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Figure 1. Gas chromatograms8 of the products of biotransformation. (A) 
the product derived from 4a, plus a synthetic mixture9 of 5 and 6 (ra-
cemic); (B) the product derived from 4a, plus natural 4-MeJH I (~50% 
of each); (C) the product derived from 4b. 

sumably derived from homomevalonate.15 
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[5-3H](4/?)-4-methyl JH I were obtained. In order to compare 
these products with the natural 4-MeJH I, they were analyzed 
by capillary GLC8 using conditions which separate the diaste-
reomers from a chemically synthesized9 mixture of racemic 5 and 
6. The separation was slight but sufficient to show that the 
material biotransformed from the S enantiomer 4a generates only 
the faster eluting diastereomer, which comigrates with the natural 
product (Figure 1). The 4.R isomer was slower eluting. Thus, 
4-MeJH I was demonstrated to have the 45 configuration 5, 
opposite to that of faranal.2 These results also suggest that the 
epoxidation occurs on the enantiomer 4b at the same face of the 
10,11-double bond irrespective of the C-4 configuration. The 
configuration of the epoxy group is probably 10/? as found in JH 
I and JH III,10 but this requires further study. 

Koyama et al." have demonstrated that 3-ethyl-3-butenyl 
diphosphate (homoisopentenyl diphosphate, 7) is converted by the 
action of isopentenyl diphosphate isomerase into not only (Z)-
3-ethyl-2-butenyl diphosphate (8) but also (£)-3-methyl-3-pentenyl 
diphosphate (2). They have also shown that dihomogeranyl di
phosphate (1) is formed as the intermediary product from 7 and 
8 in the farnesyl diphosphate synthase reaction, giving ultimately 
trihomofarnesyl diphosphate,12 the presumed precursor of JH 0 
(Scheme II). Therefore, it is probable that the enzymatic and 
biological synthesis of 4-MeJH I reported herein represents the 
actual biosynthetic route. That is, isopentenyl diphosphate 
isomerase and farnesyl diphosphate synthase, both of which occur 
widely in organisms including insects,1314 are able to elaborate 
the 4-MeJH I carbon skeleton, given the availability of 7 pre-

(8) The GLC was carried out with a ~2-ng sample in isooctane with a 
26-m Silar 1OC glass capillary column (Applied Science). Conditions: 
splitless injection; initial temperature 80 "C for 0.5 min then programmed to 
140 0C at 30 °C/min. 
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The aromatic ring cleaving reactions catalyzed by the nonheme 
iron containing enzymes catechol 1,2-dioxygenase (pyrocatechase) 
and catechol 2,3-dioxygenase (metapyrocatechase)1 are the pro
totypes of biological dioxygenations. All mechanisms proposed 
thus far for these reactions feature peroxidic species.2 Organic 
peroxides efficiently oxidize thioethers to sulfoxides, so we have 
used thioether-containing substrates as probes for the presence 
of peroxidic intermediates in catalysis by dioxygenases.3,4 In the 
course of these studies we made the unusual observation that 
3-[(methylthio)methyl]catechol (1), a seemingly innocuous sub
strate analogue, was a mechanism-based inactivator of meta
pyrocatechase. 

Compound I5 was a good substrate for metapyrocatechase (kat 

= 2600 min"1 at 24 0C, Km = 11 nM).6 The only product 
detected, 2-hydroxy-6-oxo-7-(methylthio)-2,4-heptadienoic acid 
(2, Scheme I), resulted from cleavage of the aromatic ring between 
carbons 2 and 3. Compound 2 was characterized by its UV 
absorption spectrum (Xmax = 400 nm, typical of extradiol cleavage 
products4) and by conversion6 to the picolinic acid derivative 3.7 

Preincubation of metapyrocatechase with 1 under aerobic 
conditions resulted in time-dependent irreversible inactivation of 
the enzyme (Figure I).8 The K1 for 1 was 6.6 ixM, and ex
trapolation of the observed inactivation rates to infinite substrate 
concentration yielded kima = 0.12 min"1. Thus the partition ratio9 

was 22 000 substrate turnovers per inactivation event. No inac-
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(5) The syntheses of compounds 1, 4, and 5 are outlined in the supple
mentary material. 

