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Summary: The nonaromatic enediynes 6-9, 11, and 14 
upon thermolysis at 170-245 "C in the presence of 1,4 
cyclohexadiene will undergo a tandem enediyne-radical 
and bis-tandem enediyne-radical cyclization to give 2,3- 
dihydroindenes 15-19 and 20 in moderate to excellent 
isolated yields. 

With the recent emergence of enediyne antitumor 
antibiotics,' a renewed interest has been sparked in the 
Bergman cyclization2 which was reported in the early 
1970's. While the majority of the research in this area has 
been focused toward the synthesis of enediyne natural 
products and their synthetic analogs, our research has 
focused on using the aromatic diyl as a radical precursor 
for further radical cyclizations.3 Until now, in our lab- 
oratories, only aromatic enediynes have been utilized to 
form 2,3-dihydrobenz[e] indenes or phenanthralenes in 
good to excellent  yield^.^ Here, we would like to com- 
municate an expansion of this methodology to the synthesis 
and thermolysis of nonaromatic enediynes where one or 
both acetylenes can be substituted to yield 2,3-dihydroin- 
denes in moderate to excellent yields (Scheme I, eq 1). 
These reactions proceed at  lower temperatures than the 
corresponding aromatic enediynes resulting in a product 
with one less aromatic ring. Therefore, application of this 
methodology toward the synthesis of natural products 
should be possible. 

Enediynes 5-9 with one olefinic tether were synthe- 
sized in four or five easy high yielding steps starting from 
commercially available cis-dichloroethylene (Scheme 11). 
4-Pentynol was coupled to cis-dichloroethylene under 
modified Castro-Stephens conditions to yield the mono- 
coupled vinyl chloride 1 in 95% yields6 The second 
acetylenic coupling was achieved under the same condi- 
tions with the respective acetylene to yield enediynes 2-4 
in 62, 88, and 99% yields, respectively. Elaboration to 
the cu,/3-unsaturated ester was accomplished by PCC 
oxidation of the respective enediynes followed by a Roush- 
Masamune variation of the Horner-Emmons reactions to 
yield 5-7 with the radical accepting tethers in place. 
Desilylation of 5 with TBAF in THF and subsequent 
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=Key (a) 2, TMS-acetylene, 1, (Ph$)$d (0.017 equiv), CUI (0.04 
equiv), n-BuNHs (1.7 equiv), PhH 62% or 3 same conditions, TBS- 
propargyl alcohol, >99% or 4 same conditions, 1-hexyne, 88%; (b) 
PCC (3 equiv), CHaCla, Celite; (c) trimethyl phosphonoacetata (1.5 
equiv), DBU (1.6 equiv), LiCl(2 equiv), yield from alcohol 82% for 
8 following desilylation with TBAF in THF, 80% for 6,89% for 7; 
(d) (i) 1.5 equiv of isopropyl dimethyl-2-methylphosphonoacetate, 
1.5 equiv of DBU, 2 equiv of LiCl, CHsCN, (ii) TBAF, THF, 64% 
over two steps. 

Scheme 111. 
LJ < s%< -BU 

-BU 

10 ll:R=CHzOH 
12: R = OMe 

"Key: (a) trimethylphosphonoacetate (1.5equiv),DBU (1.5equiv), 
LiCl (2 equiv), CH&N (b) DIBAL (2.1 equiv), CH2Cl2, 57%; (c) 
methoxymethyltriphenylphosphonium chloride (5.1 equiv), potas- 
sium tert-butoxide (5 equiv), THF, -78 "C, 38%. 
solvent removal in uacuo at 0 "C yielded enediyne 8 in 
82 % yield from 2. Enediyne 9 was synthesized in a similar 
manner by PCC oxidation followed by a Horner-Emmons 
reaction with isopropyl dimethyl-2-methylphosphonoac- 
etate' and desilylation with TBAF in THF in 64% yield 
over two steps. 

(7) Isopropyl dimethyl-2-methylphophonoacetate wan prepared by 
an Arbuzov reaction between trimethyl phosphite and commercially 
available (+)-isopropyl 2-bromopropionate. 
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Table I 
R1 

170-2304: 

CeH& 1.4-CHD 0 

15-19 
5 

8.8,11,12 

\\ 

entry SM Ri Rz R3 R4 temp ('(2) time (h) product (%) 
-1 8 COzMe HH H H 170 2 1s (11) 
2 9 Con-i-Pr Me H H 170 2 16 (13) 
3 6 COzMe H CHzOTBS CHzOTBS 230 2.5 17 (45) 
4 7 C02Me H n-Bu a 230 5 18 (47) 
5 11 CHzOH H n-Bu b 230 2.5 19 (54) 
6 12 OMe H n-Bu 230 C 

0 R, = C H - C H E k  as a 1.7:l mixture of cis/trans isomers; (b) R, = -CH=CHEt and -CHzCH=CHCHsas amixture of regie and stereoiaomere; 
(c) hydrolysis of enol ether to the aldehyde at high temperatures results in an undesired product mixture. 

Scheme IV. 

1,4CHD, 3 h 

HO H 

13 1 4  20(1:1,98%) 

OKey: (a) 2-equiv of 4-pentynol, 0.04 equiv (PPh&Pd, 0.17 equiv 
CUI, P W ,  40 OC, 87%; (b) 3.5 equiv PCC, CH2C12; (c) 2.5 equiv 
trimethyl phosphonoacetate, 2.5 equiv of DBU, 4 equiv of LiC1, CHs- 
CN, 31 % over two steps. 

