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phosphorylating agent of unusual nonselectivity can be formed 
in basic solution and, prior to its reaction with amino nitrogen 
or aromatic ring, is probably as  "free" as  any metaphosphate 
in solution. 
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Abstract: Sodium [2-14C]mevalonate was incorporated into the cyclopentanoid sesquiterpene cyclonerodiol by cultures of Gib- 
berella fujikuroi. Chemical degradation located the label equally a t  C-4, C-8, and C-12. A biosynthetic pathway consistent 
with the observed labeling pattern involves cyclization of nerolidyl pyrophosphate by addition of water across the vinyl and cen- 
tral double bonds. 

Iridoid and derivative classes of cyclopentanoid monoter- 
penes are  found in a large variety of higher plants and some 
insect species.' Typical structures are  those for loganin ( 1),2 
the demonstrated precursor of the nontryptamine portion of 
the indole  alkaloid^,^ and iridomyrmecin (2), a secretory 
component of the ant, Iridomyrmex humilis. 

In contrast to the widespread occurrence of these 1,2,3- 
substituted cyclopentane monoterpenes, only a handful of 
structurally related sesquiterpene metabolites is known, the 
majority being produced by higher fungi. Best studied a re  
cyclonerodiol (3)5-7 and two closely related substances, cy- 
clonerodiol oxide (4)5a and cyclonerotriol (5).5c,7 These me- 
tabolites a re  distinguished from the cyclopentanoid mono- 
terpenes by oxygenation pattern and by having trans,trans ring 
stereochemistry.8 

The  biosynthesis of cyclonerodiol and cyclonerotriol has 
been studied by Hanson who fed [4,5-13Cz]mevalonate to 
cultures of Fusarium c u l m ~ r u m . ~  The I3C NMR spectra of 
each of the derived metabolites 3 and 5 showed 3 pairs of en- 
hanced and coupled doublets corresponding to C-9 and C- 10, 
C-l and C-2, and C-5 and C-6 in cyclonerodiol and cyclo- 
nerotriol, respectively. These results established the intact 
incorporation of three molecules of mevalonate and were 
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supported by feedings of various 3H/ I4C-labeled mevalonates. 
In the latter experiments no significant changes were observed 
in 3H/14C ratio in going from precursor to product. Finally, 
feeding of biosynthetically labeled 3 to F. culmorum gave a 
15% incorporation into cyclonerotriol. 

In connection with our own interest in the stereochemistry 
of biosynthetic processes we have been studying the biosyn- 
thesis of cyclonerodiol. As a first step we have incorporated 
14C-labeled mevalonate and devised a degradation sequence 
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Table I. Incorporation of Labeled MeValonate" into Cyclonerodiol 
and Distribution of Activitv 

Sp act., Obsd Theor 
Comod dom/mmol %b % b  

3 
6 
7 
8 

10 
15 
16 
16d 
21 
1 Sa 
17 
17d 
1% 
21a 
15d 
15be 
17a 

2.15 X I O 6  
2.33 X I O 6  1 
1.61 X I O 6  
1.59 X I O 6  
1.57 X I O 6  
0.05 X I O 6  
0.795 X I O 6  
3.52 x 104 
3.35 x 104 
0.06 x 104 

2.28 x 1 0 4  
0.18 x 104  
2.12 x 104 
0.02 x 104 
0.15 x 104 

0.780 X IO6 

0.62 X lo6 

92? 100 
100 100 
69.3 66.7 
68.1 66.7 
67.2 66.7 

2.3 0.0 
34.2 33.3 
34.2 33.3 
32.5 33.3 
0.6 0.0 

33.5 33.3 
33.5 33.3 

3.3 0.0 
31.5 33.3 
0.3 0.0 
1.4 0.0 

27 33.3 
(1 Sodium [2-14C]me~alonate, 2 X 108 dpm. Based on bis(dini- 

Incorporation, 1.5%. d After dilution. e From trobenzoate) 6.  
Kuhn-Roth on 17, 1 . 1  1 X lo5 dpm/mmol. 

to locate unambiguously the sites of labeling. Our results, 
which are  completely consistent with and complement those 
of Hanson, a re  reported below. 

Results 
Sodium [2- '4C]me~alonate  was administered to 5-day-old 

shaken cultures of G. fujikuroi. After an additional 2 days the 
cultures were harvested by filtration and extraction with ether. 
Cyclonerodiol was purified by chromatography of the con- 
centrated extract on silica gel. The labeled metabolite was 
diluted to 0.195 g with inactive carrier and a portion of this 
material was converted to the bis(dinitrobenzoate) gSb which 
was recrystallized to constant activity. In separate experiments 
the percent incorporation varied from 1.1 to 2.5. 