(6) The methods for the preparation and assay of metapyrocatechase (from 
Pseudomonas putida ATCC 23973) and the characterization of enzymatic 
reaction products are essentially as described in ref 4. 

(7) For 3: 1H NMR (250 MHz, CDCl3) S 1.99 (s, 3 H, SCH3), 3.84 (s, 
2 H, CH2), 3.93 (s, 3 H, CO2CH3), 7.58 (dd, 1 H, J = 8, 1 Hz, Ar H), 7.77 
( t , l H , J = 8 Hz, Ar H), 7.96 (dd, 1 H, J = 8, 1 Hz, Ar H); MS, m/z 197 
(M+, 5%), 182 (M - CH3, 8), 166 (M - OCH3, 42), 151 (M - CH3 - OCH3, 
100). 

(8) Substrate (inactivator) concentrations lower than 10 ^M were not used 
due to volume constraints, and concentrations above 120 /xM were not used 
because of the onset of reversible substrate inhibition at 130 (iM. 

(9) Walsh, C. Tetrahedron 1982, 38, 871-909. 

0002-7863/87/1509-2854S01.50/0 © 1987 American Chemical Society 



J. Am. Chem. Soc. 1987, 109, 2855-2857 2855 

Figure 1. Time course of the inactivation of metapyrocatechase by 3-
[(methylthio)methyl]catechol (1). In each inactivation experiment, 
metapyrocatechase (0.5 ng) and catalase (16 mg) were preincubated at 
24 °C in potassium phosphate buffer (50 mM, pH 7.5, 100 mL) con
taining the indicated concentrations (0-100 /iM) of 1. At 3-min intervals, 
15-mL aliquots were placed in 5-cm quartz cuvettes, and the enzyme 
activity was assayed by the changes in absorbance at 375 nm after the 
addition of catechol to 150 nM. 

Scheme I 

tivation was observed when enzyme was preincubated with 1 under 
anaerobic conditions (Figure 1), nor did inactivation occur in the 
absence of 1. On the other hand, the presence of catalase did not 
protect the enzyme from inactivation, nor could inactive enzyme 
be reactivated by addition of iron salts or reducing agents in various 
combinations. Several experiments further characterized the 
inactivation process: 

(1) A sample of 1 was exhaustively oxidized by meta
pyrocatechase, the protein was removed by ultrafiltration, and 
fresh metapyrocatechase was added to the filtrate. No inactivation 
was observed, ruling out the normal product 2 as the inactivating 
agent. 

(2) 3-[(Methylthio)[3H]methyl]catechol (4)5 was prepared. 
Incubation of 4 with metapyrocatechase under aerobic conditions 

resulted in the incorporation of approximately 1.6 equiv of tritium 
into the inactivated enzyme.10 This radiolabel was not removed 
by gel filtration or anion exchange chromatography, treatment 
with thiols, or dialysis of the protein against buffer containing 
sodium dodecyl sulfate, thus indicating that the enzyme is co-
valently modified in the course of the inactivation process. 

(3) 3-Propylcatechol (5)5 was prepared. Compounds 1 and 5 
have essentially the same steric requirements, so any variance in 
the enzymic processing of the two substrates must result from 
electronic differences. Compound 5 is a good substrate for me
tapyrocatechase (&cal = 4300 min"1, Km = 5 ^M),6 and like 1 it 
is cleaved between carbons 2 and 3,12 but preincubation of the 
enzyme with 5 results in no inactivation, suggesting that the 
thioether moiety is essential for the inactivation process. 

A plausible mechanism for the inactivation is illustrated in 
Scheme I. Sulfide oxidation by a peroxidic intermediate (or 
another oxygenating agent) would lead to the o-quinone 6, a potent 
electrophile, which might be captured by an enzyme active site 
nucleophile to yield the inactive, covalently modified enzyme. 
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Short-bridged cyclophanes continue to be of theoretical and 
experimental interest.1 Not surprisingly, the strain of these 
compounds is reflected in their historical sequence of appearance. 
This is illustrated by the first syntheses of [6]metacyclophane (la; 
19722), [6]paracyclophane (2a; 19743), [5]metacyclophane (lb; 
19774), and [5]paracyclophane (2b; 1985s). An extrapolation 
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clophanes; Academic: New York, 1983. 
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