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cis-Heneicosan-6,7-epoxy-ll-one (10). To a 0.45-g (1.46 
mmol) sample of 1 dissolved in 20 ml of methylene chloride was 
added 0.504 g (2.92 mmol) of m-chloroperbenzoic acid which was 
stirred into solution before refrigerating at 5' for 15 hr. 

The reaction mixture was transferred to a separatory funnel, 1.0 
ml of dimethyl sulfide was added to destroy excess peracid, and 
the mixture was extracted with three 20-ml portions of saturated 
aqueous sodium bicarbonate solution and one 20-ml portion of 
water. The clear solution was dried over anhydrous magnesium 
sulfate and filtered, and the methylene chloride was removed. A 
5-mg sample of this product was dissolved in methylene chloride 
for isomeric analysis. The remaining material was chromato- 
graphed, decolorized with activated charcoal, and recrystallized 
once from benzene-hexane to yield 0.23 g (48%) of 1 0  mp 29-36O; 
ir (CCld solution) 5.84 p (C=O); NMR 6 2.35 (m, 4 H, CH&=O), 
2.70 (m, 2 H, CIIO); mass spectrum (70 eV) m/e (re1 intensity) 324 

m C H 2 C W 2 C H 2  + H).+]. 
Anal. Calcd for C21H4002: C, 77.72; H, 12.42. Found: C, 78.05; H, 

12.33. 
trans-Heneioosan-6,7-epoxy-ll-one (1 1). A 1.0-g (3.24 mmol) 

sample of 2 wao epoxidized with 1.12 g (6.48 mmol) of m-chloro- 
perbenzoic acid using the same procedure as described for the 2 
isomer. Isomeric analysis of this product was performed on a 5-mg 
sample before column chromatography and recrystallization from 
benzene-hexane. The remainder of the product, after one recrys- 
tallization, weighed 0.54 g (51%): mp 92-97'; ir (CCl4 solution) 5.82 
p (C=O); NMR 6 2.30 (m, 4 H, CH2C=O), 2.46 (m, 2 H, CHO); 
mass spectrum (70 eV) m/e (re1 intensity) 324 (19, Ma+), 169 (42, 
C ~ O H ~ ~ C = O + ) ,  156 [loo, (C6Hl1=CH2CH2CH2 + H).+]. 

Anal. Calcd for C21H4002: C, 77.72; H, 12.42. Found: C, 77.51; H, 
12.42. 

Stereochemical Analyses. Samples of 10,11, and a 1:2 mixture 
of 10 and 11 (all in methylene chloride solutions) were examined 
using a Varian 2700 gas chromatograph equipped with dual flame 
ionization detectors and a 12 f t  X 0.125 in. stainless steel column 
packed with 10'% Apolar 1OC on 100/120 mesh Gas-Chrom Q (Ap- 
plied Science Laboratories). After conditioning overnight a t  260' 
the column was; set isothermally a t  165'. At this temperature the 
two isomers, 10 and 11, were eluted at  19 and 21 min, respective- 
ly,16 with near. baseline resolution (see Figure la). The detector 
output was recorded on two channels of a Gould Brush 260 record- 
er, the two channels differing in sensitivity by a factor of 10. This 
made it possible to measure and compare the peak areas of both 

(19, Me'), 169 (42, CioHziCEO+), 156 [loo, (CSHil- 

isomers from a single injection. Duplicate runs were made for each 
isomer. Measurements of peak areas using peak height and width 
at  half height show the 2 isomer to be 97.60 and 97.63% pure and 
the E isomer to be 98.42 and 98.49% pure. Calculations using (1) a 
planimeter and (2) weights of cut-out peaks from photocopies of 
chromatograms gave values which do not differ by more than 0.3%. 
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A synthetic route to the skeleton of the hydroazulenic sesquiterpene velleral (I)  (from Lactarius vellereus and 
L. Pergamenus; Russulaceae, basidiomycetes) is described. The key intermediate 2,2,4-trimethylfuro[6,7-c]perhy- 
droazulene (13) was transformed to the maleic anhydride derivative 18 by anodic oxidation of the furan ring to 
the corresponding 2,5-dihydroxy-2,5-dihydrofuran 17 followed by Jones oxidation. Two crystalline maleimides 
(22 and 23) were prepared for X-ray analysis by reaction of 18 with p-bromoaniline and 13 with N-(p-bromo- 
pheny1)maleimide. A Eu(fod)s-induced chemical shift analysis was used to determine the stereostructure of 
1,8,8-trimethylfuro[3,4-c]bicyclo[4.3.1]decan-l0~01 (7). Hydrogenation of velleral gave a stereoisomer of 13. A mo- 
lecular force field calculation was used to determine the most stable conformer of a model precursor to 13. A total 
synthesis of pyrovellerolactone (3) was accomplished using a new method for the preparation of lactones from fu- 
rans (electrochemical oxidation followed by hydrolysis). 