In order to establish the distribution of isotope within the 
labeled cyclonerodiol, the latter substance was subjected to  a 
series of degradation reactions. Ozonolysis of 3 in ethyl acetate 
a t  -78 "C followed by treatment of the ozonide with Jones 
reagent gave the known norlactone 75 which retained 69% of 
the total radioactivity. (Results of this and subsequent deg- 
radation reactions are  summarized in Table I and illustrated 
in Scheme I . )  Dehydration of 7 using thionyl chloride in pyr- 
idine gave a second known substance, the anhydrolactone 8.5 
Attempts to convert 8 to the diene acid 9 under acidic (triflu- 
oroacetic acid), basic (DBU, triethylamine), or dehydrating 
conditions (0.95 equiv of KOH followed by thionyl chloride- 
pyridine) I o  gave only recovered starting material. The anhy- 
drolactone was therefore converted by lithium aluminum hy- 
dride reduction and subsequent acetylation to the olefinic diol 
monoacetate 11. When 11 was treated with freshly distilled 
thionyl chloride in pyridine-methylene chloride a t  -78 "C a 
mixture of three diene acetates 12, 13, and 14 was formed in 
a ratio of 4:4:1. Reaction a t  0 OC gave predominantly trisub- 
stituted olefin 13 and none of the conjugated diene 12. The 
disubstituted olefin could be removed from the mixture by PLC 
on silver nitrate impregnated silica gel. Although in prelimi- 
nary small-scale experiments on unlabeled material, diene 12 
could be isolated by silver nitrate P L C  and identified by its 
characteristic NMR (no olefinic proton) and UV spectra (A,,, 
253 nm, ethanol), in practice it was found most convenient to 
use the mixture of 12 and 13 for the subsequent oxidation 
step. 

In the event, 12 and 13 were treated with ruthenium diox- 
ide-sodium periodate according to Schooley's modification' I 

Scheme I 

R z p - B r - p h c m c y l  &?fR 

1" , = 1 4 ~  

AR 1 
/ y R  +- 

T L4 R = H  p ?,@ R ' = M a  

AR 12 A5 !A aR 
of the Piatak procedure,'* and the reaction mixture was sep- 
arated into acidic and neutral fractions. The potassium salts 
of the acidic products were treated with p-bromophenacyl 
bromide in the presence of 1 8 - c r 0 w n - 6 ~ ~  and the resulting es- 
ters were separated by PLC, yielding the p-bromophenacyl 
esters of acetic, P-acetoxypropionic, and levulinic acids, 15, 
16, and 17, respectively. The  bulk of each of these derivatives 
was recrystallized to constant activity. The acetoxypropionic 
acid and levulinic acid fragments, derived from the side chain 
of 13 and the cyclopentane ring of 12, respectively, contained 
the expected one-third of the total cyclonerodiol activity, while 
the acetic acid (from C-1 and C-2 of 12 plus a small amount 
from hydrolysis of the various acetate esters) was devoid of 
activity. The  neutral fraction was shown by gas chromatog- 
raphy to contain predominantly 5-acetoxy-2-pentanone (18), 
identical with a sample prepared from levulinic acid. The keto 
acetate 18 could be converted to crystalline 17a by lithium 
aluminum hydride reduction followed by Jones oxidation and 
formation of the p-bromophenacyl ester. The sample thus 
obtained contained slightly less than the theoretical activity 
and further purification was precluded by the small amount 
of material available. An alternative approach in which the 
semicarbazone was formed from PLC-purified 18 also gave 
low radioactivity values. 

Returning to the acidic fragments, the remaining samples 
of 16 and 17 were each diluted with inactive carrier to 55 and 
108 mg, respectively, and a portion of the diluted esters re- 
crystallized to constant activity. The acetoxypropionate de- 
rivative was converted to the p-bromophenacyl ester of pro- 
pionic acid (21) by hydrolysis of the acetate function, elimi- 
nation of water via the derived mesylate, and reduction of the 
acrylate ester 20 over palladium/carbon. Kuhn-Roth oxida- 
tion of 21 gave inactive acetic acid, characterized as its p- 
bromophenacyl ester (15a). The degradation sequence locates 
the 14C label in the carboxyl carbon of 21 and, by extension, 
a t  C-8 of cyclonerodiol. 

