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to overproduce the enzyme,25 we reinvestigated the stereochemistry 
of reaction for the normal substrates and have determined the 
complete time course of hydrogen exchange for IPP and DMAPP 
with yeast isomerase. 

Exchange of hydrogens in IPP and DMAPP with water was 
detected by following the loss of signal in 1H NMR spectra upon 
incubation of IPP with isomerase in D2O. For the experiment 
summarized in Figure 1, IPP (10 mM) was incubated with 0.1 
mg (sp act. 19Mmol min"1 mg~') of recombinant Saccharomyces 
cerevisiae IPP isomerase. Upon addition of enzyme, a rapid 
conversion of IPP to DMAPP was seen as evidenced by the ap
pearance of resonances for DMAPP26 at b 5.44 (C(2)), 4.45 
(C(I)), 1.75 ((£)-methyl), and 1.71 ((Z)-methyl) ppm and a 
concomitant decrease in the intensity of resonances for IPP27 at 
5 4.86 (C(4)), 4.06 (C(I)), 2.40 (C(2)), and 1.77 (methyl) ppm. 

Figure IA shows the time course of the reaction for the C(I) 
methylene protons. A rapid change in the concentrations of IPP 
and DMAPP was observed upon addition of enzyme. Equilibrium 
was reached within 10 min, and the intensities of the peaks re
mained constant thereafter. The C( 1) hydrogens did not exchange 
with D2O during the course of the experiment, and K^*' = 2.2 
was calculated from the relative intensities of the C( 1) resonances. 
The time course for signals in the methyl region is shown in Figure 
IB. During the first few minutes, the intensity of the resonance 
for the methyl group in IPP decreased rapidly as signals for the 
(£)-methyl and (Z)-methyl groups in DMAPP increased. 
However, rapid exchange of the (£)-methyl protons in DMAPP 
with D2O quickly reduced the intensity of that signal until, after 
20 min, it was no longer detected. The intensity of the resonance 
for the (Z)-methyl group of DMAPP reached a maximal value 
after 10 min. However, in contrast to the C(I) methylene protons, 
signals for the methyl group in IPP and the (Z)-methyl in DMAPP 
slowly decreased after equilibrium was reached, indicating ex
change of these protons with D2O. Addition of more enzyme after 
70 min increased the rate of the slow exchange reaction by ap
proximately 4-fold. Similar behavior was observed for the protons 
attached to C(2) of IPP and DMAPP, as shown in Figure IC. 
In this case, the C(2) signal in IPP decreased rapidly, with a 
concomitant increase for C(2) in DMAPP, as equilibrium was 
obtained. Between 20 and 70 min, the intensities remained es
sentially constant. However, upon addition of more IPP isomerase 
at 70 min, the C(2) signals in both compounds decreased as well! 
After continued incubation for 19 h, only the two resonances at 
b 4.06 and 4.45 ppm for the C(I) methylene protons of IPP and 
DMAPP, respectively, remained in the 1H NMR spectrum. Both 
signals were simple doublets with a 6.9-Hz coupling to phosphorus. 
A 2H spectrum of IPP and DMAPP from this sample gave res
onances for all positions, except for C(I), with intensities consistent 
with a 1:2.2 mixture of isomers. 

Rates for the three exchange processes seen in Figure 1 were 
estimated from initial slopes. The first exchange resulted in the 
rapid loss of intensity28 for the pro-R C(2) and C(4) hydrogens 
of IPP and the rapid rise and fall of the (Z)-methyl signal in 
DMAPP. These exchanges are coincident with establishment of 
the equilibrium. The second exchange resulted in loss of intensity 
for the methyl group in IPP and the (£>methyl in DMAPP at 
a rate of approximately 2% that of the first process. The slowest 
exchange (0.5% of the fast process) resulted in loss of the pro-S 
and olefinic signals at C(2) in IPP and DMAPP, respectively. 

For an enzyme, yeast IPP isomerase catalyzes interconversion 
of IPP and DMAPP with a rather low degree of stereochemical 
fidelity. At least three kinetically distinguishable exchange 
processes were detected. The most facile was consistent with the 
accepted stereochemistry for isomerization, an antarafacial pro-

US) Street, 1. P.; Poulter, C. D. Biochemistry, in press. 
(26) 1H NMR spectrum (D2O): S 1.71 (s, 3 H, (£>methyl), 1.75 (s, 3 

H, (Z)-methyl), 4.45 (dd, JHH = 6.9 Hz, JHP = 6.9 Hz, 2 H, H at C(I)), 
and 5.44 ppm (t, JHH - 6.9 Hz, 1 H, H at C(2)). 