During the last few years we have reported seven new 
sesquiterpenes from basidiomycetes of the genus Lactar- 
ius. Of these, isovellerallC has the same basic skeleton as  
marasmic acid,2 which has been the  object of synthetic 
work by other  group^;^,^ l a ~ t a r a l , ~  a 4-substituted furan-3- 

aldehyde with a previously unknown carbon skeleton, has 
recently been synthesized by  US;^ the  remaining five sesqui- 
terpenes [velleral ( 1),7 vellerolactone (2),8,9 pyrovellerolac- 
tone (3),8v9 and two furan alcoholslO) have a hydroazulenic 
skeleton with a gem-dimethyl-substituted cyclopentane 
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Table I 
Eu(fod)B-Induced Proton Chemical Shifts for 

7 in Its Most Probable Conformation 

Induced shift, Hz 

Proton no. Obsd' ~ ~ l ~ d ~ ~  

l a  22 19 
l b  22 20 
2a 58 47 
2b 48 41 
3a 112 109 
3b 124 124 
4a 20* 32 
4b 20 36 
5a 2 0 b  17  
5b 206 30 
6 90 89 
7 240 24 1 
8 69 96 
9 18 14 

10 12 5 
a Sample containing 0.11; mol of Eu(fod)s/mol of 7; CDC13 solu- 

tion. * Average value; no unequivocal assignment could be made 
for protons 4 and 5. 

ring. Three further sesquiterpenes of this type (all of basi- 
diomycete origin) have been reported by other work- 
ers.11-13 

! \ 

CHO 0 0 
1 2 3 

velleral vellerolactone" pyrovellerolactone" 
We suggest these names for the previously unnamed lactones 2 

and 3. 

Syntheses of hydroazulenic sesquiterpenes have been 
concerned mainly with compounds containing guaiane-type 
skeletons;14 no synthesis has hitherto been reported of a 
hydroazulenic compound containing the gem-dimethyl- 
substituted cyclopentane ring of velleral. 

We now report an attempted synthesis of velleral, which 
has given a stereoisomer of a velleral derivative, and a total 
synthesis of pyrovellerolactone. As a primary synthetic goal 
we endeavored to  prepare a furan derivative such as the 
velleral derivative 24 since we considered tha t  this would 
be a suitable precursor to velleral because of the inherent 
functionality of the furan ring, and moreover the terpenes 
described in ref 10 and 13 have a furan ring in the  same po- 
sition. The  product obtained was in fact the stereoisomer 
13. 

The  present synthesis (outlined in Scheme I) includes a 
solvolytic ring-contraction s tep following the general proce- 

Table I1 
Product Compositionu for the Reaction 

8 ' 9-12 
0.5 M RCCGNa in RCOOH 

(CH3- 
Compd R CH3 (CH3)3C (CH3CH2);C CH2)zCIH 

9 

10 

11 

12 

a Determined from NMR integrals (70). 

dure used by Marshall and Partridge for their synthesis of 
bulnes01.l~ The synthesis starts with cycloalkylation of the 
enol acetate 4 with furan 5,  giving the ketone 6 in almost 
quantitative yield.16 This compound was reduced with lith- 
ium aluminum hydride to  give the alcohol 7 as the sole 
product. 

T o  determine the stereostructure of 7, a lanthanide-in- 
duced chemical shift (LIS) analysis [Eu(fod)3] was per- 
formed [LIS vs. amount of Eu(fod)s added gave almost lin- 
ear plots for all protons]. However, the local symmetry in 
the molecule prevented a simple interpretation of the LIS 
experiment. This problem was circumvented by making a 
double-resonance experiment on the NMR sample contain- 
ing the maximum amount of Eu(fod)S. On irradiation of 
the methylene protons showing the largest LIS (H2 and H3 
in Table I )  there was a significant simplification of the sig- 
nals in the furan region, indicating coupling. This was not 
observed on irradiation of Hq and H5. Thus the hydroxyl 
group in 7 should be situated closer to the methylene pro- 
tons a to  the furan ring (H2 and H3) than to the other 
methylene protons in the molecule. T o  prove the stereo- 
structure of 7 unequivocally, a theoretical calculation was 
made of the induced chemical shifts for the two possible di- 
astereomers (two conformers of each) using the newly de- 
veloped LISRIT computer ~ r 0 g r a m . l ~  The conformer shown 
in Table I had the best (lowest) agreement factor1* (8%). 
The other three conformers could thus be rejected with 
high statistical ~ igni f icance l~  (>99.5%). The observed and 
calculated LIS'S are shown in Table I for the most probable 
conformer. 

The alcohol 7 was converted to  the mesylate 8 with mesyl 
chloride in pyridine.15 Solvolytic ring contraction of 8 in a 
carboxylic acid-sodium carboxylate mixture (for specific 
details, see Table 11) gave a mixture of isomeric furan ole- 
fins (9-12) presumably via (for 9-11) the  carbenium ion 
shown in Scheme I. The composition of the olefin mixture 
could be modified somewhat by choosing as base in the sol- 
volysis step a sodium carboxylate of greater or lesser hin- 
drance, as is shown in Table 11. Although not generally ap- 
preciated in preparative work, it appears tha t  the base used 
for removal of a proton from a carbenium ion is not unim- 
portant and should be chosen with care. 

In the preliminary planning of the synthesis we assumed 
tha t  hydrogenation of the olefin mixture 9-11 would give 
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only a single saturated furan derivative by attack of hydro- 
gen on the less hindered side of the double bonds, and thus 
would give a compound with the  same stereostructure as in 
velleral (1). The  best catalyst reported tha t  allows the  
furan ring to  be retained under hydrogenation conditions is 
palladium on strontium carbonate.20 Nevertheless, even 
with this there was significant attack on the furan ring be- 
fore complete saturation of the olefinic linkages was 
achieved and the product was a complex mixture difficult 
to  separate. However, homogeneous phase hydrogenation 
with tris(triphenylphosphine)chlororhodiurnz1 as catalyst 
permitted a selective reduction of the exocyclic methylene 
of 9 without affecting the furan ring and also left the  dou- 
ble bonds of 10, 11, and 12 unreduced. Chromatography on 
silver nitrate impregnated silica gave a single saturated 
furan derivative (13) free of olefinic material. T o  summa- 
rize, 13 could be prepared from 4 and 5 in 12% total yield 
without purification of the intermediates 6-12 (Scheme I). 

