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Anal. Calcd for CllHZ004: C, 61.09; H, 9.32. Found: C, 61.04; H, 
9.11. 

Similarly, the reaction with diethyl sodiomalonate gave 64% of l b  
bp 142-144 "C (10 Torr); IR (neat) 1751 and 1733 cm-1 [lit.14 bp 
136-139 "C (11 Torr)]. 

Alkyl 6-Methylheptanoates (2). Diester l b  was converted by 
known proceduresl5 to 6-methylheptanoic acid (3) in 95% yield, bp 
85-88 "C (2 Torr); p-bromophenacyl ester, mp 67.5-67.6 "C [lit.16 bp 
12S129 O C  (15 Torr); p-bromophenacyl ester, mp 67.7 "C]. Fischer 
esterification of 3 gave 2a: bp 72.5-73.2 "C (11 Torr); IR (neat) 1745 
cm-l [lit.l7JS bp 73 "C (10 Torr); IR (neat) 1739 cm-l]. Similarly, 3 
gave 2b in 59% yield: bp ,5243 "C (2 Torr); IR (neat) 1739 cm-l (lit.19 
bp 200.3 "C). 

General Reaction Procedure. A. Analytical Scale. The fol- 
lowing procedure was typical of that used for all experiments reported 
in Tables I and 11. 

To a 25-mL flask were added diester la or 1 b (4.0 mmol), a salt (4.0 
mmol), water (8.0 mmol), and Me2SO (10 mL). The heterogeneous 
reaction mixture was refluxed for 1 h, cooled, transferred to a separ- 
atory funnel containing 100 mL of water, and extracted with three 
15-mL portions of hexane. The combined hexane extract was washed 
once with water, dried (NaZSOd), filtered, and concentrated at reduced 
pressure on a rotary evaporator. 

The residual oil was analyzed by GLC. Authentic samples of la, lb, 
2a, and 2b were used to calibrate the detector response and determine 
the retention times (in min): 2a, 1.8; 2b, 2.2; la, 4.6; and Ib, 6.6. It was 
established by control runs that the detectable limit of diester in a 
mixture of 1 and 2 was 13.8%. No peaks other than 1 and 2 were ob- 
served in the product mixture. 
B. Preparative Scale. A mixture of la  (4.4 g, 0.020 mol), sodium 

cyanide (1.0 g, 0.020 mol), water (0.72 mL, 0.040 mol), and MezSO (50 
mL) was refluxed for 1 11 and worked up as above to give 2.3 g (72%) 
of 2a: purity >99% by GLC. 
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Penicillium roqueforti is a fungal species of particular in- 
terest because of the toxic compounds recently isolated from 
the mycelium of this species. These compounds include the 
indole and the sesquiterpenoid metabolites such 
as PR toxin (3) and related corn pound^.^*^ We report here the 
isolation and characterization of a new sesquiterpenoid 
compound, eremofortin C (4). This compound was obtained 
using two methods: direct isolation from P. roqueforti culture 
media and biotransformation of PR toxin and eremofortin A4 
(1) by liver mixed-function oxidases.5.6 

Isolation and Characterization of Eremofortin C. 
Eremofortin C was isolated from the culture media of a P. 
roqueforti strain by chloroform extraction. The chloroform 
extract was chromatographed on silica gel and crystallized 
from ethyl ether. The structure 4 was assigned on the bases 
of spectral data and various chemical reactions. The spectral 
characteristics of the compound indicated that it was closely 
related to  PR toxin (3) and eremofortin A (1). 