(27) 1H NMR spectrum (D2O): S 1.77 (s, 3 H, methyl), 2.40 (t, JHH = 
6.6 Hz, 2 H, H at C(2)), 4.06 (td, 7H H = 6.6 Hz, JH ? = 3.3 Hz, 2 H, H at 
C(I)), and 4.86 ppm (s, 2 H, H at C'(4)). 

(28) km - 9 s"1 for yeast IPP isomerase.25 

tonation of the re face of the double bond in IPP and elimination 
of the HR proton at C(2). If one assumes that the catalytic 
residues are optimally positioned for addition/elimination by the 
preferred stereochemistry, the slower exchanges most likely arise 
from other conformers of the enzyme-substrate complex. It is 
interesting to note that elimination of either C(2) proton will give 
DMAPP or of any methyl proton will give IPP from the tertiary 
carbocationic species. Thus, there is no stereochemical imperative 
for the reaction catalyzed by IPP isomerase and there are no 
consequences in vivo for low stereoselectivity beyond adding to 
the consternation of chemists by scrambling isotope in artificially 
labeled precursors. 
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Enormous effort has been devoted toward the exploration of 
structural limitations in organic compounds.1 Cyclic butatrienes2 

and cyclic enynes3 are two fundamental classes of strained hy
drocarbons for which limiting ring sizes are as yet unknown. We 
describe here evidence for the synthesis and trapping of 1,2,3-
cyclohexatriene (1) and cyclohexen-3-yne (2). These highly 
strained and reactive substances redefine known limitations for 
their respective homologous series. Additionally, 1 and 2 are of 
interest as new benzene isomers. 

O O 
1 2 

Less strained, larger ring homologues of 1 and 2 are known. 
Szeimies and co-workers have reported the successful trapping 
of 1,2,3-cycloheptatriene; however, attempts to prepare 1 were 
unsuccessful.4 We have described the preparation and isolation 
of 1,2,3-cyclononatriene.5 Strained cyclic enynes have been 
generated by a variety of methods; the smallest previously reported 
homologue is cyclohepten-3-yne.3 

A new and presumably general route to cyclic butatrienes is 
exemplified by the present synthesis of 1 (Scheme I). Kinetic 
deprotonation of enone 46 with lithium diisopropylamide (LDA), 
followed by addition of 7V-phenyltrifluoromethanesulfonimide,7 

gave 1,3-diene 5 in 50% yield.8 Reaction of 5 with CsF in DMSO 

(1) For recent reviews on hydrocarbon structural limitations, see: (a) 
Wiberg, K. Chem. Rev. 1989, 89, 975. (b) Warner, P. M. Chem. Rev. 1989, 
89, 1067. (C) Borden, W. T. Chem. Rev. 1989, 89, 1095. (d) Billups, W. E.; 
Haley, M. M.; Lee, G.-A. Chem. Rev. 1989,89, 1147. (e) Johnson, R. P. In 
Molecular Structures and Energetics; Leibman, J. F., Greenberg, A., Ed: 
VCH Publishers: Deerfield Beach, FL, 1986; Vol. 3, pp 85-140. 

(2) Review: Johnson, R. P. Chem. Rev. 1989, 89, 1111. 
(3) Review: Meier, H.; Harold, N.; MoIz, T.; Bissinger, H. J.; Kolshorn, 

H.; Zountsas, J. Tetrahedron 1986, 42, 1711. 
(4) Schulter, A. D.; Belzner, J.; Heywang, U.; Szeimies, G. Tetrahedron 

Lett. 1983, 24,891. 
(5) Angus, R. 0., Jr.; Johnson, R. P. J. Org. Chem. 1984, 49, 2880. 
(6) Shih, C; Fritzen, E. L.; Swenton, J. S. J. Org. Chem. 1980, 45, 4462. 
(7) McMurry, J. G.; Scott, W. J. Tetrahedron Lett. 1983, 24, 979. 
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a similar approach should yield strained allenes; indeed, we find 
that 13" readily leads to 1,2-cyclohexadiene (14), which is trapped 
by DlBF to yield two stereoisomeric cycloadducts in a ratio 
identical with that previously reported.212 

