the backbone angles 4 and 11, has been 
investigated previously both by MO calculations and by experi- 
mental measurements on conformationally constrained cyclic 
peptides.2 From this work, it was concluded that the magnitude 
of 'JC,H~ is influenced primarily by the interaction between the 
H-C, bonding orbital and the pz orbital of the lone pair N 
electrons; i.e., lJcuH, was expected to depend primarily on 4.j 
Here we present experimental results that indicate that JcaHa 
is determined primarily by 11, and to a lesser extent by 4. 

'Jc,H, couplings have been measured for the proteins basic 
pancreatic trypsin inhibitor (BPTI), staphylococcal nuclease 
(SNase), and calmodulin (CaM). Previous NMR studies have 
indicated that the solution structures of these proteins for residues 
3-56 (BPTI), 842 and 55-140 (SNase), and 6-76 and 83-146 
(CaM) are in good agreement with the crystal structures.e6 In 
the present work, we correlate the magnitude of lJCuH, with 
dihedral angles obtained from the X-ray crystal 
J G ~  values were measured from the F2 splittings in the purged'O 

HMQC spectrum of natural abundance BPTI (1 1 mM, p2H 5.8) 
and from the antiphase F3 splittings in the 3D CT-HCACO" and 
HCCH-COSY12 spectra Of uniformly (>95%) "C-enriched SNUC 
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