Compound 13 has a stereostructure different from tha t  
of velleral (see Scheme IV, compounds 13 and 24). Catalyt- 
ic hydrogenation can usually be expected to  occur from the 
less hindered side, which would imply in the present case 
tha t  the puckered conformation of 9 (cf. Figure 1) is unex- 
pectedly the most stable and thus hydrogen will add on the 
side t rans  to  the  bridgehead hydrogens. To investigate the 
stabilities of the two conformers of 9, a theoretical calcula- 
tion of the  internal strain energies was performed using the 
BIGSTRN computer program (molecular force field calcula- 
tion) described by Andose, Mislow, Engler, and 
S ~ h l e y e r . ~ ~ , ~ ~  Since the program did not  accommodate 
furan ring parameters, the  calculation was made on a cyclo- 
pentene model compound (Figure 1; the cyclopentene ring 
was “frozen” in furan geometry). This gave an energy dif- 
ference of ca. 3 kcal/mol between 14 and 15 (14 with lowest 
energy), suggesting an  equilibrium in solution (strictly 

14 

I 
15 

Figure 1. Stereoplots of the planar (14) and puckered (15) confor- 
mers of the cyclopentene model of 9. 

Scheme I 

Cl 

4 \ c1 
5 mo Z.MeSO,CI+ 1. LiAIH, 

, 1.90% 
2.  96% 

6 

RCOONa 
(0.5 MI in 

RCOOH 
8 -  

7 , R = H  
8, R = MeSO, 

10, 11, and 12 (91%) 
(see Table 11) 

9 
1 

2. 1. Hi, Chromatography+ (PhS),RhCI a. (12% from 4 and 5) 
on AgN0,- 
impregnated Si02 

13 

speaking in a gaseous phase) with the planar conformer 
(14) predominant. Thus i t  seems tha t  only the minor com- 
ponent of the equilibrium mixture forms an effective sub- 
strate-catalyst complexz4 (this conclusion is supported by 
space-filling models and by the slow hydrogenation). Stere- 
oplots (computer drawnz5) of 14 and 15 are shown in Figure 
1. 

I t  seemed tha t  the diene dialdehyde system of velleral 
(1) might be best prepared from 13 via a maleic derivative 
(e.g., dialdehyde or diester) using an allylic bromination- 
1,4-elimination sequence. The relative instability of maleic 
dialdehydesz6 made us focus on maleic acid derivatives, 
which should be accessible from 2,5-dimethoxy-2,5-dihy- 
drofurans (cf. 16) by hydrolysis, followed by oxidation. 
However, this route gave mixtures containing much poly- 
meric material (discussed in ref 27). We were thus forced to  
find a new procedure for the preparation of maleic acid de- 
rivatives from 3,4-disubstituted furans. Electrochemical 
oxidation to  2,5-dihydroxy-2,5-dihydrofuransz7 followed by 
Jones oxidation works well and this was used (Scheme 11) 
for the preparation of anhydride 18 (13 t o  18, ca. 80%). 
Methanolysis of 18 followed by diazomethane treatment 
gave the maleic diester 19, which could be brominated with 
N-bromosuccinimide, giving a mixture, presumably of the  
four isomeric monobromo derivatives 20. Treatment  of 20 
with 1,5-diazabicyc10[4.3.O]non-5-ene~~ gave the diester 21 
(tentative structure; NMR two vinyl proton signals with J 
= 5.6 and 2.8 Hz, no allylic CH,; uv A,,, 208 and 243 nm; 
no M+, only M+ - 2; for 25, M+ - 2 = 24% of M+; for 19, 
M+ - 2 = 68% and M+ - 4 = 108% of M+)  containing the 
basic unsaturated system of velleral. Attempts to  reduce 21 
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Scheme I1 )(&, -2e-, MeOH 
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/ 

OMe 
16 
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0 OH / 

17 1. M&H/ 18 

2. CHJ2 
Br 

COOMe 
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+ 
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19 

Scheme I11 

e C O O M e  

'COOMe 
21 

~.H,N+ 
+ 

2. NaOAc-AcnO 
3. K&O, solution 

I 18 

22 
0 

I 13 

23 

t o  the  velleral dialdehyde system have so far been unsuc- 
cessful. 

At this stage of the synthesis we succeeded in preparing 
the furan 24 by hydrogenation of velleral for comparison 
with furan 13. Spectroscopic da ta  (ir, NMR) showed small 

Scheme IV 
\ 

13 24 

Scheme I t 
9-12 

GLC 

a C H O  

\ CHO 
1 

velleral 

j ~ i ~  

3 
p yrovellerolactone 

2 
vellerolactone 

but  significant differences, indicating tha t  13 had instead 
the  stereostructure shown (MS practically identical). Two 
heavy-atom derivatives (22 and 23, Scheme 111) were pre- 
pared30,35z36 in order to settle the stereostructure of 13, and 
thus of velleral, unequivocally by X-ray analysis.29 Unfor- 
tunately, the crystals were thin leaflets rather unsuitable 
for single-crystal diffractometry. However, these two reac- 
tions offer convenient routes to  heavy-atom derivatives of 
furans (cf. Scheme 111) which may be useful elsewhere. 