Br 

f^y™s csF , ^ [ 2 + 1 ] 
cycloadducts 

13 

We believe that these synthetic approaches should be generally 
applicable to other ring sizes. Routes to cyclic butatrienes are 
sparse; this method should make them readily accessible from 
cyclic enones. Experiments to prepare both smaller and larger 
homologues are in progress. 
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(10) For example: (a) Chan, T. H.; Massuda, D. Tetrahedron Lett. 1975, 
3385. (b) Chan, T. H.; Massuda, D. / . Am. Chem. Soc. 1977, 99,936. (c) 
Zoch, H. G.; Szeimies, G.; Romer, R.; Germain, G.; Declerca, J. P. Chem. 
Ber. 1983,116, 2285-2310. (d) Trahanovsky, W. S.; Fischer, D. R. J. Am. 
Chem. Soc. 1990,112,4971. (e) Ito, Y.; Nakatsuka, M.; Saegusa, T. J. Am. 
Chem. Soc. 1982, 104, 7069. 

(11) Denmark, S. E.; KHx, R. C. Tetrahedron 1988, 44, 4043. 
(12) Wittig, G.; Fritze, P. Angew. Chem., Int. Ed. Engl. 1966, 5, 846; 

Justus Liebigs Ann. Chem. 1968, 711, 82. 

at 25 0C in the presence of diphenylisobenzofuran (DIBF) af
forded crystalline adduct 6 in 24% yield after chromatography. 
The structure of 6 (C5 symmetry) was confidently assigned from 
spectral data and DDQ oxidation to 7.9 Ample literature pre
cedent supports the conclusion that 6 is formed from [2 + 4] 
cycloaddition of cumulene 1 at its most strained ir bond. 1^2,4 

Synthesis of conjugated enyne 2 (Scheme II) follows a similar 
strategy in the final step. Dibromocarbene addition to 8, thermal 
rearrangement to 10, and treatment of 10 with DBU afforded 
diene 11 (30% yield from 8). Treatment with CsF, as above, led 
to 12 in 30% isolated yield. Air oxidation of 12 gave 7. Control 
experiments showed that 11 did not react with DIBF under the 
reaction conditions. We attribute the formation of 12 to cyclo
addition of DIBF with strained enyne 2. 

The fluoride-induced elimination of /3-substituted organosilanes 
has been applied to the preparation of benzyne and strained 
alkenes,10 but not to strained cumulenes and enynes. In principal, 

(8) Data for new compounds include the following. 5: 1H NMR (CDCl3, 
360 MHz) 6 6.28-6.30 (1 H, t, J * 4.34 Hz), 5.73-5.76 (1 H, t, J = 4.51 
Hz), 2.14-2.31 (4 H, symmetrical mult), 0.17 (9 H, s); "C NMR a 150.50, 
141.23, 133.55, 111.79, 22.58, 21.73, -1.09; UV (hexane) Xn̂ 1x 260 nm (t 
2050), 203 (2200). 6: 1H NMR S 7.81-7.83 (4 H, d, / = 7.16 Hz), 7.52-7.56 
(4 H, t, J = 7.29 Hz), 7.42-7.46 (2 H, t, J - 7.29 Hz), 7.31-7.33 (2 H, dd, 
J = 3.07, 5.34 Hz), 7.16-7.18 (2 H, dd, J = 3.07, 5.34 Hz), 5.69 (2 H, br 
s), 2.22-2.24 (4 H, m); 13CNMR J 146.52, 138.76, 135.27, 128.49, 127.92, 
126.80,126.30,119.43,114.28,88.34,22.31. Anal. C1H. 10: 1HNMR 
« 4.83 (1 H, br s), 2.37-2.44 (1 H, dd, J = 5.27, 18.38 Hz), 2.18-2.29 (2 H, 
m), 2.05-2.15 (1 H, dt, J = 3.14, 13.96 Hz), 1.92-2.05 (1 H, m), 1.73-1.77 
(1 H, m), 0.23 (9 H, s); 13C NMR S 143.28, 130.90, 57.14, 33.78, 32.21, 
17.32,-0.94. Anal. C H . 11: 1H NMR S 5.83-6.02 (1 H, dt, J = 1.79, 
9.72 Hz), 5.83-5.88 (1 H, dt, / = 4.36, 9.72 Hz), 2.22-2.27 (2 H, m), 
2.05-2.13 (2 H, m), 0.25 (9 H, s); 13C NMR a 135.26,130.92,129.93, 126.57, 
28.53, 21.50, -0.68; UV (hexane) X011x 275 nm («4400), 205 (3960). 12: 1H 
NMR a 7.76-7.80 (2 H, d, J = 7.1 Hz), 7.68-7.70 (2 H, d, J = 7.1 Hz), 
7.38-7.53 (6 H, m), 7.19-7.26 (2 H, t, J = 7.0 Hz), 6.92-7.01 (2 H, quint, 
J = 7.5 Hz), 6.17-6.20(1 H, brd, J = 9.66 Hz), 5.66-5.71 (1 H,dt,y = 4.2, 
9.6 Hz), 2.62-2.70 (1 H, ddd, J - 4.82,7.52, 17.0 Hz), 2.28-2.35 (2 H, m), 
2.04-2.16 (1 H, m); 13C NMR S 151.68, 151.48, 150.56, 147.65, 135.20, 
134.69, 128.69, 128.53, 128.20, 127.94, 126.56, 126.06, 125.15, 124.73, 
120.14, 120.13, 119.60, 92.46, 92.16, 23.19, 22.66. This compound easily 
air-oxidizes to 7. 