A portion of the levulinic acid p-bromophenacyl ester (17) 
was subjectsd to Kuhn-Roth oxidation. The derived acetic acid 
(as the p-bromophenacyl ester (15b)) was devoid of activity. 
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The remainder of the diluted 17 was converted to levulinic acid 
(22) by selective removal of the phenacyl ester with zinc in 
acetic acid.I4 Degradation of levulinic acid according to the 
method developed by Cornforth15 (formation of phenylhy- 
drazone, aluminum amalgam reduction to the amine, ex- 
haustive methylation, and fusion with potassium hydroxide) 
gave acetic and propionic acids. Although the two acids could 
be separated by phase-partition chromatography on Celite, it 
was more convenient to convert the mixture to the corre- 
sponding p-bromophenacyl esters (1% and 21a, respectively) 
which were readily separated by PLC. The propionic ester 
fragment (21a), which contained essentially all the I4C activity, 
was oxidized by the Kuhn-Roth procedure to give inactive 
acetic acid. This latter sequence establishes the presence of 
label a t  C-3 of levulinic acid and therefore a t  C-4 of cyclon- 
erodiol. 

Discussion 
A biosynthetic scheme to explain the observed labeling 

pattern in cyclonerodiol is illustrated in Scheme 11. According 
Scheme I1 

3, 

to this proposal mevalonate is converted in the normal fashion 
to trans,trans-farnesyl pyrophosphateI6 which in turn is 
transformed to nerolidyl pyrophosphate. Folding of the nero- 
lidyl skeleton as indicated and overall trans-coplanar addition 
of water across the two double bonds as well as pyrophosphate 
hydrolysis will produce cyclonerodiol having the known ab- 
solute configuration. The concomitant hydrolysis of the py- 
rophosphate ester may provide a driving force for the double 
bond hydration step in a manner analogous to the hydrolysis 
of citryl-CoA in the reaction catalyzed by citrate synthetase." 
Free nerolidol does not appear to be an intermediate in the 
biosynthetic sequence.18 

The proposed biosynthetic pathway may be compared with 
that which has been established in part for the iridoid mono- 
terpenes (Scheme III) .I9 In the latter case, geraniol, derived 

Scheme 111 

R = P P  
R = H  

from hydrolysis of its pyrophosphate, undergoes a series of 
oxidations prior to a Michael-type cyclization step. Compar- 
ison of the oxidation patterns in cyclonerodiol and in the iridoid 
family suggests distinct biosynthetic mechanisms for the key 
cyclization of the respective acyclic prenyl precursors. Further 
work designed to clarify these intermediate steps and to answer 
some of the intriguing stereochemical questions inherent in the 
proposed pathway is in progress. 

Experimental Section 

Instrumentation. Proton N M R  were obtained on Varian A60A and 
Bruker WP-60 spectrometers. ' H  N M R  shifts are  expressed in parts 
per million downfield from internal tetramethylsilane (6 = 0). Infrared 
spectra were taken using a Perkin-Elmer Model 257 grating spec- 
trophotometer and U V  spectra were recorded on a Cary 14 instru- 
ment. Melting points were taken in unsealed melting point capillaries 
in a Hoover melting point apparatus and are uncorrected. Carbon-I4 
activity was measured using a Packard 3330 liquid scintillation 
counter and 10-mL toluene solutions containing 7.20 g of Bu-PBD 
and 0.45 g of PBBO per L of toluene. All solid samples were recrys- 
tallized at  least three times to constant activity and counted two or 
more times to greater than I O  000 counts. Fungal fermentations were 
carried out in a New Brunswick Scientific G25 gyrotory incubator 
shaker. 

Materials. DL-[2-I4c] Mevalonic acid lactone (1 7.5 mCi/mmol) 
was obtained from Amersham/Searle and converted to the sodium 
salt by hydrolysis with 1 equiv of 0.01 N aqueous sodium hydroxide. 
Strains of G .  Fujikuroi were purchased from the American Type 
Culture Collection (ATCC 12616) as agar slants. Corn steep liquor 
was a gift of A. E. Staley Manufacturing Co. 

Thionyl chloride was purified by distillation from quinoline and then 
redistillation from sulfur. Pyridine was distilled from barium oxide. 
Tetrahydrofuran was freshly distilled from lithium aluminum hy- 
dride. 

Preparative layer chromatography (PLC) was carried out using 
20 X 20 cm plates, 2 mm thickness, of Merck silica gel PF-254 buff- 
ered to pH 7, or on Merck precoated silica gel F-254 T L C  plates, 0.25 
mm thickness. 

Incorporation of Labeled Mevalonate. Gibberella fujikuroi (ATCC 
12616) was maintained on potato dextrose agar slants. A nutrient 
solution consisting of 200 g of dextrose, 6.0 g of ammonium succinate, 
0.5 g of potassium dihydrogen phosphate, 0.2 g of magnesium sulfate 
heptahydrate, 0.2 g of potassium sulfate, and 6.0 mL of Corn Steep 
liquor per L of distilled water5 was distributed in I O  500-mL DeLong 
flasks (100 mL per flask) fitted with Morton closures. The contents 
were autoclaved at  120 OC for 20 min. 

