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Summary: Experimental evidence indicates that unsatu-
rated acylgermanes isomerize by a three-step chain
mechanism that involves (1) addition of a germyl radical
to the double bond, (2) radical cyclization to the acyl-
germane, and (3) fragmentation of the intermediate 3-
germyl alkoxy radical.

A recent paper from Kiyooka and co-workers? described
the discovery of a photochemical intramolecular cyclization
of unsaturated acylgermanes. Two examples from their
study of this transformation are presented in eq 1. Pho-
tolysis of readily available® triphenylacylgermane la with
a 400-W mercury lamp at 25 °C provided isomerized 1-
((triphenylgermyl)methyl)cyclopentanone (4a) in 92%
yield. A variety of other acylgermanes containing terminal
alkenes underwent related cyclizations. In sharp contrast,
addition of a terminal methyl group to the alkene com-
pletely suppressed this isomerization; photolysis of 1b did
not produce detectable amounts of 4b. The authors pro-
posed a mechanism involving photolytic cleavage of the
acylgermane to an acyl radical 2a and a germyl radical 3
in a solvent cage, followed by transformation of this gem-
inate radical pair into 4a. There is a serious problem with
this proposal:* normal radical cyclizations are much too
slow to occur during the lifetimes of solvent cages. If this
proposal is revised to invoke the cyclization of free acyl
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Research Career Development Awardee (1987-92).

(2) Kiyooka, S.; Kaneko, Y.; Matsue, H.; Hamada, M.; Fujiyama, R.
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radicals, then two problems arise:* (1) there is no obvious
pathway for the selective conversion of the cyclic radical
to the product (selective radical/radical coupling is re-
quired), and (2) radicals 2a and 2b should cyclize with
roughly comparable efficiency,? so the dramatic difference
in yield between la and 1b cannot be explained. In this
paper we propose a different mechanism for the isomeri-
zation of 1 to 4 and support this proposal with several
experiments. Our observations presage the development
of a new class of radical reactions based on acylgermanes
and related acyl derivatives of tin and silicon.
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We felt the results in eq 1 (and related observations in
this paper?) could be explained by a radical chain mech-
anism that did not involve acyl radicals.® This mechanism

(5) Recent leading references on the generation and reactions of acyl
radicals: (a) Ryu, I; Kusano, K.; Ogawa, A.; Kambe, N.; Sonoda, N. J.
Am. Chem. Soc. 1990, 112, 1276. (b) Boger, D. L.; Mathvink, R. J. J. Am.
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M.; Ritchie, T. J. Tetrahedron 1990, 46, 2135.
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is shown in Scheme I. The photolytic cleavage of acyl-
germanes to give acyl radicals and germyl radicals is pre-
cedented,” and this is the initiation step in our mechanism.
The key radical produced in this step is not the acyl radical
2 but the germyl radical 3. The radical chain involves three
steps: (1) addition of the germyl radical 3 to the alkene
1a to give B-germyl radical 5a, (2) 5-exo cyclization of 5a
to give 8-germylalkoxyl radical 6a, and (3) fragmentation
of 6a to form the product 4a and regenerate the chain-
carrying germyl radical 3. The rapid addition of germyl
radicals to both terminal and internal olefins (step 1) is
well precedented;® however, the resulting adducts (5a,b)
differ significantly in their resistance toward fragmentation
(reverse of step 1). Adducts to terminal alkenes are rela-
tively stable,? but adducts to internal alkenes rapidly revert
to starting materials. Thus, we suspect that the reaction
with 1b fails because cyclization of 5b cannot compete with
its reverse reaction. The fragmentation reaction of the
B-germylalkoxy radical 6a (step 3) must be incredibly
rapid.’® The closest precedents for the key cyclization
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rapid, we suspect that step 3 is probably so rapid that the reverse of step
2 cannot compete. See: Beckwith, A. L. J.; Hay, B. P. J. Am. Chem. Soc.
1989, 111, 230, 2674.
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(step 2) are the radical cyclizations of aldehydes and ke-
tones.!! Ketones are relatively poor radical acceptors
compared to aldehydes,!? so it is not obvious that step 2
will be rapid enough to propagate a chain.

To determine whether the isomerization of la to 4a
occurred by a chain mechanism, we prepared la and ir-
radiated it under the published conditions? in the presence
and absence of the inhibitor galvinoxyl. In the absence
of galvinoxyl, we observed smooth conversion of 1a to 4a
in less than 30 min, as reported.?2 In the presence of
galvinoxyl, the yield of 4a after 30 min was less than 30%,
and much of the starting germyl ester 1a remained. That
this reaction is subject to inhibition suggests a chain
mechanism. Consideration of the mechanism proposed in
Scheme I yields two predictions: (1) any method that
generates small amounts of the triphenylgermyl radical
could be substituted for the photochemical initiation step,
and (2) the alkene is not needed; any precursor that reacts
with 3 to form a radical should suffice. Experiments
verified both of these predictions.

