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mixture of [2'-13C]nocardicin G and epinocardicin G3 by selective 
transformation of the 2'-amino function to the ,ryw-oxime of 615 

and purified by preparative HPLC. In five large-scale cell-free 
incubations, [2'-13C]nocardicin E (19.7 mg) was completely 
converted to a mixture of [2'-13C]isonocardicin A and nocardicin 
A in the presence of an approximately 2.5 molar excess of AdoMet. 
Proteins were precipitated by brief heat denaturation, and the 
mixture of labeled 7a/7b was isolated by ion exchange (DEAE 
Sephadex A-25) and absorption (Amberlite XAD-4) chroma­
tography followed by crystallization from water (pH 2.5).' The 
intact incorporation of [T- 13C] -6 into the 7a/7b (20 mg) isolated 
was demonstrated by the presence of a single enhanced resonance23 

at 153.98 ppm in its 13C(1Hj NMR spectrum corresponding to 
the C-2' oxime carbon of the product.2 Addition of a small amount 
of [2'-13C]-6 resulted in the appearance of a second signal at 
154.37 ppm. Further 1H NMR and HPLC analysis confirmed 
the identity of the product as 7a/7b (vide supra). 

In conclusion, we have obtained a partially purified cell-free 
system from N. uniformis exhibiting two enzymic activities in­
volved in the late stages of nocardicin A biosynthesis. The first, 
a 3-amino-3-carboxypropyl transferase, carries nocardicin E (6) 
and AdoMet (but not L-methionine and ATP) to isonocardicin 
A (7a), and the second, an epimerase, inverts the C-9' configu­
ration of 7a to give nocardicin A (7b). Under normal conditions 
of fermentation the latter is selectively transported out of growing 
cells to give nocardicin A as the principal metabolite of the 
pathway. The group-transfer reaction from AdoMet has been 
shown to proceed with inversion of configuration," paralleling 
the stereochemical course of polyamine biosynthesis12 from de-
carboxylated AdoMet. On the basis of these findings an overall 
biosynthetic route to nocardicin A, and quite probably the major 
one, may now be more clearly defined (see Scheme I). Nocardicin 
G (5) is the first #-lactam-containing intermediate of the pathway3 

and originates from the amino acids 2 and 3, presumably by way 
of the hypothetical tripeptide 4 or a closely related derivative. 
Nocardicin G (5) is then elaborated to the remaining six members 
of this antibiotic family,24 but, specifically, amine oxidation must 

(23) Even though a mixture of 7a and 7b was obtained, a single resonance 
was observed for C-2'. 

(24) Kurita, M.; Jomon, K.; Komori, T.; Miyairi, N,; Aoki, H.; Kuge, S.; 
Kamiya, T.; Imanaka, H. J. Antibiot. 1976, 29, 1243-1245. Hosoda, J.; 
Konomi, T.; Tani, N.; Aoki, H.; Imanaka, H. Agric. Biol. Chem. 1977, 41, 
2013-2020. 
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yield the 2'-s>'H-oxime of nocardicin E (6) which serves as the 
nucleophilic partner to AdoMet, in an SN2 transfer11 of a 3-
amino-3-carboxypropyl group, to give isonocardicin A (7a). An 
epimerase then acts to convert the latter to nocardicin A (7b). 
Purification of the 3-amino-3-carboxypropyl transferase is in 
progress, and its detailed role in the biosynthesis of the nocardicins 
will be reported in due course. 
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It can be argued that the most effective approach for con­
struction of organic molecules involves a process where the com­
bined elemental compositions of the substrates are equivalent to 
that of the final product. In cyclizations, such a process corre­
sponds to an isomerization of an acyclic system to a desired ring. 
Besides processes such as intramolecular cycloadditions,1,2 reactions 
of this type, exemplified by the intramolecular Alder ene reac-
t;onib,3,4 an(j transition-metal-catalyzed cyclizations of enynes,5 