Each flask was inoculated with a 5-mm plug of mycelium of G. 
fuj ikuroi  and then incubated a t  27 OC and 220 rpm in an incuba- 
tor-shaker. After 5 days, an aqueous solution of sodium DL-[2-I4C]- 
mevalonate (2 X 108 dpm) was distributed over the ten flasks by sterile 
filtration (Swinnex-13 Millipore filter unit). After an additional 2 days 
a small quantity of Celite was added to each flask and the cultures 
were harvested by filtration. The filtrate was extracted with three 
500-mL portions of ether and the combined organic extract was 
washed with 100 mL of water, 50 mL of 5% sodium hydroxide, 50 mL 
of water, and saturated sodium chloride. The ether extract was dried 
over sodium sulfate and concentrated under reduced pressure. The 
crude residue was partially purified by PLC (ether; Rr 0.3) and the 
resultant cyclonerodiol repurified by a second PLC (methylene 
chloride-ether, 3.1; two developments, RJ 0.25) to yield 14 mg of 
cyclonerodiol: N M R  (CDC13) 6 1.03 (d, J = 7 Hz, C H j C H ,  3 H) ,  
1.16 (s, CH3), 1.25 (s, CH3, 3 H),  1.65 (s, CH3) and 1.70 (s, CH3) 
(total 6 H),  1.35-2.3 (m, 12 H),  5.10 (t ,  J = 7 Hz, CH=, 1 H); IR 
urnax (CHC13) 3610,3450 cm-' (OH) .  

The labeled cyclonerodiol was diluted with inactive carrier to a total 
of 195 mg for further degradation. 

Cyclonerodiol Bis(3,Sdinitrobenzoate). A mixture of 7 . 5  mg of 
cyclonerodiol and 21 mg of 3,5-dinitrobenzoyl chloride in I mL of dry 
methylene chloride containing 0.2 mL of pyridine was stirred at  room 
temperature for 8 days. Water was added to the reaction mixture 
followed by ether. The ether was washed successively with 5% sulfuric 
acid, saturated potassium bicarbonate, and saturated sodium chloride, 
dried over sodium sulfate, and concentrated under reduced pressure. 
Purifcation by PLC (methylene chloride-ether, 3:l; Rf 0.82) followed 
by recrystallization from carbon tetrachloride gave needles: mp 
141-143 "C  (lit.5b mp 141-143 "C); N M R  (CDC13) 8 1.28 (d, J = 
7 Hz, CH3CH, 3 H),  1.67 (br s, CH3, 6 H),  1.73 (s, CH,, 3 H) ,  1.78 
(s,CH3,3H),l.6-3.2(m,lOH),5.16(t,J=7Hz,CH=,1 H),9.16 
(aromatic, 6 H) ;  IR vmax (CHC13) 1720 cm-' (C=O). 

The radioactive sample of 6 was recrystallized to constant activity 
(2.33 X IO6 dpm/mmol) and this value was used as a reference stan- 
dard for subsequent degradations. Radioactivity data for all degra- 
dation products are summarized in Table I .  

Ozonolysis of Cyclonerodiol to Hydroxylactone 7.5 Cyclonerodiol 
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(1 77 mg, 0.74 mmol) in 50 mL of methylene chloride was treated with 
excess ozone at -78 "C. After the starting material had been con- 
sumed the solution was warmed to 0 "C and flushed with nitrogen to 
remove excess ozone. After evaporation of the solvent the resulting 
white residue was taken up in 30 mL of acetone and treated dropwise 
with 8 N Jones reagent at room temperature until the orange color 
persisted. After destruction of excess oxidant with a few drops of 2- 
propanol, the solvent was evaporated and the residue was dissolved 
in I O  mL of water and extracted with ethyl acetate which in turn was 
concentrated to dryness. PLC (ether, RJ 0.2) gave 0.094 g of hy- 
droxylactone (7), mp 81.5-83 OC (lit.5 mp 82-83 "C),  a portion of 
which was recrystallized from chloroform to constant activity: N M R  

(s,CH3, 3 H) ,  1.45-2.3 (m,9  H ) ,  2.4-2.9 (m,CH2CO, 2 H) ;  IR vmak 
(CHC13) 3600,3500 (OH) ,  1765 cm-] (C=O). 