The IR spectrum (KBr) showed a hydroxyl group (3420, 
3350 cm-l), an a,@-unsaturated ketone (1685 cm-l), an iso- 
lated double bond (1650 cm-I), and a conjugated double bond 
(1620 cm-l). The mass spectrum of 4 showed a molecular ion 
a t  mle 322. High-resolution mass spectral analysis indicated 
a molecular peak a t  mle 322.14161 (calcd for C17H2206, 
322.14163). The complex 250-MHz 'H NMR spectrum ap- 
peared to be a superposition of the spectra of two acetylated 
compounds: 6 CH&OO 2.18 and 2.19 ppm, two multiplets 
centered at 6 5.18 and 5.25 (H-3), and two singlets a t  6 6.02 and 

The equilibrium suggested by these data was proved by 
variable temperature lH NMR studies. Ratios of the areas of 
the H-9 peaks were measured at different temperatures. That 
a t  6 6.02 ppm was attributed to compound 4a and that at 6 6.44 
ppm to compound 4b after comparison with values obtained 
for H-9 in compounds 1,3, and 6.3,4 Results are given in Table 
I. An increasing temperature seemed to promote the formation 
of compound 4b (79% a t  95 "C). A lowering of these temper- 
atures resulted in the recovery of the initial ratio of the two 
compounds. 

The structure was confirmed by the following chemical 
reactions. Sodium borohydride reduction of PR toxin (3) 
yielded a crystalline substance. Chromatographic behavior 
and spectroscopic data (IR, lH NMR, mass spectrum) showed 
that this compound was identical with naturally occurring 
eremofortin C( 4a 4b). Acetylation of eremofortin C yielded 
a unique compound 2 which crystallized from ethyl ether. The 
structure of 2 was assigned on the bases of spectral data by 
comparison with the previously mentioned  metabolite^.^ 

In Vitro Metabolism of PR Toxin and Eremofortin A. 
Four metabolites were obtained during incubation of PR toxin 
and eremofortin A with the microsomal enzymes of rat  hep- 
atocytes. Their chemical structures are shown in Scheme I. 

All the metabolites obtained from 10 mg of compounds 1 
or 3 were isolated from the enzymatic reaction medium by 

6.44 (H-9). 
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Table I. Effect of Temperature on Percent of Compound 
4b in the Equilibrium 4a + 4b (in 

0 2OoC 3!j°C 5OoC 65OC 8OoC 95OC 

%of4b 61 67 69 73 77 79 

% 4b = (area of H-9 peak of 4b)/(area of H-9 peaks 4a + 4b) 
x loo. 

Scheme I. Bioconversion of PR Toxin and Eremofortin A 

ACO '&". A.0 

2 

/ 3  

4. 4 

Continuous lines: imetabolic conversions 
L : metabolism not requiring NADPH, 

L i( :  metabolism requiring NADPH, 

Dotted lines $: chemical synthesis 
2 : chemical equilibrium 

chloroform extraction. Reactions products were monitored 
by TLC and purified by silica gel column chromatography. 
Each metabolite isolated (a few milligrams) was crystallized 
and analyzed by mass spectroscopy and some by FT NMR 
spectroscopy (250 MHz). The structures were confirmed by 
chemical synthesis from known precursors. 

Eremofortin C (4), eremofortin A alcohol (5), and PR 
alcohol (6), obtained from the enzymatic medium, were 
identified by direct comparisons with authentic specimens 
(chromatographic behavior, mass spectra, lH NMR spectra, 
and mixture melting points). 

Eremofortin C Alcohol (7). The enzymatic product and 
saponification product from eremofortin C (4) showed similar 
chromatographic behavior. Low-resolution mass spectra were 
identical. The lH NMR spectrum (CD30D) showed an equi- 
librium between two compounds 7a e 7b measured on H-9 
peaks: 6 5.95 ppm for 7a and 6.42 for 7b. Compound 7b rep- 
resented 75% of the mixture at 20 "C. Eremofortin C alcohol 
(7) was also obtained by sodium borohydride reduction of 
compound 6 and by enzymatic conversion of 5 and 6. 

These results suggest an interesting biotransformation re- 
lationship between three compounds: eremofortin C (4), PR 
toxin (3) and eremofortin A (1). If similar relationships are 
found to exist during PR toxin biosynthesis by Penicillium 
roqueforti we could then hope to determine the biochemical 
pathway of P. roqueforti metabolites. 

Experimental Section 
Infrared spectra were obtained with a Perkin-Elmer 447 spec- 

trometer, 'H NMR spectra (250 MHz) were recorded with a Cameca 
spectrometer, variable temperature lH NMR spectra (90 MHz) with 
a Perkin-Elmer R-32 spectrometer, lH NMR spectra (60 MHz) with 
a Varian T-60 spectrometer, and l3C NMR spectra (15,l MHz) with 
a JEOL FT 60 spectrometer. 