(1) (a) For some recent reviews, see: Craig, D. Chem. Soc. Rev. 1987,16, 
187. Weinreb, S. M. Ace. Chem. Res. 1985,18, 16. Mallory, F. B.; Mallory, 
C. W. Org. React. 1984, 30, 1. Ciganek, E. Org. React. 1984, 32, 1. Fallis, 
A. G. Can. J. Chem. 1984, 62, 183. Oppolozer, W. Ace. Chem. Res. 1982, 
15, 132. Kametani, T.; Nemoto, H. Tetrahedron 1981, 37, 3. Brieger, G.; 
Bennett, J. N. Chem. Rev. 1980, 80, 63. Oppolzer, W. Angew. Chem., Int. 
Ed. Engl. 1977, 16, 10. Padwa, A. G. Angew. Chem., Int. Ed. Engl. 1977, 
15, 123. (b) Taber, D. R. Intramolecular Diels-Alder and Alder Ene Re­
actions; Springer-Verlag: Berlin, 1984. 

(2) Wender, P. A.; IhIe, N. C. / . Am. Chem. Soc. 1986, 108, 4678. 
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enals,6 and of substrates bearing vinyl epoxides and pronucleophiles 
at the two termini,7 normally involve migration of protons. The 
importance of oxygen, both from the point of view of its presence 
in many of the final products desired and of its utility for further 
structural elaboration, suggested that processes involving migration 
of such groups could be particularly useful.8 We wish to report 
a facile palladium-catalyzed cyclization that simply isomerizes 
a-dienyl-oj-allyl acetates. 

The concept is illustrated in eq 1 in which the conversion of 
a carbon-carbon ir-bond to a tr-bond provides a driving force.9 

OAc 

(D 

The ease of availability of the cyclization substrates makes such 
a process particularly attractive. For example, sequential Pd(O) 
catalyzed allylic alkylations of bis(benzenesulfonyl)methane with 
ethyl l,4-pentadien-3-yl carbonate (2)10 and then 3,4-epoxy-l-
butene" in a single pot gives the alcohol 3 directly in 64% isolated 
yield. Acetylation under standard conditions provides the substrate 
4.12 
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Initial results proved disappointing. Subjecting 4 to 
^a)3Pd2-CHCl3 (7) in refluxing THF, chloroform-ci, or benz­
ene-^ or at 90 0C in DMSO-rf6 gives no reaction. Nevertheless, 
acetonitrile-^3 dramatically changes the reactivity profile and 
provides the cyclization product 6a12 in 60-70% yield as a single 
^-olefin isomer but a 2.3:1 mixture of transxis ring stereoisomers. 

(3) Oppolzer, W.; Snieckus, V. Angew. Chem., Int. Ed. Engl. 1978, 17, 
476. 

(4) Takacs, J. M.; Anderson, L. G. J. Am. Chem. Soc. 1987,109, 2200. 
(5) Trost, B. M.; Lautens, M. / . Am. Chem. Soc. 1985,107, 1781. Trost, 

B. M.; Tour, J. M. J. Am. Chem. Soc. 1987, 109, 5268. 
(6) Sakai, K.; Ishiguro, Y.; Fumakoshi, K.; Ueno, K.; Suemune, H. Tet-

rahedron Lett. 1984, 25, 961. Larock, R. C; Vertle, K.; Potter, G. / . Am. 
Chem. Soc. 1980,102, 190. Fairlie, D. P.; Bosnich, B. Organometallics 1988, 
7, 936. 

(7) Trost, B. M.; Hane, J. T.; Metz, P. Tetrahedron Lett. 1986, 27, 5695. 
Trost, B. M.; Warner, R. W. / . Am. Chem. Soc. 1983, 105, 5940. 

(8) For a free-radical version with iodine transfer, see: Curran, D. P.; 
Chen, M.-H.; Kim, D. J. Am. Chem. Soc. 1986, 70«, 2489. Curran, D. P.; 
Kim, D. Tetrahedron Lett. 1986, 27, 5821. For a related metal-catalyzed 
halogen migration-cyclization, see: Mori, M.; Kanda, N.; Ban, Y.; Aoe, K. 
Chem. Commun. 1988, 13 and references cited therein. 