The unreduced mixture of olefins (10-12 plus traces of 9; 
separable by VPC on a 50-m OV-17 capillary column), ob- 
tained from the hydrogenation after removal of the  dihydro 
compound 13, was difficult to  separate on a preparative 
scale. The  synthetic component 10 was identical with 
semisynthetic 10 obtained by diisobutylaluminum hydride 
reduction (Scheme IV) of pyrovellerolactone (3) [same R/ 
values in VPC, identical mass spectra (VPC-MS) and 'H 
NMR spectra (most of the signals from 10 were assigned 
previously in an  independent analysis of the  NMR spectra 
of the two olefin mixtures 10 plus 12 and 9-12)]. The syn- 
thetic compounds 10 and 13 must have a cis ring junction 
because of the mechanism for ~ o l v o l y s i s ~ ~  of mesylate 8. 
Velleral and vellerolactone have already been shown to  
have the same stereostructure [AlH3 reduction to the same 
diol (25)9]. Vellerolactone has been transformed to  pyrovel- 
lerolactone by heating* [140° (ca. 10 mm); presumably a 
1,5-sigmatropic, suprafacial hydride shift]. These chemical 
transformations clearly show tha t  velleral, vellerolactone, 
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Scheme V 

U- 
MeO--.(O)-OMe 

26 

-7 

HO< 0 )-OH 

28 

Scheme VI 

10 

3 
p yrovellerolactone 

/ 
OH 

29 
Ipentane- 
dioxane- 
2 M HCI 

bH 

30 

and pyrovellerolactone all have the  gem -dimethylcyclopen- 
tane ring cis fused t o  t h e  cycloheptadiene system. The dif- 
ference between 13 and 24 must  thus  lie in the methyl 
group stereoarrangement. In velleral and vellerolactone 
this methyl group has been shown by NMR7v9 t o  be trans t o  
the  bridgehead protons. It is hoped t o  obtain further con- 
firmation by X-ray analysis (see above). 

Synthesis of Pyrovellerolactone. A convenient method 
for t h e  preparation of a$-unsaturated y-lactones was 
found during at tempts  t o  prepare maleic dialdehydes from 
2,5-dimethoxy-2,5-dihydrofurans (cf. 16). Mild hydrolysis 
in a two-phase system (pentane-dioxane-2 M HC1) was 
used in order t o  keep t h e  concentration of the  expected di- 
aldehyde low in the  acid phase and thereby avoid some side 
reactions (e.g., polymer formationZ7s3l). On testing a model 
compound (26) we found, however, that this gave exclusive 
formation of the  a,@-unsaturated y-lactone 27 (NMR for 
crude and  distilled material almost identical). Compound 
16 gave under the same conditions a good yield (ca. 70%) of 
lactones. Since t h e  hydrolysis of the methoxy compound 
was slow (more than 3 days for compound 26) we tried t h e  
same hydrolysis conditions on the  2,5-dihydroxy-2,5-dihy- 
drofuran 28.27 This  gave lactone 27 after 8 hr reaction t ime 
(Scheme V). 

Having a rnethod for the  conversion of furans into lac- 
tones, we saw the  possibility of making a total synthesis of 
(racemic) pyrovellerolactone (3) from the  unsaturated 
furan 10. This  was obtained in  pure form (optically active) 
by diisobutylaluminum hydride reduction of pyrovellero- 
lactone (and in mixture with 12 by reverse-phase chroma- 

tography with silver fluoroborate of the furan 
mixture 9-12). Anodic oxidation of 10 (from 3) according to 
t h e  method described earlierz7 gave a mixture of the  2,5- 
dihydroxy-2,5-dihydrofuran 29, some lactol (presumably 
by further oxidation of 29; ir v 3420, 1740 cm-l) and un- 
reacted furan 10. Hydrolysis of 29, followed by chromatog- 
raphy, gave pyrovellerolactone (3) and apparently some 
(ca. 10%) of the  isomeric lactone 30 (Scheme VI). T h e  syn- 
thetic pyrovellerolactone was shown to be identical with 
the natural compound (R f  values in  VPC and TLC, mass, 
ir, uv, and NMR spectra). 

Experimental Section 
NMR spectra were run on Varian T-60 and XL-100 instruments 

in CDC13 with Me&i as internal standard. Ir spectra were run as 
liquid films unless otherwise stated. Melting points are uncorrect- 
ed. 

1,8,8-Trimethylfuro[3,4-c]bicyclo[4,3,1]decan-lO-o1 (7). The 
ketone 616 (28.4 g, 0.12 mol, crude product) in dry ether (500 ml) 
was added dropwise to a suspension of lithium aluminum hydride 
(13.7 g, 0.36 mol) in dry ether (700 ml) at 0' with mechanical stir- 
ring. After 1 hr, water (27 ml), sodium sulfate (5 g), and sodium 
hydroxide solution (lo%, 22 ml) were added and stirring was con- 
tinued for 1 hr to granulate the precipitated aluminum salts. Fil- 
tration and evaporation gave almost pure alcohol 7 (25.7 g, 90%). 
Recrystallization from hexane gave an analytical sample: mp 
89.5-90.0'; ir (KBr) u 3440 (OH), 1052, 1030, 873 (furan), 788 
cm-l; NMR 6 7.15 (2 H, s, Hla, Hlb), 4.40 (1 H, t, broad, J = 6.0 
Hz; with DzO, d, J = 7.0 Hz, HT), 3.03 (1 H, d, broad, J = 15.0 Hz, 
H3b), 2.97 (1 H, d, J = 15.0 Hz, H3& 2.37 (1 H, m, Hs), 2.18 (1 H, d 
of d, J = 15.0 and 4.5 Hz, Hzb), 1.98 (1 H, d, J 15.0 Hz, Hza), 
1.20-2.0 (4 H, m, H4 and H5), 1.19 (3 H, s, Hs), 1.09,0.70 ppm (3 H 
each, s, Hlo and H9) [for proton numbering, see Table I; coupling 
constants from Eu(fod)s-shifted sample]; mass spectrum mle (re1 
intensity) 234 (M+, 34, C15H2202), 216 (100, base peak), 201 (91). 

