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7 8 

t P h j G e  -Ph3Ge. 1 
-0 GePh, 

GePh, 5exo 
+ Ph3Gel - e. (3) 

9 10 

Conditions Yield 8 

10% AIBN/10 % Ph3GeH 
h v . 4 0 0 ~  Hg-lamp (30 min) 92% 

W C ,  dark (12h) not detected 
10% AIEN/lO% Ph3GeH/1 0% galvtnoxyl not detected 

h v ,  40Ow Hg-!amp, 10% galvinoxyl not detected 

9 5% 

The discoveries of Kiyooka and co-workers and our new 
results provide strong support for a chain isomerization 
of unsaturated acylgermanes outlined in Scheme I. More 
importantly, our results indicate that radical cyclizations 

(14) By considering known rate constanta for hydrogen transfer from 
germanium hydrides (see: Lueztyk, J.; Maillard, B.; Deycard, S.; Lindsay, 
D. A; Ingold, K. U. J. Org. Chem. 1987,52,3609), we can crudely estimate 
a lower limit for the pate of cyclization a t  80 OC (9 - 10); k, 2 1 X lo' 
6-9. 

to acylgermanes are feasible. Related chain reactions of 
carbon-carbon double bonds (vinyl~tannanes'~) are already 
useful, and our preliminary results hold forth the promise 
that a new class of radical chain reactions based on car- 
bon-oxygen double bonds (acylgermanes as well as acyl- 
silanes and -stannaries) can be developed. These com- 
pounds would be reagent equivalents of the imaginary 
synthon 11: a carbonyl radical acceptor.ls 

11 
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Summary: The syntheses of neocarzinostatin-chromo- 
phore (NCS-chr) analogues 3 and 4 and esperamicin- 
calichemicin analogue 5 using transannular [2,3]-Wittig 
rearrangement of 12-membered cyclic ether 6 and their 
transannular cyclizations are described. 

The antitumor antibiotics neocarzinostatin (NCS)? es- 
peramicin? and calichemicin' undergo inter- or intramo- 
lecular addition of thiolate, followed by transannular cy- 
clizations leading to biradical species which abstract hy- 
drogen atoms from the sugar phosphate backbone of 
DNAa6qs We report here' (i) an efficient synthesis of the 
highly strained bicyclo[7.3.0]diyne 2; (ii) syntheses of 
NCS-chr analogues 3 and 4 and Myers' type transannular 
cyclizations of 4; and (iii) Bergman cyclization8 of 9-mem- 
bered ring enediyne 5, an analogue of esperamicin-Cali- 
chemicin? 

y.0 q n  
0 o,,s 

YI 

EsperamicinA, aglycone: X=OH 
no Q:, 

OH 

Neocarzinostatin-chromophore (1) Caliihemicin aglycone : X=H 
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3 : X-OAC, Y-H 

tP 4 : x-Y-0 

R 

68 : R=H 
6b : R=Me 

Scheme I 

2a : R-H, R'-TBDMS 5 

2b : R-Me, R'-TMS 

X 
7 : X-Br, Y-OH 
8 : X-OH, Y-OTHP a : R=H 

We have recently demonstrated that macroring con- 
traction methodology10 is very useful for natural product 

(1) Macroring Contraction Methodology 5. Previoue papers ere de- 
scribed in ref 10. 

(2) Structure of NCS-ck  (a) Ishida, N.; Miyazaki, K.; Kumagai, K.; 
Rikimaru, M. J. Antibiot. 1965, Ser. A18,08. (b) Napier, M. A., Holm- 
quiet, B.; Strydom, D. J.; Goldberg, I. H. Biochem. Biophys. Res. Com- 
nun. 1979,89,635. (c) Koide, Y.; bhii, F.; Hasuda, K.; Koyama, Y.; Edo, 
K.; Katamine, S.; Kitame, F.; Iahida, N. J. Antibiot. 1 80 33, 342. .(d) 
Edo, K.; Mizugaki, M.; Koide, Y.; Seto, H.; Furihata, K.; h e ,  N.; Uda,  
N. Tetrahedron Lett. 1985, 26, 331. (e) Myers, A. G.; Proteau, P. J.; 
Handel, T. M. J. Am. Chem. SOC. 1988,110,7212. 