Mass spectra were determined on an AEI Model MS 12 spec- 
trometer for low resolution and MS 9 for high resolution (Laborahire 
de Chimie Appliquh de 1'Universit.A de Bordeaux, 1 Bordeaux, 
France). Ultraviolet spectra were run on a Cary 11 spectrometer. A 

Perkin-Elmer 141 polarimeter was used for specific rotation. All 
melting points are uncorrected. Elemental microanalyses were carried 
out by the Centre de Microanalyse du CNRS, Thiais, France. 

Isolation of Eremofortin C (4). NRRL 849, a Penicillium ro- 
queforti strain, was grown in a culture medium containing 2% yeast 
extract and 15% sucmee. The culture flasks were incubated for 14 days 
at 25 "C in the dark without shaking. The mycelium was discarded 
and the culture medium extracted with chloroform. The dried, con- 
centrated chloroform extract was chromatographed on a silica gel 
column. PR toxin and eremofortin C (4) were eluted with methanol- 
chloroform at proportion of 1:99 (v/v) and 2:98 (v/v), respectively. 
Each compound was monitored by TLC (elution solvent CHC13/ 
MeOH, 955). Each was sprayed with a concentrated sulfuric acid 
reagent, examined with UV light at 365 nm, and then heated to 120 
OC for 20 min. 

Crystallization from ethyl ether gave a compound whose properties 
(IR, lH NMR) are described in the text: mp 122-126 OC; mass spec- 
trum m/e 322 (M+), 191,177,163,149. Anal. Calcd for C17H2206 C, 
63.34; H, 6.89. Found: C, 63.26; H, 6.92. The acetate of eremofortin 
C was prepared in acetic anhydride-pyridine solution at room tem- 
perature. 4 (140 mg) in 15 mL of solution gave 120 mg of pure acetate: 
mp 122-124 OC; [aI2OD +161° (c 1.09, CHCl3); UV A,, 248 nm (t 
16 960); IR (KBr) 1745,1740, and 1685 cm-'; mass spectrum m/e 364 

2.15, H-13.72 (d, 3 Hz), H-2 4 (m), H2C-12 4.6, H-3 5.25 (m), H-9 6.55, 
13C NMR (15.1 MHz) (CDCl3) 6 (from Me4Si) (2-155.22 or 55.87 (d), 
C-2 55.22 or 55.87 (d), C-3 70.04 (d), C-4 41.84 (d), C-5 37.29 (s), C-6 
42.36 (t), C-7 61.98 or 64.17 (s), C-8 192.96 (s), C-9 131.50 (d), C-10 
161.39 (s), C-1161.98 or 64.17 (s), C-12 65.36 (t), C-13 22.61 (q), C-14 

(q). Anal. Calcd for ClgH2407: C, 62.62; H, 6.64. Found C, 62.49; H, 
6.63. 

Reduction of PR Toxin. PR toxin (240 mg) was reduced with 17 
mg of NaBH4 in 40 mL of MeOH at -5 "C for 20 min. The crude ex- 
tract was purified on a silica gel column and gave 120 mg of PR toxin 
and 100 mg of eremofortin C, crystallized from ether. AU spectroscopic 
data are identical with those previously obtained for naturally oc- 
curring eremofortin C (IR, mass spectrum, lH NMR), mp 122-126 
"C, mixture melting point unchanged with eremofortin C (4). 

Microsomal Preparations. Male rats (Wistar strain) weighing 
about 250 g were used for the experiment. They received an ip injec- 
tion of 3-methylcholanthrene (20 mg/kg dissolved in corn oil) once 
a day for 3 consecutive days before killing. Livers were homogenized 
in 3 volumes of ice-cold 150 mM KCl and centrifuged at 4 "C for 20 
min at 15 00Og. The pellets were discarded and the post-mitochon- 
drial supernatant was removed and centrifuged for 90 min at 200 OOO 
g (Beckman Ti Rotor). The microsomal pellets were washed twice 
with the following medium: 10 mM Tris HCl, pH 7.4, containing 0.5 
mM MgClz and 0.25 M sucrose. Microsomes were resuspended in this 
buffer and stored in liquid nitrogen. The amount of protein in the 
microsomal fraction was determined by the method of Lowry et a1.* 
using bovine serum albumin as a standard. 