(9) (a) For intermolecular processes involving addition of stoichiometric 
T-allylpalladium complexes to dienes, see: Kiji, J.; Miura, Y.; Furukawa, J. 
J. Organomet. Chem. 1977,140, 317. Hughes, R. P.; Jack, T.; Powell, J. J. 
Organomet. Chem. 1973, 63, 451. Takahashi, Y.; Sakai, S.; Ishii, Y. J. 
Organomet. Chem. 1969, 16, 177; Inorg. Chem. 1972, 11, 1516. (b) For a 
related Pd(O) catalyzed intramolecular addition of allyl acetates to olefins to 
produce dienes, see: Oppolzer, W.; Gaudin, J.-M. HeIv. CMm. Acta 1987, 
70, 1477. 

(10) Trost, B. M.; Runge, T. A. J. Am. Chem. Soc. 1981,103, 7550. Tsuji, 
J.; Shimizu, I.; Minami, I.; Ohashi, Y. J.; Sugiura, T.; Takahashi, K. J. Org. 
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(12) This compound has been characterized by spectroscopic analysis. 

Slight improvements in yield occur by adding 1 equiv of acetic 
acid or 1 equiv of lithium acetate or better by adding 1 equiv 
of each (to 80-87%). Addition of triphenylphosphine or triiso-
propyl phosphite (even 1 equiv per Pd)13 effects cyclization in 
diminished yield (35-40%) with enhanced trans selectivity 
(trans:cis 9:1) but as a tris-sulfone 6b.12 Replacing acetonitrile 
by acetic acid also leads to the normal cyclized product 6a at 90 
0C in slightly lower yields (71%, 2.5:1 transxis). Our standard 
conditions for cyclization involves 6% of Pd(O) complex 7 in 
acetonitrile containing 1 equiv each of acetic acid and lithium 
acetate in the absence of any phosphorus ligands. 

The excellent reactivity of allyl carbonates toward Pd(O) 
catalysts10 led us to investigate their behavior. Whereas subjecting 
carbonate 5 to Pd(O) catalyst 7 in acetonitrile led only to an 
elimination product, the addition of 1 equiv each of lithium acetate 
and acetic acid to the acetonitrile leads to smooth cyclization (80% 
yield) to produce allylic acetate 6.12 

Equations 3 and 4 compare the effect of the olefin geometry 
of the allyl acetate on the cyclization process. Neither the yield 
(62-63%) nor the stereochemistry (transxis 1.4:1) show any 
dependence on the double bond geometry of the starting material. 
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Equation 5 illustrates the utility of this approach as an annu-
lation method. The alcohol 9a is available in a single pot sequential 
Pd(O) catalyzed allylic alkylation (49%). Cyclization of the 

PhSO 2 . 

PhSO 2 ' 
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O PhSO2 SO2Ph 

9a R = H 
9b R = Ac 

OAc 

SO2Ph 

SO2Ph 

(5) 

corresponding acetate 9b in acetic acid with 7 at 105 0C gives 
a 56% yield of 1012 as a crystalline single isomer, mp 146-7 0C. 
The stereochemistry of the product, possessing the thermody-
namically less stable cis-fused stereoisomer with the side chain 
in an endo orientation, is assigned based upon the NMR spectral 
data as summarized in the Supplementary Material. 

The high diastereoselectivity in forming the bicyclic product 
10 led us to reconsider the question of diastereoselectivity in the 
formation of the monocyclic products. Indeed, the monosulfone 
11, easily available by selective reductive monodesulfonylation 
of 314 (6% Na(Hg), 3:1 THF/methanol, HOAc, -10 0C) and 
standard acetylation (75% for the two steps), cyclizes using 6% 
of catalyst 7 and stoichiometric amounts of sodium acetate and 
acetic acid in acetonitrile to give a diastereomerically pure product 
1212 in 68% yield. The cis assignment of the two carbon chains 

(13) Trost, B. M. Ace. Chem. Res. 1980,13, 385. Trost, B. M.; Verhoeven, 
T. R. Compr. Organomet. Chem. 1982, 8, 799. 