Dehydration of Hydroxylactone 7 to Olefinic Lactone SS5 The hy- 
droxylactone (7) (0.089 g, 0.42 mmol) in 0.2 mL of pyridine and 5 mL 
of methylene chloride was slowly treated with freshly distilled thionyl 
chloride solution (0.1 mL of thionyl chloride in 1 mL of methylene 
chloride) at -10 OC. The reaction mixture was stirred vigorously at  
the same temperature for another hour and then poured into 5 mL of 
1 N hydrochloric acid at  0 "C. The product was extracted with ethyl 
acetate which was washed with 5% sodium bicarbonate and saturated 
sodium chloride, then dried over sodium sulfate. The concentrated 
extract was purified by PLC (ether, R ~ 0 . 6 )  to give 0.047 g of 8: N M R  
(CDC13) 6 1.33 (s, CH3, 3 H), 1.65 (br s, CH3,6  H) ,  1.65-3.1 (m, 9 
H); IR v,,, (CHCI3) 1778 cm-I (C=O). 

Reduction of Lactone 8. Lactone 8 (0.01 5 g, 0.077 mmol) was 
treated with 0.010 g (0.26 mmol) of lithium aluminum hydride in 7.0 
mL of tetrahydrofuran at  room temperature for 3 h. After addition 
of a drop of water and a drop of 1 N sodium hydroxide and removal 
of the precipitate by filtration, the crude product was purified by PLC 
(ethyl acetate, RJ 0.21) to yield 0.0145 g of diol 10: mp 93-96 OC; 
N M R  (CDC13) 6 1.15 (s, CH3, 3 H),  1.67 (br s, CH3, 6 H), 1.5-3.0 
(m, 1 1  H) ,  3.68 (t, J = 6.5 Hz, C H 2 0 ,  2 H) ;  IR urnax (CHCI3) 3600, 
3450 cm-I (OH) .  Anal. (Cl2H2202) C ,  72.86; H ,  11.33. 

Diol Monoacetate (11). The diol 10 (0.015 g, 0.075 mmol) was 
treated with 0.05 mL of acetic anhydride and 0.1 mL of pyridine in 
3 mL of methylene chloride at  room temperature overnight. Subse- 
quent addition of water, followed by extraction with ethyl acetate and 
drying over sodium sulfate, gave, after solvent evaporation and PLC 
purification, 0.01 7 g of monoacetate 11: N M R  (CDC13) 6 1.15 (s, 
CH3, 3 H) ,  1.67 (br s, CH3, 6 H) ,  2.07 (s, C H 3 C 0 ,  3 H),  superim- 
posed on 1.5-3.1 (m, 10 H). 4.12 (t, J = 6.5 Hz, CH20, 2 H): IR urnax 
(CHC13) 3620, 3500 (OH), 1730 cm-I (C=O). Anal. Calcd for 
C14H22022 ( M +  - HzO): mol wt 222.1620. Found: mol wt 
222.1610. 

Dehydration of Diol Monoacetate (11). Diol monoacetate (11) ( 5  
mg, 21 pmol) was dissolved in 2 mL of methylene chloride containing 
0.1 mL of pyridine and cooled to -78 "C. To this mixture was added 
3.6 mg (30 pmol) of freshly distilled thionyl chloride in methylene 
chloride. After 1 h the reaction mixture was poured into 1 mL of 1 N 
hydrochloric acid at 0 OC and extracted with ether. The ether layer 
was washed with 5% sodium bicarbonate followed by saturated sodium 
chloride and then dried over sodium sulfate and concentrated under 
vacuum. Preliminary separation by PLC (methylene chloride-ether, 
2.1; R/ 0.73) gave 3 mg of a mixture containing the three isomeric 
dienes 12,13, and 14 in a ratio of 4:4:l as determined by N M R  (diene 
12 has no olefinic proton, 13 has an olefinic H at 6 5.16 (t) ,  while 14 
has two exo methylene hydrogens at 6 4.85 (br s ) ) .  The mixture was 
chromatographed on silver nitrate impregnated silica gel TLC plates 
(prepared by dipping for 5 s into a freshly prepared 3% solution of 
silver nitrate in 1 : l  ethanol-acetonitrile, then air drying for 30 min) 
(benzene: R/ (12) 0.44, R/ (13) 0.44, RJ (14) 0.37) to remove the 
exo-olefin. The mixture of 12 and 13 was used for the subsequent 
oxidation step. 

In a small scale experiment 12 was separated from 13 by repeated 
PLC (silver nitrate/silica gel; benzene) and careful excision of the two 
zones. The conjugated diene 12 was the less polar component: N M R  
(CDCI,) 6 1.25 and 1.65 (allylic CH,), 2.05 (s, CH3CO) superim- 
posed on I .5-2.6 (m, total ca. 17 H) ,  4.15 (t,  J = 7 Hz, C H 2 0 , 2  H) ;  
IR urnax (CHCI,) 1730 cm-] (C=O); UV urnax (EtOH) 253. 13 
N M R  (CDC13) 6 1.45 (br s, allylic CH3,6  H), 1.67 (br s, allylic CH3, 
3 H),  2.05 (s, C H 3 C 0 ,  3 H )  superimposed on 1.2-2.5 (m, 6 H) ,  
2.8-3.3 (m,  =CCH=, 1 H), 4.1 (t, J = 7 Hz, C H 2 0 ,  2 H), 5.2 (t. J 
= 7 Hz, CH=, 1 H);  IR vmax (CHC13) 1730 cm-l (C=O). 