(3) Esperamicin: (a) Golik, J.; Clardy, J.; Dubay, G.; Groenewold, G.; 
Kawaguchi, H.; Koniehi, M.; Kriahnan, B.; Ohhuna, H.; Saitoh, K.; Doyle, 
T. W. J.  Am. Chem. SOC. 1987, 109, 3461. (b) Golik, J.; Dubay, G.; 
Groenewold, G.; Kawaguchi, H.; Konishi, M.; Krishnan, B.; OM-, H.; 
Saitoh, K.; Doyle, T. W. Zbid. 1987, 109, 3462. 
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syntheses and molecular modeling" based on MM2 cal- 
culations has the predictable value in designing synthetic 
key intermediates. In our synthetic ~ l a n ' ~ J ~  (Scheme I), 
t " n u l a r  [2,3]-Wittig of 6 provides 
the highly strained %membered diyne 2 in which tertiary 
and secondary alcohols can be used as a leaving group to 
generate three enediynes 3,4, and 5, respectively, and the 
vinyl group in 2 can be converted to the cyclic carbonate 
in NCS-chr. The 12-membered cyclic ether 6 is con- 
structed by intramolecular 0-alkylation of the bromo al- 
cohol 7. MM2 cal~ulations'~ using the ring making pro- 
graml8 indicate that all conformers of 6a have a short 
distance (- 3.5 A) between the two reactive sites with good 
overlap of the r orbitals of the olefin oriented in the plane 
of the ring." Assuming an early reactant-like transition 
stateI8 for this rearrangement, it is clear that the reaction 
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Scheme I1 

12 

c 
1 11 : R-SCH2C02Me 

of 6a should proceed smoothly leading to a 'cis" relative 
~tereochemistry'~ between the vinyl and hydroxy groups 
in 2a. 

The coupling of 91a with 10a under palladium-copper 
catalysism provided 8a in 91% yield (Scheme I). Forma- 
tion of the bromide from the primary alcohol 8a (CBr,/ 
PPh,/py, a t  -40 "C) and removal of the THP group 
(PPTS/MeOH) afforded 7a in 50% yield, Cyclization of 
7a using molecular solution (NaH/HMPA/THF, at  
rt) gave 6a in 80% yield. Similarly the methyl derivative 
6b was prepared from 10b and 9. Silylation of 6a ( t -  
BuMe2SiOTf/ET3N) and ita [2,3]-Wittig rearrangement 
(t-BuLi in THF at -100 "C for 10 min) gave 2a in 66% 
yield with high *cis" stereoselectivity (>99% ).1711 Re- 
arrangement of the trimethylsilyl derivative of 6b under 
the same conditions similarly gave 2b in 67% yield."p2l 
Protection of the hydroxy group in 6a (and 6b) was es- 
sential for the success of this rearrangement. Without 
protection, rearrangement resulted in much lower yield. 
The cis relative stereochemistry between vinyl and hydroxy 
groups in 2a was confirmed by NOE ob~ervation.'~ 

The NCS-chr analogue 3 was synthesized as follows 
(Scheme I). Acetylation of 2b (AcCl/py, 0 "C), desilylation 
of the tertiary alcohol (AcOH/THF/H20, at 25 "C), and 
its mesylation'& (MsC1/DMAP/CH2Cl2, at 0 "C) afforded 
3 in 82% overall yield. The Myers' type transannular 
cyclization of 3 in the presence of methyl thioglycolate was 
attempted,5g6 but only decomposition of 3 was observed. 
Then alcohol 2b was converted to ketone 4 in order to 
activate the chromophore to nucleophilic addition.lgb 
Desilylation of 2b (AcOH/THF/H20, 20 "C, 93%), Swern 
oxidation of the resulting alcohol (DMSO/ (COC1)2/E4N, 
-30 "C), and spontaneous elimination of the tertiary al- 
cohol gave 4 (Scheme I).22 Without isolation of the labile 
ketone 4, addition of methyl thioglycolate at  -30 "C gave 
a 1:l mixture of diastereomers of the benzenoid product 
12 in 54% overall yield. It seems reasonable to suppose 
that the conjugated ketone 4 undergoes in situ an addition 
of thiol to produce the cumulene 11, which undergoes 
Myers' type transannular cyclization leading to the com- 
pound 12. Moreover dehydration of the secondary alcohol 
of 2a via its mesylation (MsCl/DMAP at -10 to 0 "C) 
should generate 5, which was easily decomposed under 
concentration even at  -20 "C. The labile 5 upon standing 

(18) (a) Still, W. C.; Mitra, A. J. Am. Chem. SOC. 1978,100,1927. (b) 
Mikami, K.; Kimura, Y.; Kiehi, N.; Nakai, T. J. Org. Chem. 1983,48,279. 

