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Scheme III¢
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9 (a) Ethyl vinyl ether, Hg(OAc),; 250 °C, o-xylene, sealed tube.
(&) H, (1 atm), 5% Pd/C, EtOH, 25 °C. (c) Ac,0, KOAc, reflux.
(d) 0s0O, (catalytic), NalO, (8 equiv), 1:1 THF7H20; (e) Jones re-
agent, CH,N,, Et, 0.

Treatment of 10 with ethyl vinyl ether in the presence of mercuric
acetate followed by heating the resultant allyl vinyl ether at 250
°C in a sealed tube in o-xylene afforded the v,6-unsaturated
aldehyde 11 in 90% yield (56% conversion) (Scheme III).

With the critical C(8) stereocenter thus established, the formal
total synthesis of (£)-quadrone followed directly. Catalytic hy-
drogenation [H, (1 atm), 5% Pd/C, EtOH] of 11 provided 12
in 100% yield. A one-carbon degradation of the aldehyde was
then effected by enol acetylation (Ac,0, KOAc, reflux)®? followed
by treatment with a catalytic amount of OsO, and NalO, (8 eq)
in 1:1 THF/H,0 at 25 °C.1* The resultant aldehyde 13 was
subjected to Jones oxidation and esterification (CH,N,, Et,0, 0
°C — room temperature) to generate the keto ester 14 (mp 47-49
°C; lit.2 49-51 °C). Compound 14 proved to be identical by IR
spectroscopy, MS, TLC, and 400-MHz '"H NMR spectroscopy
to a sample kindly provided by Professor Danishefsky.

Since 14 has been converted to (+)-quadrone (1),? the formal
total synthesis was then complete. The transformation of the
spiro[4.5]decadienone 2 to the keto ester 14 was accomplished
in 21% overall yield. Further refinements of this scheme and
efforts directed at a de novo lactone assembly (12 — 1) will be
reported with full details in due course.'’
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The metabolism of procarcinogens to reactive intermediates
by cellular enzymes has been shown to be a critical step in the
ability of many organic chemicals to react with nucleic acids and
proteins in vivo and initiate cancer.! The importance of this
process in carcinogenesis by inorganic chemicals has been un-
known. We have previously reported that rat liver microsomes
in the presence of NADPH enzymatically reduced chromate to
chromium(III)? and that the electron-transport cytochrome P-450
system was responsible for the chromate-reductase activity of
microsomes.> We now report that a stable reactive intermediate,
chromium(V), is formed upon metabolism of the inorganic car-
cinogen chromate by rat liver microsomes in the presence of
NADPH.

Incubation of chromate with rat liver microsomes and NADPH
in 0.05 M Tris-HCI, pH 7.4, resulted in the appearance of an EPR
signal with g = 1.979 and AH = 8.5 G (Figure 1). No EPR signal
was detected upon incubation of chromate with microsomes in
the absence of NADPH. A 10- to 20-fold weaker signal was seen
when chromate was incubated with NADPH in the absence of
microsomes. The intensity of the signal increased with increasing
concentration of microsomal protein. Peak intensity of the signal
was optimized at a NADPH concentration of 0.85 mM by using
a microsomal protein concentration of 11.6 mg/mL.

The EPR signal characteristic of chromium(V) appeared within
20 s after initiating the reaction of chromate with microsomes
and NADPH at 22 °C. The intensity of the signal decreased
rapidly in the first 2 min, increased slightly after 5 min, and then
slowly decayed after 15 min (Figure 2). The signal persisted 80
min after initiating the reaction. The EPR signal observed 10
min after initiating the reaction was asymmetric (Figure 1) with
a shoulder to lower field of the main peak. Power saturation
studies revealed that this shoulder represented a distinct signal
since it saturated at lower powers than the major g = 1.979 peak.
This shoulder was absent in the 30-s sample. The appearance of
the lower field signal at later times may account for the slight
increase in peak intensity seen between 5 and 15 min (Figure 2).