(CDC13) 6 1.05 (d, J 6 Hz, CH3CH, 3 H), 1.26 ( s ,  CH3,3 H) ,  1.38 

Ruthenium Tetroxide Oxidation of the Diene Mixture.11s12 A mix- 
ture of 12 and 13 (2 mg, 9 pmol, ca. 1 : l )  in 0.2 mL of tert-butyl alcohol 
was treated with 1 mg of ruthenium dioxide, 40 mg of sodium per- 
iodate, and 1.4 mg of periodic acid in 0.2 mL of water. After 1 h an 
additional 20 mg of sodium periodate in 0.4 mL of water was added 
and after another 1 h 20 mg of sodium periodate and 1 mg of ru- 
thenium dioxide were added to the reaction mixture which was then 
stirred overnight. The reaction was terminated by addition of a few 
drops of 2-propanol until the solution was colorless with black ru- 
thenium dioxide powder dispersed or attached to the inner surface of 
the flask. Water ( 1  mL) was added followed by 5 drops of saturated 
potassium carbonate solution. The reaction mixture was extracted 
with six I-mL portions of ether and the combined ethereal extract was 
set aside at 0 OC. The aqueous layer was directly evaporated to a dry 
residue containing the potassium salts of levulinic, P-acetoxypropionic, 
and acetic acids. To this mixture was added 3 mL of acetonitrile 
containing 2 mg of 18-crown-6 and 20 mg of a-p-dibromoacetophe- 
none and the reaction was stirred at room temperature overnight.13 
After filtration to remove potassium bromide, the solution was 
evaporated and purified by PLC. The acetate derivative 15 was first 
separated from 16 and 17  (benzene-hexane-ethyl acetate, 5:5:1; RJ 
(15)0.28,R~(16)0.1l,R/(17)0.07).Themixtureof16and17was 
separated by a second PLC system (methylene chloride-ether, 5: 1 : 
Ry (17) 0.48, RJ (16) 0.59): yield, 17,0.4-0.7 mg; 16,0.3-0.5 mg; 15, 
0.5-0.7 mg. The sequence of dehydration and oxidation was repeated 
several times and the combined phenacyl esters were each recrystal- 
lized from methylene chloride-pentane to constant activity, portions 
of 16 and 17 being reserved for dilution with inactive carrier and 
further degradation. 

pBromophenacyl @-acetoxypropionate (16): mp 71.5-72 OC: N M R  

4.42 (t ,  J = 6 Hz, C H 2 0 ,  2 H) ,  5.33 (s, O C H 2 C 0 ,  2 H )  7.7 (m, aro- 
matic, 4 H) ;  1R vmax (CHC13) 1735, 1702 (C=O), 1586cm-1 (aro- 
matic). Anal. (C13H1305Br) C, 47.53; H, 4.07. 

p-Bromophenacyl levulinate (17): mp 83-84 "C (lit.20 mp 84 "C); 
N M R  (CDC13) 6 2.2 (s, CH3, 3 H ) ,  2.62 (br s ,  CH2, 4 H) ,  5.3 (s, 
OCHzCO, 2 H), 7.7 (m, aromatic, 4 H): IR v,,, (CHCI3) 1745, 1720, 
1710 (C=O), 1590 cm-l (aromatic). 

p-Bromophenacyl acetate (15): mp 84-85 OC (lit.21 mp 86.0 "C); 
N M R  (CDC13) 6 2.2 (s, CH3, 3 H),  5.28 (s ,OCH$O,2 H),7.7 (m, 
aromatic, 4 H) ;  IR vmax (CHCI,) 1750, 1703 (C=O), 1590 cm-l 
(aromatic). 

Degradation of @-Acetoxypropionic Acid p-Bromophenacyl Ester 
(16). A portion of the 0-acetoxypropionic acid p-bromophenacyl ester 
was diluted with inactive carrier to 0.055 g and a small quantity was 
recrystallized to constant activity. 

(a) p-Bromophenacyl @-Hydroxypropionate (19). p-Bromophenacyl 
0-acetoxypropionate (0.029 g, 0.088 mmol) in 2 mL of methanol was 
treated with three drops of saturated potassium carbonate for 1 h. The 
solvent was evaporated and the residue treated with 35 mg of a-p- 
dibromoacetophenone and 4 mg of 18-crown-6 in 5 mL of acetonitrile 
overnight. Evaporation of the solvent and PLC (ether; R ~ 0 . 3 1 )  gave 
16 mg of 0-hydroxypropionic acid p-bromophenacyl ester (19): mp 

(m, O H ,  I H),  4.0 (m, CH20.2  H) ,  5.36 (s, OCH2CO,2 H), 7.71 (m, 
aromatic, 4 H) ;  IR vmax (CHC13) 3480 (OH), 1735 (C=O), 1688 
(H-bonded ester), 1590 cm-I (aromatic). 