Incubation Procedure. Incubations were carried out in conical 
glass flasks open to the air at 37 "C with gentle shaking for 1 or 2 h. 
The reaction mixture in 100 mL of Tris HCl buffer (10 mM Tris HCl, 
pH 7.4,0.5 mM Mg Clz, 0.25 M sucrose) contained 150 mg of micro- 
somal proteins and in some experiments 150 pM NADPH:! 
(Boehringer). PR toxin or eremofortin A (10 mg in 450 pL of metha- 
nol) was added just before incubation. The reactions were stopped 
by addition of cold chloroform and the metabolites were extracted 
with chloroform. The dried, concentrated chloroform extract was 
analyzed by TLC using the system previously described. The me- 
tabolites were isolated using a stepwise gradient mixture of MeOH 
(0:lOO to 2080). A typical experiment with 10 mg of PR toxin and 150 
pM of NADPH:! produced 0.5 mg of compound 5,3 mg of compounds 
4 and 3, and 5 mg of compound 7. Each metabolite isolated was 
crystallized in the appropriate solvent and submitted to mass spec- 
trum analysis. 

Eremofortin A alcohol was obtained from eremofortin A by an 
incubation procedure without NADPH:!. Saponification of eremo- 
fortin A (50 mg) was carried out in a 0.02 M solution of potassium 
hydroxide in methanol-water (4:l v/v, 10 mL) at 37 "C for 2 h. The 
reaction mixture was diluted with water and extracted with chloro- 
form. The crude extract was crystallized from ethyl ether-isopropyl 
ether mixture (25 mg): mp 126130 "C; [CY]~OD +143" ( c  1.04, CHCl3); 
UV CHC13 X 246 nm (c 13 200); IR (KBr) 3570,3510,3380, and 1685 
cm-'; mass spectrum m/e 264 (M+), 235, 177, 149; high-resolution 
mass spectrum M+ 264.13598 (calcd for C15H20O4, 264.13615); 'H 
NMR (60 MHz) (CDC13) 6 H3C-14 1.09 (d, 6.5 Hz), H3C-12 1.28, 

(M+), 322, 291, 279, 205, 191, 177; 'H NMR (60 MHz) 6 (CDC13) 
H3C-14 1.07 (d, 6.5 Hz), H3C-13 1.4, H3C-15 1.47, H3C-COO 2.10and 

10.39 (q), C-15 16.37 (q), C-16 and C-18 170.15 (s), C-17 and C-19 20.79 
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H3C-13 1.40, H3C-15 1.55!, H-1 3.7 (m), H-2 3.95 (m), H-3 4.12 (m), 
H-9 6.4, mixture melting point of the two compounds unchanged. 

PR alcohol (6) was obtained from PR toxin by an incubation 
procedure without NADPH2 and was chemically synthesized from 
3 by the procedure described above. All spectroscopic data are in good 
agreement with the data previously reported? mp 152-154 OC and 
mixture melting point unchanged. The melting point given in ref 3 
(113.5-115 "C) is the only difference observed from literature data. 