Anal. Calcd for C15H2202: C, 76.9; H, 9.5. Found: C, 76.5; H, 9.4. 
1,8,8-Trimethylfuro[3,4-c]bicyclo[4.3.1]dec-lO-y1 Mesylate 

(8). The alcohol 7 (4.52 g, 19.3 mmol, crude product) in dry pyri- 
dine (70 ml) was cooled to OD. Methanesulfonyl chloride (2.50 g, 22 
mmol) in dry pyridine (25 ml) was added dropwise with stirring 
and the ice bath was removed. After 24 hr the reaction mixture was 
poured onto ice (150 g). Extraction with ether (4 X 75 ml), drying 
of the ether phase (NazSOd), and evaporation gave almost pure 
mesylate 8 (5.78 g, 96%, spontaneous crystallization). Recrystalli- 
zation from hexane gave an analytical sample: mp 104.5-105.5'; ir 
(KBr) u 3019 (furan), 1346, 1335,1170 (sulfonate), 942,876 (furan), 
797 cm-'; NMR 6 7.15 (2 H, m, furan H), 5.47 (1 H, d, J = 7.0 Hz, 
OCH), 3.07 (3 H, s, S03CH3), 1.22, 1.16, 0.73 ppm (3 H each, s, 
CCH3); mass spectrum m/e (re1 intensity) 312 (Mf, 2, C ~ ~ H Z ~ O ~ S ) ,  
216 (37), 201 (29), 86 (64),84 (100, base peak). 

Anal. Calcd for C16H2404S: C, 61.6; H, 7.7; S, 10.3. Found: C, 
61.7; H, 7.7; S, 10.2. 
Olefin Mixture (9-12). The mesylate 8 (4.00 g, 12.8 mmol, 

crude product) was heated in pivalic acid containing sodium piva- 
late (0.5 M ,  50 ml) at  150' for ca. 30 min. The reaction was fol- 
lowed by TLC (SiOz-toluene). The reaction mixture was cooled, 
made alkaline with sodium hydroxide solution (2 M, 350 ml), ex- 
tracted with ether (3 X 100 ml), dried (NaZSOd), and evaporated. 
This gave (see Table 11) the olefin mixture 9-12 (2.53 g, 91%): 
NMR in accord; mass spectrum m/e (re1 intensity) 216 (M+, 100, 
base peak, CI~HZOO), 201 (53). 
2,2,4-TrimethylEuro[6,7-c]perhydroazulene (13). The olefin 

mixture 9-12 (3.00 g, 13.9 mmol, crude product) was dissolved in 
ethanol (100 ml) in a dropping funnel with a pressure equilibration 
tube. This was mounted on a flask containing tris(tripheny1phos- 
phine)chlororhodiumZ1 (100 mg) in benzene (300 ml). The appara- 
tus was evacuated and refilled with Hz five times and then saturat- 
ed with H2 for 30 min, giving a yellow solution. The olefin solution 
was added in one lot and hydrogenation was continued until the 
exocyclic methylene compound 9 was consumed (ca. 30 hr). The 
other olefins did not react. Evaporation, extraction into hexane, 
filtration through alumina to remove catalyst, and reevaporation 
gave a mixture of furan 13 and unreduced olefins (2.8 9). Chroma- 
tography on silver nitrate impregnated silica (lo%, 25 g, hexane) 
gave 13 (725 mg, 24%). Distillation gave an analytical sample: bp 
71-73O (0.2 mm); nZzD 1.5113; ir u 3150 (furan), 1388, 1371 (gem- 
dimethyl), 1045,893 (furan), 775 cm-'; NMR 6 7.06 ( 2  H, m, furan 
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H), 2.40-2.75 (4 H, m, furan CHz), 1.05 (3 H, d, J = 7.0 Hz; 
CHCHd, 0.98, 0.93 ppm (3 H each, s, CCH3); I3C NMR spectrum 
was in accord with a single substance of structure 13; mass spec- 
trum mle (re1 intensity) 218 (M+, 87, C15H220), 203 (151,123 (100, 
base peak), 94 (68). 

Anal. Calcd for C15HzzO: C, 82.5; H, 10.2. Found: C, 82.6; H, 
10.1. 

Elution of the column with ether gave compounds 10-12 con- 
taining traces of unreduced 9. 
2,2,4-Trimethy1(2,5-dimethoxy-2,5-dihydrofuro)[6,7-c]per- 

hydroazulene (16). The furan 13 (720 mg, 3.3 mmol) was oxidized 
electrochemically34 in methanol (40 ml) with boron trifluoride eth- 
erate (0.3 ml) as supporting electrolyte a t  -20" (Pt anode, Ni cath- 
ode, no diaphragm, constant current, 100 mA). After 1.5 times the 
theoretical reaction time, sodium methoxide in methanol (0.2 M ,  
15 ml) was added and the reaction mixture was evaporated. The 
residue was partitioned between ether (50 ml) and saturated sodi- 
um bicarbonate solution (20 ml) and the water phase was extract- 
ed with ether (2 X 15 ml). Drying, evaporation, and distillation 
gave a mixture of the cis and trans dimethoxydihydrofurans 16 
(805 mg, 87%): bp 105-107' (0.2 mm); nZ5D 1.4892; ir v 1467, 1388, 
1369 (gem-dimethyl), 1198, 1100,990,957 cm-l; NMR 6 5.64,5.35 
(2 H together, s, CH30CH), 3.36 ppm (6 H, s, OCH3). 