(19) Experimental and calculated resulta in our previous studies in- 
dicated that the [2,3]-Wittig rearrangements of the 13-membered com- 
pounds gave the 'trans" stereochemistry between the vinyl and hydroxy 
groups (see ref 1oa-c). 

(20) (a) Stephens, R. D.; Caetro, C. E. J. Org. Chem. 1963,243,3313. 
(b) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1976, 
4467. (c) Ratovelomanana, V.; Lhtrumelle, G. Zbid. 1981,22, 316. 

(21) The [1,2]-rearrangement product was also obtained in about 15% 
yield. 

secondary alcohol. 
(22) Methyl group in 2b is essential to prevent the &elimination of 
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in the presence of hydroquinone a t  25 OC for 24 h cyclized 
to 14 via the biradical 13 in 50% yield.29 

Thus these results demonstrate that our synthetic 
analogues 4 and 5 undergo transannular ring closure to 
produce 12 and 14, respectively, in the same manner as 
naturally occurring NCS-chr and esperamicin-calichem- 
icin. Moreover MM2 calculations are useful in designing 
the synthetic intermediate 6 to construct the highly 
strained bicyclo[7.3.0] enediyne 2. 

(23) 1,4Hydroquinone WBB added 88 the radical quencher. We could 
not detect the benzenoid adduct 1S in the absence of hydroquinone. 
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Summary: D~uble-~~C-labeling experiments show con- 
clusively that the central bond of the C4 unit in spermidine 
adopts an anti configuration when bound to various types 
of DNA. D~ubIe-~~C-labeling is a powerful though labo- 
rious method of securing conformational information on 
biomolecules in aqueous media. 

Several years ago we began studying the conformations 
of flexible molecules by double-'gC-labeling.' The method 
is based on the long-range NMR coupling (3Joc) in acyclic 
compounds that possess two 13C atoms spaced four atoms 
apart (*C-C-C-C*). These couplings respond to the di- 
hedral relationship between the labeled carbons in a typical 
Karplus fashion.2 Although compounds with two 13C 
atoms can be tedious to synthesize, they provide anti- 
gauche ratios at  explicit sites, information that is difficult 
to obtain by other means. The method has already been 
applied to hydrocarbon chains dissolved in diverse solvents, 
to succinic acid derivatives at  varying pH, to an enzyme- 
inhibitor complex, and to surfactant tails embedded in 
micellar aggregates.' We describe herein the rotamer 
population of double- Wlabeled spermidine (I) bound to 
DNA. The results foreshadow applications to macromo- 
lecular chemistry in general. 

iH$H2CH2 € C H ~ ~ H Z ~ H ~ C H ~ C H ~ C H ~ ~ H ~  

I 

Spermidine belongs to a group of naturally occurring 
polyamines known to complex with DNA.3 Interest in 
such compounds stems from their surge in concentration 
just prior to the synthesis phase of cellular proliferation! 
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Scheme I1 

It has been suggested that potential regulatory functions 
of the polyamines may involve electrostatic association to 
the DNA phosphates as well as specific binding to certain 
DNA  sequence^.^ At  present, however, only limited in- 
formation is available on the role of spermidine in modu- 
lating gene expression related to cell growth. 

A crystal structure of spermine, NH2(CH2)3NH(CH2)4- 
NH(CH2)3NH2, complexed with B-DNA shows that the 
tetramine is stretched across the major groove while in- 
teracting with phosphates and a guanine base! The 
central bond of the spermine C4 unit is gauche. On the 
other hand, an X-ray structure of a spermine complex with 
A-DNA reveals an anti central bond? X-ray pictures of 
spermidine/DNA complexes are unavailable. Previously 
reported NMR chemical shift data suggested tentatively 
that spermidine, associated with 5'-AMP, adopts a gauche 
conformation within its C4 unit.'a We establish below that 

(5) Jain, S.; Zon, G.; Sundarnlingam, M. Biochemistry 1989,28,2360. 
(6) Drew, H. R.; Dickerson, R. E. J. Mol. Bid.  1981,151, 636. 
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