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1 h provided enol ether 7 in 99% yield. Heating of a solution of
7 in toluene (0.05 M) containing 30 equiv of propylene oxide (to
prevent acid-catalyzed decomposition) at 160 °C for 22 h effected
Cope rearrangement, leading to the cis-hydrindene 8, which
without purification was heated at reflux with wet Me,SO (7.5
M water) containing 3 equiv of sodium chloride® for 4 h to give
ketone 9 in 71% overall yield from 7.

Treatment of 9 with 9-borabicyclo{3.3.1]nonane (9-BBN, 2.15
equiv) in THF at 23 °C for 19 h followed by oxidation with
alkaline hydrogen peroxide (2 equiv, 23 °C, 30 min) gave the two
epimeric bicyclic diols 10 contaminated with 1,5-cyclooctanediol.
Since chromatographic separation of 10 from the latter was not
easy, the mixture of alcohols was oxidized by using 2.5 equiv of
pyridinium dichromate (PDC) and powdered Linde 3-A molecular
sieves® (1 g/mmol of PDC) in methylene chloride at 23 °C for
2.5 h to afford after chromatography diketone 11, mp 39-40 °C
(76% overall from 9); none of the position-isomeric diketone could
be detected in the reaction mixture. Highly selective hydroboration
of the cyclopentene olefinic linkage in the diene 9 is to be expected
in view of the known deactivating effect of vinylic bromine in
hydroboration.!?

Construction of the bridged ring utilized methodology previously
developed in these laboratories specifically for the preparation of
the D ring of gibberellic acid.!’ Treatment of 11 with lithium
di-n-butylcuprate (11 equiv) in 33% hexane—diethyl ether at -78
°C for 2.5 h followed by inverse quenching with pH 8 ammo-
nia—ammonium chloride buffer afforded tricyclic ketone 12,'2 mp
112-113 °C, in 67% yield; only 4% of 13, the result of cyclization
involving the five-ring keto function, was isolated by chroma-
tography.!* This high degree of selectivity was predicted based
upon the greater degree of strain in 13 with respect to 12.!4
Protection of the hydroxy function of 12 using excess methoxy-
ethoxymethyl (MEM) chloride and diisopropylethylamine in
methylene chloride at 23 °C for 24 h provided in 96% yield the
tricyclic ketone 4, which was identical with a sample of 4 prepared
by an alternate sequence? on the basis of 'H NMR, infrared, and
mass spectral and thin-layer chromatographic comparison. The
establishment of this new route to 4 provides another synthetic
pathway to gibberellic acid that is both direct and stereocontrolled.

Prior to the synthesis of 5, the simpler norbornene 14 was
prepared' and converted to the corresponding trimethylsilyl enol
ether 15.1¢  Attempted Cope rearrangement of 15 in various
solvents (benzene, toluene, xylene) at temperatures ranging from
90 to 150 °C yielded only silylated aldol dimers of 14. In addition,
thermolysis of 15 in the gas phase by passage at ¢a 0.1 torr through
a tube heated to 425 °C afforded 2-(trimethylsiloxy)-1,3-butadiene
and a mixture of 2- and 1-(2-bromoallyl)cyclopentadienes, frag-
ments derived from a retro-Diels—Alder reaction of 15. Evidently,
a delicate balance exists between Cope rearrangement and re-
tro-Diels—Alder pathways in this system. The utilization of
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substrate 7, which contains an additional carbomethoxy group
relative to 18, was expected to favor rearrangement over frag-
mentation because electron delocalization from the trimethylsiloxy
donor group to the withdrawing carbomethoxy group of 8 should
provide driving force for the Cope but not the retro-Diels—Alder
pathway.