Anal. Calcd for C17H2803: mol wt, 280.2038. Found: mol wt, 
280.2040 (M+). 
2,2,4-Trimethy1(2,5-dihydroxy-2,5-dihydrofuro)[ 6,7-c]per- 

hydroazulene (17). The furan 13 (1040 mg, 4.56 mmol) was oxi- 
dized electrochemically as described in a previous paper.27 After 
the theoretical reaction time (147 min) the reaction mixture was 
evaporated and the residue was partitioned between water and 
ether. The water phase was extracted with ether and the extract 
was dried (NazS04) and evaporated to give the dihydroxydihydro- 
furan 17 (1058 mg, 88%): ir Y 3380 (OH), 1387, 1372 (gem-dimeth- 
yl), 738 cm-'; NMR 6 5.97, 5.86, 5.53, 5.43 ppm (2 H together, s, 
broad, HOCH). 
2,2,4-Trimethyl-4,5-dihydro- 1,3,8H-azulene-6,7-dicarboxy- 

lic Anhydride (18). The dihydroxydihydrofuran 17 (1058 mg, 
crude product) was dissolved in acetone (40 ml) and cooled with 
ice. Jones reagent [2.4 ml(10 g of CrOs, 30 ml of Hz0, and 8.5 ml of 
concentrated HzS041 was added dropwise with stirring (continued 
for 30 min). The precipitated chromium salts were filtered off and 
washed with acetone and the filtrate was evaporated. The residue 
was partitioned between water and ether, and the water phase was 
extracted with ether. The ether phases were dried (NazS04) and 
evaporated. The residue was dissolved in methylene chloride and 
treated with molecular sieve (Linde 3A) overnight. Filtration and 
evaporation gave the crude anhydride 18 (957 mg, 81%). An analyt- 
ical sample was prepared by distillation [viscous oil which crystal- 
lized on cooling; bp 105-108' (0.2 mm); nzzD 1.5129; ir u 1857, 1780 
(anhydride), 1385, 1370 (gem-dimethyl), 1280, 1260, 898, 730, 719, 
707 cm-l] followed by recrystallization from hexane: mp 120-121'; 
NMR 6 2.20-2.80 (4 H, m, =CCHz), 1.10 (3 H, d, J = 6.0 Hz, 
CHCH3), 1.01, 0.97 ppm (3 H each, s; CCH3); mass spectrum m/e 
(re1 intensity) 248 (M+, 44, CljH2@3), 233 (100, base peak). 

Anal. Calcd for CI5Hz0O3: C, 72.6; H, 8.1. Found: C, 72.4; H, 8.3. 
2,2,4-Trimethyl-4,5-dihydro-1,3,8H-6,7-bis(methoxycarbon- 

y1)azulene (19). The crude anhydride 18 (700 mg) was refluxed in 
methanol (15 ml) for 15 hr. Excess diazomethane (ca. 30 mmol) in 
ether was added to the methanol solution at  0'. After 15 min, ace- 
tic acid was added to destroy residual diazomethane. Evaporation 
gave crude (NMR 75% purity) dimethyl ester 19. Chromatography 
on silica (60 g, CHzC12) gave pure 19 (486 mg, 50% from furan 13). 
Distillation gave an analytical sample: bp 114-115' (0.07 mm); 
nzzD 1.4959; ir u 1735 (C=o), 1660 (C=C), 1387, 1370 cm-' (gem- 
dimethyl); NMR 6 3.77 (6 H, s, OCHs), 2.00-2.60 (4 H, m, 
=CCHz), 1.06 (3 H, d, J = 6.0 Hz, CHCH3), 1.00, 0.98 ppm (3 H 
each, s, CCH3); mass spectrum mle (re1 intensity) 294 (M+, 1, 
C I ~ H Z ~ O ~ ) ,  262 (52), 158 (39), 139 (100, base peak). 

Anal. Calcd for C17H2604: C, 69.4; H, 8.9. Found: C, 69.5; H, 9.1. 
Bromo Diester 20. The maleic ester 19 (470 mg) was dissolved 

in dry carbon tetrachloride (15 ml) and added to N-bromosuccini- 
mide (425 mg, recrystallized and dried over P205) and azoisobuty- 
ronitrile (20 mg). The mixture was heated at  80' until the NBS 
had been consumed (ca. 1 hr). Cooling, removal of precipitated 
succinimide, and evaporation gave a mixture of brominated prod- 
ucts. These were separated by preparative TLC (SiOz, CHZClz) 
into three hands: R/ 0.55, 20 mg (dibrominated product); Rj 0.43, 
385 mg (monobrominated product); Rf 0.30, 120 mg (starting ma- 
terial) [NMR ( R f  0.43) d 4.80-5.45 (1 H, m, BrCH), 3.80 (6 H, s, 
OCH3), 1.05, 0.93 pprn (3 H each, s, CCH3); mass spectra of the 

three groups of compounds showed the isotopic distribution and 
fragmentation pattern expected]. 
2,2,4-Trimethyl- 1,3,4H-6,7-bis(methoxycarbonyl)azulene 

