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Recent investigations concerning the fascinating biological 
action of enediyne antibiotics have brought the Bergman rear
rangement to the fore as the most important mechanistic event 
giving rise to DN A-cleaving 1,4-dehydrobenzene intermediates.' 
Conceptually, a chemical activation step leads to a structural 
change within each antibiotic that accelerates Bergman arom-
atization.2 We were intrigued by the prospective synthetic 
potential of this concept employing a Claisen rearrangement of 
14-membered enediyne lactones 1 as both the activation and the 
stereogenic step.3 Specifically, Bergman cyclization of 10-
membered enediynes 3 triggered by Ireland-Claisen rearrange
ment4 of ketene acetals 2 was envisioned to produce tetrahy
dronaphthalene derivatives 4 from nonaromatic precursors in a 
stereocontrolled fashion (Scheme I). In this communication we 
report the first stereoselective synthetic application involving 
the Bergman reaction and several novel stereochemical features 
of the lactonic Ireland-Claisen rearrangement, results which 
should have significant importance in the synthesis of biologically 
active substances.5 

The synthesis of 15-membered lactones 5 (eq 1) was also 
targeted in order to probe the Claisen process separately, since 
the 11 -membered enediyne products were expected to be stable 
to Bergman aromatization.6 In practice, noteworthy aspects of 
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the construction of lactones lb and 5b include the use of (E)-
l-(phenylthio)vinylstannane (7b),7 the compatibility of the 
phenylthio substituent with Pd(0)-catalyzed couplings of chlo-
roenyne esters 88 with enynol 9 (Chart I),9 and the efficient 

(1) For reviews describing mechanistic and DNA-cleaving studies of 
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P. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, I., Eds.; 
Pergamon Press: Oxford, 1991; Vol. 5, Chapter 7.2. For key papers on the 
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macrolactonization of coupled products (70-80% isolated yields).10 

In turn, enynol 9 was prepared in 50% overall yield by addition 
of 4-(trimethylsilyl)-3-butyn-2-one (6)'' to the Ce(III) derivative 
of 7b (2.0 equiv of H-BuLi, 2.1 equiv of anhydrous CeCl3, -60 
0C), followed by protective group adjustment.9d Phenylthio-
norlactones la and 5a were synthesized12 in a similar manner 
starting with vinylstannane 7a.13 

Considerable experimentation with lactones 5 (eq 1) established 
the combination of lithium bis(trimethylsilyl)amide (LHMDS) 
and triisopropylsilyl triflate as an effective protocol for forming 
and handling the required ketene acetals 10 (Chart I).14 Under 
these conditions,'5 the predominance of (£)-10a (9:1,80% yield) 
and (is)-lOb (10:1, 85% yield) was consistent with precedent on 
lactone enolizations.3 However, inclusion of HMPA (3.5 equiv) 
gave rise to (Z)-ketene acetals 10a (10:1, 90% yield) and 10b 

(5) For example, tetrahydronaphthalenes such as podophyllotoxin and the 
clinically prescribed antitumor agent etoposide (Stahelin, H.; von Wartburg, 
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For a synthetic application of a Bergman-type diyl as precursor for radical 
cyclizations, see: Grissom, J. W.; Calkins, T. L. Tetrahedron Lett. 1992, 33, 
2315. 

(6) Nicolaou, K. C; Zuccarello, G.; Ogawa, Y.; Schweiger, E. J.; 
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a calicheamicin-type exocyclic double bond in a stable form of enediyne 3 
(mono-Coi(CO)6-complex). 
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Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975,16,4467. 
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(4.0 equiv) in CHCh at 23 0C was employed, see: (a) Kageyama, M.; Tamura, 
T.; Nantz, M. H.; Roberts, J. C; Somfai, P.; Whritenour, D. C; Masamune, 
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(> 12:1,95% yield) almost exclusively.16 To our knowledge, such 
efficient control of ketene acetal geometry in macrolactones 
comparable to that reported for esters is unprecedented.34 

Heating a dilute solution of (£)-10a in toluene (0.05 M; 110 0C, 
2 h) afforded 11-membered enediynes 11 and 12a in a 3:1 ratio 
(65% isolated yield), whereas identical treatment of (Z)-IOa led 
to 12a and 11 in a 4:1 ratio (75% isolated yield).17 Since the 
major products of each reaction, i.e., 11 from (£)-10a and 12a 
from (Z)-IOa, possess the same relative configuration at C-2 and 
C-3 and yet they are produced from Ireland-Claisen substrates 
of opposite geometry at the ketene acetal double bond, they must 
be derived through chairlike (for (£)-10a - • 11) and boatlike 
(for (Z)-IOa -* 12a) transition states, respectively. The allylic 
asymmetric induction observed is noteworthy (>50% de, vide 
infra). 