(9) (a) Wittig, G.; Krauss, E.; Wiethammer, K. Justus Liebigs Ann. Chem. 
1960, 55,929. (b) Whitney, S. E.; Winters, M.; Rickborn, B. J. Org. Chem. 
1990, 55, 929. 
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Fragmentation reactions form one of the major classes of or
ganic transformations, providing the foundation for a variety of 
strategies for complex molecule synthesis.2 Decades of research 
have firmly established that these reactions proceed stereo-
specifically, in accord with expectations based on molecular orbital 
analysis.2 We describe herein a remarkable fragmentation process 
that provides the basis for a new fragmentation mechanism and 
for a new mechanistic probe for substitution reactions. 

As part of our interest in developing a metathetical approach 
to medium-ring synthesis (Scheme I: 1 + 2 -* 4), we previously 
reported3 that kinetically controlled fragmentation of lactone 3 
gives predominantly the (Z,Z)-cyclodecadiene 4 and lesser 
amounts of its thermodynamically favored Cope isomers 5, in 
accord with a concerted cycloreversion or a stepwise path pro
ceeding through a conformationally relaxed diyl.4 In an effort 

(1) Taken in part from the Ph.D. Thesis of Manly, C. J., Harvard Univ
ersity, 1984. 

(2) For lead references, see: (a) Grob, C. A. Angew. Chem., Int. Ed. Engl. 
1969, 8, 535. (b) Wharton, P. S.; Hiegel, G. A. J. Org. Chem. 1965,30, 3254. 
(c) Marshall, J. A. Synthesis 1971, 229. (d) Mander, L. N.; Brown, J. M.; 
Cresp, T. M. J. Org. Chem. 1977, 42, 3984. (e) Fuchs, P. L.; Clark, D. A. 
J. Am. Chem. Soc. 1979, 101, 3567. (0 Eschenmoser, A.; Sternbach, D.; 
Shibuya, M.; Jaisli, F.; Bonetti, M. Angew. Chem., Int. Ed. Engl. 1979,18, 
634. (g) Metivier, P.; Gushurst, A. J.; Jorgensen, W. L. J. Org. Chem. 1987, 
52, 3724. 

(3) (a) Wender, P. A.; Lechleiter, J. C. J. Am. Chem. Soc. 1977 99, 267. 
Wender, P. A.; Lechleiter, J. C. J. Am. Chem. Soc. 1980,102,6340. (b) For 
studies on cyclobutene diesters, see: Lange, G. L.; Huggins, M. A.; Neidert, 
E. Tetrahedron Lett. 1976, 4409. (c) For studies on cyclobutene derivatives, 
see: Wilson, S. R.; Phillips, L. R.; Pelister, Y.; Huffman, J. D. J. Am. Chem. 
Soc. 1979, 101, 7373. (d) For extensions to methyl cyclobutene, see: Le
chleiter, J. Ph.D. Thesis, Harvard University, 1979. Williams, J. R.; Callahan, 
J. F. J. Chem. Soc, Chem. Commun. 1979, 404. 
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