(b) p-Bromophenacyl Acrylate (20). @-Hydroxypropionic acid p -  
bromophenacyl ester (19) (20 mg, 0.070 mmol) was dissolved in 2 mL 
of methylene chloride containing 12 mg of triethylamine, the solution 
was cooled to 0 OC, and 10.3 mg of methanesulfonyl chloride in 1 mL 
of methylene chloride was added slowly. After 1 h at 0 "C, the solvent 
was evaporated and the residue taken up in 3 mL of chloroform con- 
taining 60 mg of triethylamine. The mixture was refluxed for 3 h, the 
solvent was evaporated, and the crude product was purified by PLC 
(ether-methylene chloride, I : 1 ; RJ 0.56) to yield 12 mg of 20: mp 
68-68.5 OC: N M R  (CDC13) 6 5.38 (s, C H 2 C 0 ,  2 H) ,  5.95 (m, vinyl,  
1 H), 6.37 (m, vinyl, 2 H) ,  7.71 (m, aromatic, 4 H) ;  IR urnax (CHC13) 
1728, 1700 (C=O), 1685 cm-I (aromatic). Anal. (CllH903Br) C ,  
49.31; H, 3.42. 

(c) p-Bromophenacyl Propionate (21). p -  Bromophenacyl acrylate 
(28 mg, 0.10 mmol) was reduced with 2.6 mL (0.11 mmol) of hy- 
drogen over 4 mg of 5% palladium on charcoal in 5 mL of ethanol. 
Filtration to remove the catalyst and evaporation of the solvent fol- 
lowed by PLC (benzene-hexane-ethyl acetate, 5:5:1; RJ 0.38) gave 
p-bromophenacyl propionate (21) (27 mg). 

(CDC13) 6 2.07 ( s ,  CH3C0,  3 H),  2.83 (t, J = 6 Hz, CH2C0,  2 H),  

86-88.5 "C; N M R  (CDC13) 6 2.75 (t,  J = 6 Hz, CH2C0, 2 H) ,  3.05 
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(d) Kuhn-Roth Oxidation of p-Bromophenacyl Propionate.22 p -  
Bromophenacyl propionate (21) (5 mg) was heated in an oil bath at  
165 OC for 1.5 h with 4 mL of oxidizing reagent prepared from 16.7 
g of chromium trioxide, 100 mL of water, and 25 mL of concentrated 
sulfuric acid. The reaction mixture was cooled to room temperature 
and the apparatus set up for steam distillation of the acetic acid using 
the flame from a bunsen burner. The distillate was titrated with 0.0078 
N potassium hydroxide (phenolphthalein indicator) and the potassium 
acetate was treated with a,p-dibromoacetophenone to form p-bro- 
mophenacyl acetate (15a) as described above. 

Degradation of Levulinic Acid p-Bromophenacyl Ester. A portion 
of 17 was diluted with inactive carrier to 0.108 g and a small quantity 
was recrystallized to constant activity. 

(a) Cleavage of the Phenacyl Ester.I4 Levulinic acid p-bromophe- 
nacyl ester (17) (0.043 g, 0.14 mmol) was treated with 100 mg of 
ether-washed zinc dust in 1.5 mL of acetic acid at  room temperature 
overnight. Unreacted zinc and zinc oxide were removed by filtration 
and the acetic acid was removed under reduced pressure. PLC (ethyl 
acetate-benzene, 1: I ;  collect band, Rf 0.0-0.3) gave 14 mg of levulinic 
acid (22). 

(b) Levulinic Acid Rhenylhydrazone (23).15 Phenylhydrazine (0.02 
mL) in acetic acid (0.06 mL) was added to a solution of 22 mg (0.1 9 
mmol) of levulinic acid in 0.4 mL of water over 10 min. The reaction 
mixture was stirred vigorously for 1 h. The supernatant was separated 
by pipet and the precipitate was washed thoroughly with cold water 
(5 mL) to give 37 mg of 2 3  N M R  (CDCI,) 6 1.82 (s, CH3, 3 H), 2.65 
(t ,  J = 2.5 Hz, CH2, 4 H), 7.08 (m, aromatic, 5 H),  12.8 (br s, OH, 

cm-1 (aromatic). 
(c) 4-Aminopentanoic Acid (24).15 Levulinic acid phenylhydrazone 