When a 0.01 M benzene solution of 14-membered ketene acetal 
(£)-2a, prepared without HMPA (E\Z ~ 3:1), was heated at 
14O0C (sealed tube) for 5 h in the presence of 1,4-cyclohexadiene 
(40.0 equiv), an inseparable mixture of tetrahydronaphthalene 
4a and its epimer at C-2 (3:1 ratio) was obtained in 50% yield 
from la (Scheme I). Relative stereochemistry was determined 
by desilylation (TBAF, THF, 23 0C) and treatment with MeOH-
DCC-DMAP in CH2Cl2 at 23 0C in that no fra/u-hydroxy methyl 
esters were detected, and the resulting two diastereomeric lactones 
13 (65% yield from crude 4a) were conveniently separated (vinyl 
a:/3 ~ 3:1).12 Examination of molecular models indicates that 
the preferred boatlike transition state is less strained. The viability 
of the Claisen-Bergman sequence was further demonstrated by 
conversion (140 0C, 2 h) of ketene acetal 2b (E:Z ~ 9:1) to 

(15) LHMDS, THF, -78 0C, <0.5 min; TIPS-OTf, -78 — 23 0C, 15 min. 
A small amount of a-TIPS lactone (~ 10%) was also formed. For a-silylation 
ofcarbonyl compounds, see: Larson, G. L. Pure Appl. Chem. 1990,62,2021. 

(16) Ketene acetal geometries and ratios were assigned by 2D NOESY 
experiments and 1H NMR integration of appropriate vinyl hydrogens, 
respectively. Ketene acetal yields refer to isolated material after nonaqueous 
workup and rapid chromatographic purification. 

(17) (a) Diastereomeric ratios were determined by HPLC analysis, (b) 
Stereostructures were assigned on the basis of 2D COSY and NOESY data 
as well as fits of relevant coupling constants to conformations of 11 and 12 
having all but two carbons (e.g., C-2 and C-3 of 11) in a planar arrangement 
consistent with a reported X-ray analysis of the parent hydrocarbon'' and the 
most stable conformation of 12b calculated by molecular mechanics (see 
supplementary material). 

tetrahydronaphthalene 4b (7:1 diastereomeric ratio at C-l)'7a in 
45% yield from lb.12 The high relative asymmetric induction 
(>75% de) may be attributed to the antiperiplanar effect requiring 
that the allylic C-O bond be nearly perpendicular to the vinyl 
sulfide plane and anti to the incipient C-C bond in the above 
transition states.18 

Unexpectedly, thermolysis of (E)- or (Z)-IOb at 110 0C for 
16 h produced 13-membered enediynes 14 (2:1 diastereomeric 
ratio) in 66% isolated yield12 via a rare [1,3] sigmatropic 
rearrangement.3"1'19 Apparently, transannular interactions raise 
prohibitively the energy of both boatlike [3,3] transition states, 
chairlike ones being inaccessible due to severe pseudo-1,3-diaxial 
interactions between PhS and OTIPS substituents. A model 
study, designed to address potential isolation of enediyne 3 as its 
Co2(CO)6-j;

2-complex,7 furnished an unprecedented solution to 
the general problem of controlling [3,3] vs [1,3] sigmatropic 
reactivity.20 Thus, the Co2(COVIeSS hindered acetylene adduct 
of ketene acetal (Z)-IOb (1.2 equiv of Co2(CO)8, hexane)21 

underwent in situ Claisen rearrangement at ambient temperature 
(20 h), providing, after oxidative decomplexation (NMNO, 
hexane, 23 0C), 11-membered enediyne 12b as a single isomer 
in 70% isolated yield.I7b The complete stereocontrol induced by 
allylic asymmetry at lower temperature is notable (cf. (Z)-IOa 
-*• 12a) and, together with the novel conformational mode of 
controlling reactivity, may prove to be a useful tool in organic 
synthesis design. 

In summary, the combination of an Ireland-Claisen rear
rangement and a Bergman aromatization of enediyne substrates 
provides a rapid, stereocontrolled route to useful tetrahydronaph-
thalenes from nonbenzenoid precursors.522 The demonstrated 
availability of 11-membered enediynes such as 11 and 12 paves 
the way for extension of this strategy to include the Myers 
aromatization23 toward a stereoselective construction of 7-mem-
bered and possibly 8- and 9-membered benzannulated ring 
systems. 
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(21) For precedent on selective complexation of enediynes, see: Magnus, 
P.; Carter, P.; Elliott, J.; Lewis, R.; Harling, J.; Pitterna, T.; Bauta, W. E. 
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