The synthesis of 4 reported herein is conceptually quite different
than previous routes. Additionally, modification of this sequence
should allow for entry into a general class of cis-hydrindenes
otherwise not readily available.!’
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The role of the hexacoordinate phosphorus intermediate in the
reactions of phosphate esters has been the subject of much
speculation but little experiment. Westheimer and co-workers!
observed that the fraction of exocyclic cleavage for methyl ethylene
phosphate increases linearly with hydroxide ion concentration from
~0% at pH 11-13 to about 15% cleavage in 10 M alkali. They
suggest this result is consistent with the required pseudorotation
of a dianionic pentaoxyphosphorane intermediate. They further
indicate that an explanation involving a hexacoordinate phosphorus
intermediate, although unsupported, cannot be eliminated.

Ramirez? and Gillespie et al.? indicate that the hydrolysis of
methyl ethylene phosphate is second order in hydroxide (as
suggested by Kluger et al.’s observation of an increase in exocyclic
cleavage with strong base!) and argue for formation of a hexa-
coordinate intermediate in strong alkali as shown in Scheme I.
This hypothesis has gained widespread recognition and has even
been presented in a text* as a quite reasonable mechanistic pos-
sibility. The more recent preparation of stable hexacoordinated
phosphorus anions, (PhO)¢P~3 and (CH;0)P~.® and the kinetic
data supporting a hexacoordinate intermediate in the hydrolysis
of (ArO)sP” suggest that the earlier hypothesis for the involvement
of a hexacovalent intermediate in the strong alkali (hydrolysis of
methyl ethylene phosphate is certainly quite reasonable. However,
we now present 30 labeling results that argue against the for-
mation of such a species in the hydrolysis of a related five-mem-
bered ring phosphate ester, ethyl ethylene phosphate.

A 50-uL sample of 0.155 M ethyl ethylene phosphate in dry
dioxane was added to 0.49 mL of 5.0 M NaOH (72% H,'*0/22%
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Figure 1. 32.37-MHz P NMR spectrum of ethyl 2-hydroxyethyl
phosphate, 1, showing no 80 (1.359 ppm) and mono-'80 labeled (1.331
ppm) signals, on a Bruker WP-80 spectrometer; chemical shifts relative
to 15% H;PO, in D,0.
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D,0) at room temperature, and the solution was quickly frozen
in an acetone/dry ice bath. To the almost frozen solution, was
carefully added 66.6 uL of 36 N H,SO,. The pH ~2 solution
was added to a tris-base buffer solution. Up to this point ever-
ything was carried out within a minute. Some inorganic precipitate
was filtered through a nitric acid and EDTA solution treated
disposable pipet plugged with EDTA-treated cotton and Che-
lex-100 (Bio-Rad) ion exchange resin. The final pH of the solution
was about 9, and the 'P NMR spectrum of the sample is shown
in Figure 1. Only the endocyclic product ethyl 2-hydroxyethyl
phosphate, 1, was observed. The two signals represent the
mono-'80-labeled ester 1 and the unlabeled (16O) ester 1. The
magnitude of the upfield shift for the '#0-labeled ester is consistent
with the expected *0 isotope shift on the 3!P chemical shift for
a singly '*O-labeled compound.?-!® If two 'O atoms had been

(8) Cohn, M., Hu, A. Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 200. Cohn,
M.; Hu, A. J. Am. Chem. Soc. 1980, 102, 913.
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Figure 2. 190.3-MHz P NMR spectrum of 2-hydroxyethyl phosphate
(triplet, with '80 labeling shown) and ethyl 2-hydroxyethyl phosphate
(doublet), on a Nicolet 470-MHz spectrometer. Scheme II, shown for
generation of phosphate ester products from ethyl ethylene phosphate,
pH 5, 50% H,'80. Products were identified by titration of the triplet 3'P
signals for the monoester and lack of titration of the doublet signal for
the diester.

incorporated into the product as would be required!! for a
mechanism involving a hexacoordinate intermediate, then another
130-labeled signal would have been observed upfield of the singly
180-labeled signal. Within the S/N (£5%) of the spectrum we
can rule out any hexacoordinate intermediate.!! In contrast to
the results for methyl ethylene phosphate in strong alkali we
observed no exocyclic cleavage product. (Also none is observed
in dilute alkali between pH 8 and 13.) Whether this is due to
the poorer leaving-group ability of ethoxide relative to methoxide
or is due to some C-O cleavage in strong alkali for methyl ethylene
phosphate is not known. Note, however, that endocyclic alkoxide
leaving is predicted to be much more stereoelectronically favorable
than exocyclic alkoxide leaving,!>!3 consistent with our results.

