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necessary linker group required of a hapten for antibody pro-
duction, and this aspect of the work will be reported separately.
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Isopentenyl diphosphate:dimethylallyl diphosphate isomerase
(EC 5.3.3.2) catalyzes the interconversion of isopentenyl di-
phosphate (IPP) and dimethylallyl diphosphate (DMAPP) by
allylic rearrangement of a hydrogen.” This is an essential
activation step in isoprene biosynthesis which provides the elec-
trophilic allylic diphosphate needed as a primer for all of the
subsequent prenyl transfer reactions in the pathway.? Studies
with electronically deactivated alternate substrates and transi-
tion-state/reactive-intermediate analogues indicate that the re-
action proceeds by addition and elimination of a proton through
a carbocationic intermediate or a transition state with considerable
carbocationic character.**
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In an elegant series of experiments, Cornforth and co-workers®$
determined that isomerization of IPP to DMAPP is antarafacial,
with a proton added to the re face of the C(3)~C(4) double bond
and the pro-R (Hpg) hydrogen removed from C(2). Thus, the new
methyl in DMAPP is in the E position. As a consequence of the
isomerization, the hydrogens of the (E)-methyl group in DMAPP
and those at C(4) and the pro-R locus of C(2) in IPP exchange
with protons from water.” However, there are several examples
in the literature where label from C(2) of mevalonate is not
stereospecifically incorporated into the (E)-methyl of the di-
methylallyl unit in isoprenoids.!®2? Croteau and Loomis!® and
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Figure 1. Exchange of hydrogens in IPP and DMAPP with D,0.
Spectra were recorded at 2-min intervals (16 transients/spectrum at 500
MHz) in 0.5 mL of buffer containing 50 mM K,HPO,, 200 mM KCl,
10 mM MgCl,, and 0.5 mM dithiothreitol, pH 7.0. Samples were
equilibrated at 24 °C before addition of enzyme, and the probe tem-
perature was maintained at 24 °C. Chemical shifts were referenced to
internal tert-butyl alcohol (1 mM), and integrals for each resonance were
normalized to the tert-butyl alcohol standard. Part A: hydrogens at C(1)
in IPP (@) and DMAPP (a). Part B: methyl hydrogens in IPP (@),
(E)-DMAPP (4), and (Z)-DMAPP (m). Part C: hydrogens at C(2) in
IPP (®) and DMAPP (a).

Shibuya et al.? suggested that isomerization of [PP to DMAPP
was a likely step for scrambling to occur in the systems studied.
Koyama et al.2*?* discavered that there was a substantial loss of
stereoselectivity for pig liver isomerase when ethyl and ethylidene
derivatives of IPP and DMAPP were used as alternate substrates.
With an ample supply of IPP isomerase available from our efforts
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to overproduce the enzyme,? 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 'H NMR spectra upon
incubation of IPP with isomerase in D,O. For the experiment
summarized in Figure |, IPP (10 mM) was incubated with 0.1
mg (sp act. 19 umol min~' 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 DMAPP? at 6 5.44 (C(2)), 4.45
(C(1)), 1.75 ((E)-methyl), and 1.71 ((Z)-methyl) ppm and a
concomitant decrease in the intensity of resonances for IPP? at
8 4.86 (C(4)), 4.06 (C(1)), 2.40 (C(2)), and 1.77 (methyl) ppm.

Figure 1A shows the time course of the reaction for the C(1)
methylene protons. A rapid change in the concentrations of [PP
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 D,0 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 methy! region is shown in Figure
1B. During the first few minutes, the intensity of the resonance
for the methyl group in IPP decreased rapidly as signals for the
(E)-methyl and (Z)-methyl groups in DMAPP increased.
However, rapid exchange of the (E)-methyl protons in DMAPP
with D,O 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(1) 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 D,0. 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 1C.
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
6 4.06 and 4.45 ppm for the C(1) methylene protons of IPP and
DMAPP, respectively, remained in the '"H NMR spectrum. Both
signals were simple doublets with a 6.9-Hz coupling to phosphorus.
A H spectrum of [PP and DMAPP from this sample gave res-
onances for all positions, except for C(1), 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 intensity? 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 (E)-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-
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tonation of the re face of the double bond in IPP and elimination
of the Hp 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.! Cyclic butatrienes?
and cyclic enynes® 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.
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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.* We have described the preparation and isolation
of 1,2,3-cyclononatriene.’> Strained cyclic enynes have been
generated by a variety of methods; the smallest previously reported
homologue is cyclohepten-3-yne.?

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 N-phenyltrifluoromethanesulfonimide,’
gave 1,3-diene § in 50% yield.® Reaction of 5 with CsF in DMSO
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