Stable chromium(V) intermediates with g ~ 1.98 and AH =
2-20 G have been observed during the oxidation of organic acids,
alcohols, and thiols.*® EPR signals with g ~ 1.98 and AH =
7-17 G were detected in breast, liver, and thyroid tissues which
had been incubated with solutions containing chromium(VI).!°
The present data indicate that the complete rat liver microsomal
system is capable of producing two chromium(V) species upon
metabolism of chromate. A direct one-electron transfer from the
microsomal electron-transport cytochrome P-450 system to
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Figure 1. EPR spectra resulting from incubation of chromate (1.9 mM)
with rat liver microsomes from phenobarbital-treated animals (11.6
mg/mL) and NADPH (0.88 mM) in 0.05 M Tris-HCI, pH 7.4 at 22 °C
for (A) 0.5 min or (B) 10 min. (C) EPR spectrum resulting from
incubation of chromate (1.9 mM) with NADPH (0.88 mM) in 0.05 M
TrissHC], pH 7.4, at 22 °C for 0.5 min. Spectra were run on a Varian
E-9 spectrometer at 77 K, 100-KHz modulation frequency, 3.2-G mod-
ulation amplitude, 100-uW microwave power, 9.124-GHz microwave
frequency, and 6.3 X 10° (B), (C), or 2.5 X 10° gain (A).

200

160K

80F

Peak Height (arbitrary units)
I

ST R T T T S N T N N S S0 S TSN N A SRR SIS N S R
0 10 20 30 40 50 60
Time {min)

Figure 2. Time course for the appearance and loss of the EPR signal
generated upon incubation of chromate, microsomes, and NADPH in
0.05 M Tris'HC|, pH 7.4, at 22 °C. Conditions were as described in
Figure 1.

chromate is a likely mechanism for the rapid formation of
chromium(V). Chromium(V) complexes are generally charac-
terized as being labile and reactive, whereas chromium(III)
complexes are substitution inert.!! The fact that these chro-
mium(V) intermediates persist for over 1 h in vitro make them
likely candidates for the “ultimate” carcinogenic forms of car-
cinogenic chromium compounds.
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The characterization of transient oxygenated complexes has
provided valuable insights into the mechanisms of oxygenase-
catalyzed reactions.!” In the case of the catechol dioxygenases,*
oxygenated intermediates have been reported for protocatechuate
3,4-dioxygenase.>® Optical spectra of these intermediates gen-
erated with slow substrates can be observed under steady-state
conditions; they exhibit absorbance maxima near 520 nm,S similar
to those of carboxylate inhibitor complexes.® These spectra result
from perturbations of phenolate-to-Fe(III) charge-transfer in-
teractions characteristic of these enzymes.>!2 Quenching ex-
periments, among others, suggest that these intermediates may
be enzyme-product complexes.>!*14 In reexamining the stop-
ped-flow kinetics of protocatechuate 3,4-dioxygenase with pro-
tocatechuate and oxygen, Ballou and Bull” have discovered two
intermediates, neither of which resemble that reported by Fujisawa
et al.’ In this communication, we report the observation of two
oxygenated intermediates in the reaction of catechol 1,2-di-
oxygenase with pyrogallol and oxygen. These “snapshots” along
the mechanistic pathway provide a further understanding of how
these dioxygenases effect the catalysis of ring-cleavage reactions.

Pyrogallol is a slow substrate of catechol 1,2-dioxygenase!’ with
a turnover number of 0.1 s™! compared to 25 s™! for catechol at
25 °C in potassium phosphate buffer, pH 7.5. Nozaki has reported
that the reaction of catechol 1,2-dioxygenase with pyrogallol and
oxygen results in two organic products, 2-pyrone-6-carboxylic acid
and a-hydroxy-cis,cis-muconic acid.'® When catechol 1,2-di-
oxygenase in potassium phosphate buffer, pH 7.5, is treated with
pyrogallol at 1 °C in the presence of air, a spectrum which differs
from those of the native enzyme and the enzyme-pyrogallol
complex is obtained under steady-state conditions (Figure 1). The
steady-state intermediate then decays to the enzyme—substrate
complex when oxygen is depleted. The EPR spectrum of this
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