(21). The bromo diester 20 (60 mg, 0.16 mmol) was dissolved in dry 
benzene (2 ml) and cooled with ice. 1,5-Diazabicyclo[4.3.O]non-5- 
mez8 (20 mg, 0.16 mmol) in benzene (1 ml) was added dropwise 
with stirring (Nz). After 5 min (a white precipitate had formed) the 
reaction mixture was poured onto ice-cold sulfuric acid (2 M ,  10 
ml) and extracted with ether. Drying (NazS04) and evaporation 
gave almost pure diene diester 21 as a colorless oil (31 mg, 66%): uv 
A,,, (EtOH) 208 nm ( e  23,800), 243 (10,900); ir u 1735 cm-l; NMR 
6 6.94 (1 H, d, broad, J = 5.6 Hz, =CHI, 6.67 (1 H, d, broad, J = 
2.8 Hz,=CH), 3.77 (6 H, s, OCH3), 0.92 ppm (6 H, s, CCH3); mass 
spectrum m/e (re1 intensity) 290 (M+ - 2, 38), 275 (25), 259 (52), 
234 (54), 231 (55), 203 (100, base peak). 
2,2,4-Trimethyl-4,5-dihydro- 1,3,8H-6,7-dicarboximido(4- 

bromopheny1)azulene (22). The anhydride 18 (160 mg, 0.64 
mmol) and p-bromoaniline (111 mg, 0.64 mmol) were dissolved in 
dry ether (10 ml) and stirred at  room temperature (15 hr, a white 
precipitate was formed).35 The ether was evaporated and the resi- 
due was heated (loo', 10 min) with acetic anhydride (10 ml) and 
sodium acetate (80 mg). The resulting yellow solution was cooled, 
poured into water, and extracted with ether. Drying (NazSOd), 
evaporation, and chromatography (SiOz-CHzClz) gave a yellow oil 
(22 and the corresponding isomaleimide) (172 mg) which was 
treated with potassium carbonate solution36 (44%, 15 ml) and di- 
methoxyethane (3 ml) for 2 hr. Extraction with ether, drying, 
evaporation, and sublimation (0.1 mm) gave pure 22 (90 mg, 35%): 
mp 168-169'; ir (KBr) Y 3110, 1780, 1716, 1498, 1385, 1080, 820, 
722 cm-l; NMR 6 7.10-7.70 (4 H, m, phenyl H), 2.30-2.60 (4 H, m, 
=CCH*), 1.10 (3 H, d, J = 7.0 Hz, CHCH3), 1.03, 0.98 ppm (3 H 
each, s, CCH3); mass spectrum mle (re1 intensity) 401, 403 (M+, 
100, base peak, CZIHZ~NOZB~),  386, 388 (61, 278, 280 (91), 265, 267 
(9). Recrystallization from ethanol gave crystals for X-ray analysis. 

Anal. Calcd for C Z ~ H Z ~ N O Z B ~ :  mol wt, 401.0990 and 403.0971. 
Found: mol wt, 401.0968 and 403.0978 (M+). 

N-(pBromopheny1)maleimide was prepared by the method 
described for N-~henylmaleirnide,~~ yield 70% (crude product). 
Recrystallization from cyclohexane gave an analytical sample: mp 
118-120"; ir (KBr) u 3100, 1728, 1500, 1408, 1392, 1155, 1070, 833, 
710, 687 cm-I; NMR 6 7.10-7.70 (4 H, m, phenyl H), 6.82 ppm (2  
H, s, =CH); mass spectrum mle 251, 253 (M+, base peak, 
C'oHfiN02Br). 
Diels-Alder Adduct 23. The furan 13 (50 mg, 0.23 mmol) and 

N-(p-bromopheny1)maleimide (40 mg, 0.16 mmol) were dissolved 
in ether (1.5 ml) and left at  room temperature for 6 days.30 A white 
precipitate (23, either or both of the two possible exo forms may be 
present, zero coupling) was formed which was filtered off and 
washed with cold ether, yield 55 mg (73%). Recrystallization from 
ethanol gave an analytical sample: mp 183-184'; ir (KBr) Y 1790, 
1720, 1500, 1390, 1190, 1078, 871 cm-I; NMR 6 7.00-7.65 (4 H, m, 
phenyl H), 5.07 (2 H, s, OCH), 2.94 ppm (2 H, s, COCH); the mass 
spectrum showed only furan 13 and N-(p-bromopheny1)maleimide 
(retro Diels-Alder reaction). 

Anal. Calcd for C25Hz~BrN03: C, 63.8; H, 6.0. Found: C, 64.1; H, 
6.0. 
2,2,4-Trimethylfuro[6,7-c]perhydroazulene (24). Velleral (1, 

70 mg) was dissolved in ethyl acetate (3 ml) and palladium on 
strontium carbonatez0 (3%, 15 mg) was added. Hydrogenation (1 
atm, 2 equiv Hz uptake) followed by column chromatography 
(SiO2-hexane) gave the furan 24 (8 mg, 12%): [ a ] " ~  t 39.1' (c 
0.68, CHC13); ir u 3150 (furan), 1390, 1375 (gem-dimethyl), 1058, 
884 (furan), 783 cm-l; NMR d 7.12 (2 H, m, furan H), 2.30-2.65 (4 
H, m, furan CHz), 1.08, 1.00 ppm (3 H each, s, CCH3); mass spec- 
trum practically identical with that of furan 13. 