(23) (37 mg, 0.18 mmol) in 5 mL of 80% aqueous ethanol was treated 
with freshly prepared amalgamated aluminum (generated by dipping 
small pieces of aluminum foil (0.06 g) in 1 N sodium hydroxide to 
obtain a clean surface, rinsing with water, and treatment with 5% 
mercuric chloride until the entire surface became shiny). The reaction 
mixture was stirred overnight following which the gray residue was 
separated by centrifugation and carefully rinsed with water. The 
aqueous layer was evaporated under reduced pressure to an oily res- 
idue which crystallized after rinsing with ether to remove aniline: yield 
(24), 16.5 mg; N M R  (D20) 6 1.2 ( d , J  = 6.5 Hz, CH3, 3 H),  1.80 (m, 
CH2, 2 H) ,  2.1 (m, CH2, 2 H), 3.3 ( m , C H ,  1 H) .  

(d) 4-Aminopentanoic Acid Methylbetaine (25).' 4-Aminopentanoic 
acid (24) (16.5 mg, 0.14 mmol) was mixed with 0.25 g of silver oxide 
in 1.2 mL of methanol. After 5 min, 0.05 mL of methyl iodide was 
added and the mixture was stirred for 40 h. The precipitate was re- 
moved by filtration and rinsed with 10 mL of methanol. The combined 
niethanolic solutions were evaporated to dryness and washed thor- 
oughly with sufficient chloroform to remove side products. The re- 
maining white solid betaine was dried under high vacuum: 25,6 mg; 
N M R  (D20) 6 1.43 (d, J = 7.2 Hz, CH$, 3 H), 2.32 (m, 4 H), 3.12 
(s, C H j N ,  9 H). Additional betaine could be obtained by recycling 
the chloroform washings (overall 25% yield). 

(e) Potassium Hydroxide Fusion of Betaine.Is The betaine (25) ( 1  5 
mg, 0.09 mmol) was mixed with 0.3 g of potassium hydroxide and 
heated in a sealed bomb tube under nitrogen at  350 OC for 10 min. The 
contents of the tube were transferred to a flask by dissolving in a 
minimum amount of water, the pH was adjusted to ca. 8 with I N 
HC1, and the water was evaporated. The potassium salts of acetic and 
propionic acids were converted to their respective p-bromophenacyl 
esters (15c and 2la) by the procedure described above. The esters were 
separated by PLC (benzene-hexane-ethyl acetate, 5:5: 1 : Rf (15c) 
0.25, Rf (21a) (0.38) and recrystallized to constant activity. Propimic 
acid p-bromophenacyl ester (2la):  7.6 mg; mp 62-63.5 "C (lit.21 mp 
63.4 "C).  Acetic acid p-bromophenacyl ester (15c): 9.8 mg. 

(0 Kuhn-Roth Oxidation of p-Bromophenacyl Propionate (2la).  
p-Bromophenacyl propionate (21) (5 mg) from the above degradation 
sequence was subjected to Kuhn-Roth oxidation to give inactive acetic 
acid, isolated as the p-bromophenacyl ester (15d). 

(g) Kuhn-Roth Oxidation of p-Bromophenacyl Levulinate. p-Bro- 
mophenacyl levulinate (6 mg, diluted to 1 . 1  1 X l o 5  dpm/mmol) was 
subjected to Kuhn-Roth oxidation and the resultant acetic acid iso- 
lated as the p-bromophenacyl ester (15b). 

1 H); IR urnax (CHC13) 2400-3600 (COOH),  1745 (C-O), 1635 

5-Acetoxy-2-butanone. Authentic 5-acetoxy-2-butanone was pre- 
pared by Jones oxidation of pentane-1,4-diol obtained by lithium 
aluminum hydride reduction of methyl levulinate. Gas chromato- 
graphic analysis of the neutral extract of the labeled diene oxidation 
indicated that 18 was the major volatile component (6 ft; 5% Carbo- 
wax; 150 OC; t~ = 2.37 min). 

Conversion of Neutral Oxidation Products to p-Bromophenacyl 
Levulinate (17a). The combined ethereal extracts from the oxidation 
of 12 and 13 were evaporated and then treated with 10 mg of lithium 
aluminum hydride in 10 mL of tetrahydrofuran. Addition of 3 drops 
of water followed by 3 drops of sodium hydroxide, centrifugation to 
remove the precipitate, and evaporation of the solvent gave pentane- 
1,4-diol which was treated with 8 N Jones reagent in acetone at  room 
temperature. The levulinic acid formed was isolated as the potassium 
salt and converted the p-bromophenacyl ester (17a) as previously 
described. T L C  of twice-recrystallized material (0.3 mg) showed an 
unknown minor component with a similar Rfvalue. 
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