(14) Trost, B. M.; Arndt, H. C; Strege, P. E.; Verhoeven, T. R. Tetra­
hedron Lett. 1976, 3477. Trost, B. M.; Verhoeven, T. R. J. Am. Chem. Soc. 
1980, 102, 4743. 
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derives from conversion to diol 1312 [O3, CH2Cl2, CH3OH, -78 
0C then NaBH4, CH3OH, 83%]. 13C NMR spectroscopy reveals 
that 13 has a plane of symmetry [S 62.69, t, 2 C; 62.57, d, 1 C; 
42.91, d, 2 C; 29.08, t, 2 C] which requires the hydroxymethyl 
groups to be cis. A 7% NOE between H(I) and H(3) + H(4) 
suggests a cis relationship of these protons and, therefore, the cis 
stereochemistry of the phenylsulfonyl group. The high diaster-
eoselectivity of this cyclization is independent of the olefin ge­
ometry of the starting material (eq 7). 

/ * - ^ ^ \ ^ 6% 7, 1 '1 CH3CNHOAo 
PhSO2 — < : — 

\ ~ . - NaOAc1 95 C, 511 
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In contrast to the sulfone-substituted substrates, the malo-
nate-derived substrate 15 requires the use of triphenylphosphine 
for effective cyclization. The source of this difference remains 
an area of active investigation. 

EtO2C 

EtO2C 
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HOAc, 90 C, 5h 
75% 

EtO2C A - ^ ^ ^ - ^ Q A c 
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(8) 

This new synthesis of cyclopentane rings based upon the 
principle of cyclization via isomerization can provide a stereo-
controlled approach to the thermodynamically less stable cis 
isomers. The high stereoselectivity is in accord with a reorgan­
ization in the ligand sphere from one 7r-allylpalladium-olefin 
complex such as 17 to another such as 18 with formation of a 
carbon-carbon bond as shown in eq 9. The interaction of a bulky 
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H H 
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R group in 17 with the palladium template would destabilize 
transition states involving a pathway proceeding through 17 to 
give 18. The fact that the trans isomer dominates when R = 
PhSO2 in 17 and the cis isomer is the exclusive product when R 
= H suggests that we may have access to either diastereomer 
depending upon the substitution pattern on the tether. 

The fact that the product retains an allyl acetate moiety which 
is reactive toward the types of catalysts employed makes the 
success of this cyclization via isomerization rather remarkable. 
Obviously, the functionality generated in the product offers an 
opportunity for further structural elaboration. 
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Modern theoretical and instrumental methods have failed to 
resolve many simple yet significant chemical questions. This 
communication addresses one of them: How are the conformations 
of hydrocarbon chains affected by solvation? The question is 
significant because hydrocarbon chains embedded in solvent are 
among the most important structural units in chemistry and bi­
ology. Within a crystal, aliphatic hydrocarbons assume extended, 
all-trans geometries.1 On the other hand, «-butane in the gas 
phase contains about 25% gauche rotamer.2 Only 16% of gaseous 
n-heptane is all-trans.3 Matters are, however, far less definitive 
with the liquid state. The origins of the trans/gauche energy 
difference are not completely understood,4 and even less is known 
about how solvation influences the controlling elements. Access 
to chain behavior in solution has been hampered by computational 
complexities and a poor experimental approachability. 

Conformational data on hydrocarbon chains in solution are, 
of course, available although often in conflict. Thus, Jorgensen 
et al.5 have repeatedly found in Monte Carlo simulations that 
hydrocarbons (e.g., butane, pentane, and hexane) do not experience 
conformational changes upon transfer from the gas phase to neat 
liquids. In contrast, spectroscopic studies6-8 indicate a marked 
phase-sensitivity for n-butane. According to computations of Pratt 
et al.,9 the more globular gauche form is favored in the condensed 
phase where molecules are close enough for repulsive interactions 

(1) Williams, D. E. J. Chem. Phys. 1967, 47, 4680. 
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