Anal. Calcd for C1jHzz0: mol wt, 218.1671. Found: mol wt,  
218.1685 (M+). 
2,2,4-Trirnethylfuro[6,7-~]-1,3,8H-azulene (10). Pyrovellero- 

lactone (3, 440 mg, 1.9 mmol) was dissolved in dry ether (25 ml) 
and cooled with ice (magnetic stirring, Nz atmosphere). Diisobu- 
tylaluminum hydride (2.5 mmol) in ether (2 ml) was added drop- 
wise (syringe). After 60 min (0') the reaction mixture was added 
with stirring to ice-cold hydrochloric acid (2 M ,  10 ml) under ni- 
trogen. The ether phase was washed with sodium bicarbonate solu- 
tion and water, dried (NazSOJ, and evaporated. The residue (450 
mg) was chromatographed (SiOz-CHzClz), giving the furan 10 (210 
mg, 51%): [ c Y ] ~ ~ D  - 111.9' (c 0.90, CHC13); ir u 3145 (furan), 1390, 
1370 (gem-dimethyl), 1050, 885 (furan), 780 cm-I; NMR 6 7.05, 
7.16 (1 H each, s, broad, furan H), 6.05 (1 H, s, broad, =CH), 2.52 
(2 H, s, broad, furan CHz), 1.84 (3 H, d, J = 1.0 Hz, =CCHs), 1.07, 
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1.02 ppm (3 H each, s, CCH3); mass spectrum m/e (re1 intensity) 
216 (M+, 100, base peak, C ~ ~ H ~ O O ) ,  201 (50), 187 (201,173 ( l l ) ,  145 
(32), 131 (35). 

Conventional column and thin layer chromatography (SiOz, 
AgNO3-impregnated SiO2) of the furan mixture 9-12 (after hydro- 
genation and isolation of 13) did not give any separation of the 
four compounds. However, a reversed phase partition chromatog- 
raphy method (using a AgBF4 solution as eluent) described by 
Wickberg and W e ~ t f e l t ~ ~ , ~ ~  gave partial separation both on thin 
layer and column chromatography. Rf values (TLC) for the com- 
pounds follow: 9, 0.8; 10 and 12, 0.33; and 11,0.22. Compounds 10 
and 12 could thus be isolated free of other material. Compounds 
9-12 could be separated by VPC (OV-17, 50-m capillary column, 
180O). Attempted preparative VPC (10% Reoplex 400 on Gas- 
Chrom Q, 60-80 mesh, 160', 6-m steel column) was unsuccessful 
owing to aerosol formation and destruction on the column. 
3,4-Diethyl-2,5-dimethoxy-2,5-dihydrofuran (26) was pre- 

pared from 3,4-diethy1furanz7 by the same method as for the syn- 
thesis of 16 (1.2 times the theoretical reaction time): yield 53%; bp 
90-93O (11 mrn); n22D 1.4462; ir Y 1470, 1200, 1100, 997, 930, 910, 
862, 808 cm-'; NMR 6 5.74, 5.45 (2 H, s, MeOCH), 3.38 (6 H, s, 
ocH3), 2.18 (4 H, q, broad, J = 7.0 Hz, CH2), 1.05 ppm (6 H, t, J = 
7.0 Hz, CH2CII3); mass spectrum m/e (re1 intensity) 186 (Mf, 18, 
C ~ O H I ~ O ~ ) ,  155 (100, base peak). 
2,3-Diethyl-2-penten-5-olide (27). The 2,5-dimethoxy-2,5- 

dihydrofuran 26 or the 2,5-dihydroxy-2,5-dihydrofuran 2SZ7 (ca. 
200 mg) was stirred in pentane-dioxane-2 M HC1 (20:3:3 ml) for 
75 or 8 hr, respectively. Extraction with ether, drying (NazSOd, 
evaporation, and distillation gave the lactone 27: yield 80% (from 
26) and 68% (from 28); bp 51-52' (0.2 mm); n21D 1.4695; ir Y 1756, 
1678, 1465 cm'-l; NMR 6 4.70 (2 H, s, OCHz), 2.50 (2 H, q, J = 7.0 
Hz, =CCH2), 2.32 (2 H, q, J = 7.0 Hz, =CCH2), 1.17 (3 H, t, J = 
7.0 Hz, CH3), 1.10 ppm (3 H, t, J = 7.0 Hz, CH3); mass spectrum 
m/e (re1 intensity) 140 (M+, 100, base peak, CsH1202), 125 (26), 
111 (74). 

Anal. Calcd for CsH1202: C, 68.6; H, 8.6; mol wt, 140.0836. 
Found: C, 68.0; H, 8.6; mol wt, 140.0832 (M+). 

Pyrovellerolactone (3).8*9 The furan 10 (170 mg) was oxidized 
ele~trolytically,2~ giving a mixture of the 2,5-dihydroxy-2,5-dihy- 
drofuran 29 with other material as a yellow oil. This was stirred in 
pentane-dioxane-2 M HCl (20:3:3 ml) for 15 hr. Standard work-up 
and chromatography (Si02-CH2C12) gave pyrovellerolactone (3) 
and some (ca. 10%) of, presumably, an isomer (30) in a total yield 
of 25 mg (14%). Compounds 3 and 30 were separated by VPC (GE 
SF-96,50-m capillary column, 220°), 3 showing the same retention 
time as the natural compound. Identity was further shown by ir, 
NMR, uv, and mass spectrometry. 
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