When la was heated in the dark at 80 °C (0.01 M, CgDy),
it remained unchanged for up to 8 h. Addition of 10%
AIBN had no effect. However, when 1a was heated at 80
°C in the presence of both AIBN (10%) and triphenyl-
germanium hydride (5%), smooth conversion to 4a oc-
curred.’® After heating the mixture for 6 h and purifi-
cation of the residue by flash chromatography, we isolated
4a in 88% yield. These experiments support the conten-
tion that the chain carrier is the triphenylgermyl radical.
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To test the prediction that the alkene could be replaced
by another radical precursor, we prepared iodo germyl
ester 7 (eq 3). When 7 was heated at 80 °C (0.05 M, CgDyg)
in the presence of AIBN and triphenylgermanium hydride,
it suffered smooth conversion to cyclopentanone (8) and
triphenylgermanium iodide. An NMR experiment in the
presence of an internal standard indicated that the yield
of cyclopentanone was 95%. Photolysis of 7 also produced
cyclopentanone in high yield (92%). When these two
experiments were repeated with 15% galvinoxyl present,
cyclopentanone was not detected. Nor was cyclopentanone
formed by simple heating. These experiments provide
strong evidence that step 2 in Scheme I is viable—alkyl
radicals can indeed undergo 5-exo cyclizations to acyl-
germanes. That the chain propagates indicates that the
cyclization of 9 to 10 is more rapid than the reaction of

9 with low concentrations of triphenylgermanium hy-
dride.
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(13) A solution of 1-(triphenylgermyl)hex-5-en-1-one (1a) (40.4 mg, 0.1
mmol), triphenylgermanium hydride (1.5 mg, 0.006 mmol), and AIBN (2
mg, 0.01 mmol) in degassed benzene (10 mL) was heated in the dark at
80 °C for 6 h. The solvent was evaporated under reduced pressure, and
the crude mixture was purified by chromatography (hexane/EtOAc, 20/1)
zo ;;rovide 36.5 mg of pure 1-((triphenylgermyl)methyl)cyciopentanone
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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 constants for hydrogen transfer from
germanium hydrides (see: Lusztyk, J.; Maillard, B.; Deycard, S.; Lindsay,
D. A,; Ingold, K. U. J. Org. Chem. 1987 52, 3509),wecancrudely estimate
a l;:)wer limit for the rate of cyclization at 80 °C (9 — 10); k. 2 1 X 10*
5.

to acylgermanes are feasible. Related chain reactions of
carbon—carbon double bonds (vinylstannanes?®) 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 -stannanes) can be developed. These com-
pounds would be reagent equivalents of the imaginary
synthon 11: a carbonyl radical acceptor.!®
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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
DNA.>® 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
cyclization® of 4; and (iii) Bergman cyclization® of 9-mem-
bered ring enediyne 5, an analogue of esperamicin-cali-
chemicin.?
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We have recently demonstrated that macroring con-
traction methodology® is very useful for natural product

(1) Macroring Contraction Methodology 5. Previous papers are de-
scribed in ref 10.

(2) Structure of NCS—chr: (a) Ishida, N.; Miyazaki, K.; Kumagai, K.;
Rikimaru, M. J. Antibiot. 1965, Ser. A18, 68. (b) Napier, M. A., Holm-
quist, B.; Strydom, D. J.; Goldberg,l H. chhem Biophys. Rea Com-
mun. 1979 89, 635. (c) Kmde,Y Ishii, F.; Hasuda, K.; Koyama, Y.; Edo,
K,; Katamme. S.; Kitame, F.; Ishxda. N. J Antibiot. l 80, 33, 342 (d)
Edo,K Mlzugakx M,; K01de,Y Seto, H.; Furihata, K,; e,N Ishida,
N. Tetrahedron Lett 1985, 26, 331. (e) Myers, .G Proteau, P. J.;
Handel, T. M. J. Am. Chem. Soc. 1988, 110, 7212,

3) Esperamxcm (a) Golik, J.; Clardy,J Dubay,G Groenewold, G.;
Kawaguchi, H.; Konishi, M.; Knshnan B, Ohkuma H.,; Saltoh K.; Doyle,
T. W. J. Am. Chem. Soc. 1987, 109, 3461. (b) Gohk Ji; Dubay, G.;
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