The allylic alcohol 11 was obtained by DIBAL reduction 
of 7 in 57% yield (Scheme 111). The methyl enol ether 12 
was synthesized by subjecting 10, which was obtained by 
PCC oxidation of 4, to Wittig conditions with methoxy- 
methyltriphenylphosphonium chloride in 38 % yield. 

Thermolysis of enediyne 8 in dichlorobenzene in the 
presence of 1,4-cyclohexadiene a t  170 OC yielded the 2,3- 
dihydroindene 15 (Table I, entry 1). NMR analysis of the 
crude product mixture revealed only one tandem enediyne- 
radical cyclization product. A large portion of the mass 
balance was consumed by the formation of a polymeric 
product, which was removed from the crude reaction 
mixture in the initial workup? Isolation of 15 was achieved 
uia Kugelrohr distillation of the crude reaction mixture 
to yield a colorless oil in 11% yield. Compound 9 was 
thermolyzed under similar reaction conditions to yield 16 
in 13% yield as a 2:l mixture of diastereomers (Table I, 
entry 2). Apparently, the monosubstituted enediynes do 
not undergo an efficient radical trapping process, resulting 
in undesirable side reactions and low isolated yields. 

Substitution a t  the RB position seemed to have a 
beneficial effect on the tandem enediyne-radical cyclization 
of the nonaromatic enediynes. Thermolysis of enediyne 

(8) General procedure for thermal cyclization of aromatic and non- 
aromatic enediynes: To a predried screw-top reaction vial was added the 
enediyne and 8 mL of anhydrous CfiClz. Nitrogen waa bubbled through 
the reaction mixture for approximately 20 min after which 20 equiv of 
1,4-cyclohexadiene waa added via syringe. The reaction vial waa sealed 
under an atmosphere of Nz and heated to the reaction temperature. 
Temperatures greater than 230 OC required a reaction bomb because at 
higher temperatures, the vessels tended to burst open. The reaction waa 
then plugged through Si02 with hexanes to remove the high boiling reaction 
solvent and then EbO to obtain a crude reaction mixture. Further 
purification waa completed via silica gel column or radial chromatography. 

6 at temperatures ranging from 170 "C to 220 "C showed 
no product formation. When the temperature was raised 
to 230 OC, starting material was consumed within 2 h to 
yield bicycle 17 in 45% yield (Table I, entry 3). Likewise, 
enediyne 7 required both an increase in reaction temper- 
ature (230 "C) and in reaction time (5 h) to yield 18 in 
47 % as a 1.7:l mixture of cis/trans isomers (Table I, entry 
4). 

The formation of the isomers of 18 presumably arises 
from a very fast 1,Bhydrogen abstraction from the butyl 
chain followed by a disproportionation to produce an olefin 
which is thermally isomerized into conjugation with the 
aromatic ring to yield an inseparable mixture of cis/trans 
isomers. There was no evidence of any product formation 
arising from hydrogen abstraction from solvent by the 
aromatic diyl. This can be explained by a very fast 5-ex0 
radical cyclization and 1,5-hydrogen abstraction process, 
which drastically decreases the lifetime of the biradical 
intermediate. 

To expand the methodology to other radical accepting 
tethers, the allylic alcohol 11 was thermolyzed to yield the 
2,3-dihydroindenes 19 in 54% yield. When 12 was 
subjected to the same reaction conditions, the methyl enol 
ether quantitatively hydrolyzed to give the aldehyde 10 
which upon thermal cyclization gave a complex mixture 
of products (Table I, entry 6). 

A bis-tandem enediyne radical cyclization has been 
shown to be successful in the case of the aromatic 
enediynes? Thus, a nonaromatic analog was synthesized 
to test the feasibility of forming three rings simultaneously 
in one thermal process. Compound 14 was synthesized in 
three steps starting with a Castro-Stephens coupling of 
2 equiv of 4-pentynol to cis-dichloroethylene to yield the 
cis-enediyne 13 in 87 % yield, followed by PCC oxidation 
and a Horner-Emmons reaction with trimethyl phospho- 
noacetate to yield 14 in 31 % yield over two steps (Scheme 
IV) . 

Finally, compound 14 was thermolyzed at  245 OC for 3 
h in the presence of 1,4-CHD to yield a 1:l mixture of 
diastereomers of 20 in 98% yield (Scheme IV). It should 
be noted that the yield of this substrate is substantially 
higher than the other tandem enediyne-radical cyclized 
products. An explanation may be the fact that both tethers 
of the enediyne 14 possess a radical accepting center which 
can immediately quench both aromatic radicals formed 

(9) Grissom, J. W.; Calkins, T. L.; Egan, M. J. Am. Chem. Soc., in 
press. 
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in the cyclization to generate two a-carbomethoxy sta- 
bilized radicals which are then quenched by 1,4-CHD. If 
a rapid quenching process is not available to the aromatic 
biradical, polymerization is observed causing the yields to 
be much lower. 

In conclusion, the mono- and bis-tandem enediyne- 
radical cyclization has been expanded to include nonar- 
omatic enediynes, which cyclize in moderate to excellent 
yields. Substantial mass balance in the reaction is 
consumed by the formation of a polymeric material which 
is easily removed in the workup process. Otherwise, the 
tandem enediyne-radical cyclization of the nonaromatic 
analogs is a very predictable process. It should also be 
noted that in all cases only the substituted indene products 
were obtained and isolated by simple silica gel chroma- 
tography. Efforts to lower the reaction temperatures of 

Communications 

this methodology and applications toward the synthesis 
of biologically active natural products are currently 
underway and wi l l  be reported in a timely manner. 
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