Eremofortin C alcohol (7) was prepared by saponification of 
eremofortin C according to the procedure described above (poor yield) 
or by Nal3H4 reduction of PR alcohol according to the procedure 
described for the chemical synthesis of eremofortin C (4). 6 (48 mg) 
yielded 11 mg of crystallized eremofortin C alcohol (7) (from ethyl 
acetate): mp 170 OC, dec; IR (KBr) 3460,3390,1685 cm-l; *H NMR 
(CD30D) see text, mass spectrum mle 280 (M+), 237,191,177,149, 
121,91; high-resolution mass spectrum 280.13149 (calcd for CisHzoOs, 
280.13106). Anal. Calcd for C15H2005: C, 64.27; H, 7.19. Found: C, 
64.17; H, 7.36. 
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Several years ago we began to study the chemistry of the 
red seaweeds in the Plocamiaceae because extracts from some 
of its species were toxic to fish and insects.l This proved to be 
a rewarding venture in that several new natural products were 
characterized from the toxic extracts of Plocamium cartila- 
gineum (Dixon) and Plocamium violaceum (Farlow) in- 
cluding cartilagineal ( l ) , l  plocamene A (2),2 and plocamene 
B (3).28 Extending our work along a phyletic approach we 
discovered that  Plocamium sandvicense (J. Ag.) from Maui, 
Hawaii, was also a rich source of polyhalogenated monoter- 
penes including 4.3 Continuing our study of monoterpene 
halogenation by the Plocamiaceae we turned to Plocamium 
oregonum (Doty) which ranges from the central California 
coast to  the Pacific northwest. In the fall of 1975 we collected 
P. oregonum from Partridge Point, Whidbey Island, Wash., 
and, although its crude extract displayed very little toxicity 
in our bioassays, the GC/MS profile of semipure fractions did 
show several new polyhalogenated monoterpene constituents. 
Reported below are the structures of these metabolites along 
with evidence for their biogenesis. 

Results a n d  Discussion 

Four major constituents could be observed in approximately 
equal amounts in the reconstructed GC/MS trace (RGC) of 
the total ions from the crude CHC13 extract of P. oregonum. ;a?'1 C b C 1  

'c1 
c1 c1 c1 Cl 

cartilagineal (1)' plocamene A ( 2)2a plocamene B ( 3)2a 
or 

violacenezb hC1 
C1, 
43 

Comparison of this to  the RGC for mle 167 clearly showed 
that  each of these components, along with a fifth minor one, 
contained a common C4H&1Br structural unit A which 
fragmented to  B by HC1 loss. In addition, the mass spectra 
revealed that  these five metabolites consisted of sets of iso- 
mers including two of formula C10H12C12Br2, two of formula 
Cl0HI3C13Br2, and a single one of formula C10H12C14Br2. This 

r H -I+ 

L L 

A [ 167/169/171] B [ 131/133] 

complex mixture was conveniently separated by HPLC on 
Porasil A, and the retention order on both HPLC and GLC 
was according to molecular weight. 

The spectra of the lowest molecular weight isomers were 
consistent with structures 5 and 6 which were previously iso- 
lated from Plocamium cartilageineum. The highest molec- 
ular weight component did not show a mass spectral parent 
ion but it did show an M+ - C1 395/397/399/401/403 
(C10H12C13Br2) and M+ - Br 351/353/355/357 (C10H12C4Br). 
I t  was concluded to have the gross structure of oregonene A 
(9) based upon the 13C NMR spectrum, which showed four 
olefin carbons (Table I), and the lH NMR spectrum, which 
showed only a single methyl a t  6 1.74 (s) and the trans vinyl 
AB a t  6 6.49 ( J  = 14 Hz) associated with fragment A along with 
additional structural pieces including two -CH*X units a t  6 
3.76,3.90 ( A B , J  = 11Hz),3.95 (s);and aXCHCH=CH- at  
4.49 ( d , J  = 6 Hz), 6.02 (d, J = 16 Hz), 6.16 (m, J = 16,6 Hz). 
While the presence of mass spectrum fragment A supported 
the placement of a Br at C1 and a C1 at  C3, a combination of 
lH and 13C NMR data was needed to unambiguously locate 
the remaining halogens. The 13C chemical shift position for 
halogenated isostructural carbons is very sensitive to the type 
of halogen substituent. For example in trans-2-butenyl halide 
the -CH2Br appears 12 ppm higher than the - C H Z C ~ . ~  
Therefore, comparison of the 6 values (Table I) for CI, C3, and 
C4 of 9 vs. the same carbons in 1,5, and 6 supported the as- 
signment of a Br at C1 and Cls a t  C3 and C4 in 9. The remain- 
ing three halogens could then be placed as shown in C or D. 

C D 