Similar labeling results were obtained in dilute acid (pH 2-7)
where both exocyclic cleavage product, 2-hydroxyethyl phosphate
(25% at pH ~5) and endocyclic cleavage product were observed
by 3'P NMR (Figure 2). Again, for the endocyclic product, only
unlabeled and singly '*O-labeled 3'P signals were observed. For
the exocyclic product, 2-hydroxyethyl phosphate, three 3'P signals
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are observed in the expected ratio for incorporation from solvent
of no '*0, one *0, and two '*0 atoms. (Scheme II, Figure 2)
The first-formed exocyclic product is ethylene phosphate
(mono-'20 labeled from one water molecule), which under our
conditions rapidly further hydrolyzes to 2-hydroxyethyl phosphate
(incorporating a second water molecule giving some di-'#O-labeled
product.)

These results confirm that no oxygen exchange from solvent
occurs during the course of the reaction or with starting material
or products and that there is 100% P—O cleavage for all products
at pH 2-15 (other results not reported). In addition, most sig-
nificantly we have found no evidence under any conditions for
formation of a hexacoordinate intermediate.
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The coordination environment at the active site iron of the the
catechol-cleaving dioxygenases has been examined by a number
of spectroscopic probes. One of these enzymes, protocatechuate
3.4-dioxygenase (PCD), which catalyzes the intradiol cleavage
of protocatechuic acid to 8-carboxy-cis,cis-muconic acid, has been
isolated from a number of microbial genera,>® with the crystalline
enzyme from Pseudomonas aeruginosa being most extensively
studied.”!® Previous resonance Raman studies®!! provided ev-
idence that the ferric ion is coordinated by two tyrosines; however,
the identity of other iron ligands is not firmly established. Based
upon EPR!? and sulfhydryl titration,!3 suggestions were advanced
that sulfur binding was possible, although the original proposal
of tetrahedral sulfur ligation is no longer viable. Instead, histidyl
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Figure 1. Resonance Raman spectra of native and labeled PCD: (A)
%FHS; (B) *Fe¥2S; (C) Fe’S; (D) *¢Fe’S. Spectra A, Band C, D,
are measured from samples in a partitioned, rotating cell. Laser wave-
length is 514.5 nm; power is 500 mW.

coordination was proposed due to the similarity between reduced
PCD and deoxyhemerythrin Mossbauer spectra.!4

A Raman peak at 274 cm™! in the native enzyme disappears
when the enzyme is reversibly inhibited by 3-chloro-4-hydroxy-
benzoate (3-CIHB); yet, Raman peaks assigned to tyrosines suffer
no concomitant intensity reduction.® This observation suggests
that displacement or modification of nontyrosine groups is being
monitored. Although the 274-cm™ frequency is below that of ca.
350 cm™! found for »(Fe-S) in iron-sulfur proteins'5-!7 and cy-
tochrome P-450,,,,'*'? a frequency shift to lower energies is
conceivable in a highly ionic environment provided by tyrosinate
coordination. Characterization of this vibration, at least in terms
of sulfur participation, becomes feasible by a study of the S
isotope shift. On the other hand, a mode at 267 cm™ is identified
as (Cu-ImH) (ImH = imidazole) in the UV resonance Raman
study of oxyhemocyanin, and imidazole ligation in PCD becomes
an attractive alternative assignment of the 274-cm™! peak, if a
34Fe/6Fe isotope shift is observed with no accompanying sulfur
isotope shift.

A complementary probe of local geometry about a metal ion
is provided by extended X-ray absorption fine structure (EXAFS).
It is now appreciated that coordinated histidine is characterized
by a prominent peak in the Fourier transform of EXAFS data.2!:?2
Consequently, combined Raman and EXAFS studies further
delineate the active-site structure of PCD.
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