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A convergent synthesis of the prostaglandin skeleton is described. The ester enolate modification of the ali-
phatic Claisen rearrangement is used to form the key Cg—Ci2 bond. Rearrangement of ester 18 provides the lac-
tone 29 which is converted to the prostanoid 30. Similarly, the lactone 52, a potential intermediate in the synthe-
sis of 12-methyl PGA;, is obtained from ester 51, Preparation of ester 51 features Claisen rearrangement of ester
38, which leads to the dienoate 41 after desulfenylation. Model studies of reduction of v,5-epoxy-«,8-unsaturated
esters to 8-hydroxy-8,y-unsaturated esters are described. This reduction is accomplished with lithium in ammo-

nia at —78 °C for conversion of epoxy ester 50 to ester 51.

No family of molecules since the steroids has attracted
the interest and effort of synthetic chemists as strongly as
have the prostaglandins. Recent efforts have involved the
search for flexible synthetic schemes which will allow prep-
aration of a variety of analogues. We report here a synthet-
ic approach which incorporates connection of a “top half”
and a “bottom half” of the prostanoid skeleton in a key
carbon-carbon bond forming reaction.
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An intriguing possibility for this approach was formation
of the carbon-carbon bond with an aliphatic Claisen rear-
rangement. This reaction (5 — 6) would not only provide
an efficient means for formation of the desired bond but
also would result in the proper number of suitably func-
tionalized carbon atoms for subsequent formation of the
cyclopentanone ring system.
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The requirements that only one equivalent of each half

of the molecule be employed in construction of the precur-
sor 5 and that conditions of the reaction be compatible

Scheme 1. Synthesis of Dihydrojasmone (15)4

(|:|) OCQHE,
(Et0),P—CH—CO,C,H; OC.H
: 2415
7b
+ a  GH0 N b
81% 100%
HW 0
0 9
s 0
OC,H; C:Hs
N e, &t
85%
On N
(6]
10 )i
OC,H
o CHs _OCH,
& g ‘ h, i
Ox 3% 0 85%
CH, from 11 CH;
OSi(CH,), 0
12 13
0 0
’W j
93%
CHg CH3
14 15

24, NaH, THF; b, LiAlH,, ether; ¢, propanoic anhydride,
pyridine; d, LICA, THF, —78°C; e, TMSCI; f, 65°C, 7 h; g,
CH,SO,H, EtOH; h, DIBAH, toluene, —78°C; i, NaOH,
aqiteous CH,OH, 25°C; j, KOH, aqueous CH,OH, reflux.

with a variety of functional groups prompted development
of the ester enolate Claisen rearrangement.??

To demonstrate the viability of this approach, synthesis
of dihydrojasmone (15), a virtual touchstone of cyclopen-
tenone syntheses, was undertaken. The successful route is
described in Scheme 1.2

Phosphonates such as 7b, introduced by Grell and Ma-
chleidt,? are a useful source of functionalized allylic alco-
hols such as 10. When the ester 11 was subjected to enoliza-
tion with lithium isopropyleyclohexylamide (LICA) and
the enolate was trapped with trimethylchlorosilane
(TMSCI), rearrangement® occurred without incident to
give silyl ester 12. The enol ether functionality not only
serves as an ultimate source of a methyl ketone for aldol
condensation but also is a convenient handle for reduction
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of the silyl ester carbon to the aldehyde oxidation state.
This reduction is accomplished by conversion of the silyl
ester 12 to the lactone 13 with a trace of acid in ethanol fol-
lowed by reaction with diisobutylaluminum hydride
(DIBAH).5 Finally, aldol condensation® and double bond
migration” complete this synthesis of dihydrojasmone
(15).8

This same approach was then used for the construction
of the prostaglandin skeleton, with initial efforts focused
on preparation and transformations of esters 16-18.
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Use of readily available 7-cyancheptanal (19)° as a sub-
strate in the Wittig reaction produced equivalent amounts
of the geometrical isomers of ester 20 (Scheme II). The me-
thoxy series was adopted in later stages of these studies be-
cause it offered the advantage of simpler interpretation of
NMR spectra of intermediates in the synthesis. Selective
reduction of the cyano esters 20 with lithium borohydride!®
in tetrahydrofuran (THF) provided the desired alcohols 21,
An alternate masked carboxylic acid function, the primary
amide 22, was available by hydration of the nitrile in the
presence of the enol ether with basiec hydrogen peroxide.
Reaction of the alcohol 21 or 22 with the p-nitrophenyl
ester!! of the acid in triethylamine was the most satisfacto-
ry procedure for preparation of esters fo these v,é-unsatu-
rated acids.

With the esters 16 and 17 in hand, their further conver-
sion to cyclopentenone derivatives was investigated. Enoli-
zation, silylation, and Claisen rearrangement of cyano ester
16 resulted in a mixture of products containing C-silylated
nitrile. The silylation of aliphatic nitriles has now been
studied and formation of C-silylated products, even with 1
equiv of base and trialkylchlorosilane, has been demon-
strated.!2 Because of this problem, use of the nitrile as a
masked carbozxylic acid was abandoned in favor of the pri-
mary amide. Rearrangement of amide ester 17 proceeded in
good yield to provide a intermediate silyl ester which was
directly transformed to the lactone 24 with a trace of
methanesulfonic acid in ethanol.

Attempted reduction of amide lactone 24 with 1 equiv of
diisobutylaluminum hydride® resulted in complete recov-
ery of the starting lactone; apparently the reagent is con-
sumed by reaction with the acidic amide proton. The re-
duction was accomplished with 2 equiv of hydride reagent,
but treatment of the reduction product with aqueous base
to cause aldol condensation® produced neither cyclopenten-
one nor (3-ketol. A possible reason for this is that the acidi-
ty of the §,y-unsaturated aldehyde was resulting in exten-
sive conjugation of the double bond.

If this were indeed the case, isolation of the double bond
was a possible solution. This suggested preparation of ester
18 (Scheme III). Moving the double bond to a position
where it would not interfere with the aldol condensation
also simplified ester formation; now, the acid chloride 25
served well for preparation of the ester. Rearrangement of
ester 18, using lithium disopropylamide (LDA) and tert-
butyldimethylchlorosilane (TBSCI),213 led to the silyl ester
26 which, as above, could be converted with acid into the
lactone 27. Reduction with 2 equiv of DIBAHS and aldol
condensation® with aqueous methanolic sodium hydroxide
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Scheme II. Preparation and Transformations of
Esters 16 and 174
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C,H,0H; d, Et;N, 25°C; e, LICA, THF, —78°C; f, TMSCI; g,
67°C, 8.5 h; h, CH;SO,H, C,H,OH.

provided the cyclopentenone 28. This verified that the
trouble with these reactions on lactone 24 was the position
of the double bond.

As the lactone 27 or the cyclopentenone 28, the molecule
could not be subjected to reaction conditions sufficiently
vigorous to effect hydrolysis of the primary amide. This hy-
drolysis was attempted at the intermediate stage. Lactone
27 was reduced as before and the reduction product was
protected as the acetal 31. Saponification of the primary
amide, acidic hydrolysis of the acetals, and finally aldol
condensation in aqueous alcoholic base gave the cyclopen-
tenone acid 30 in low yield. An alternate point in the syn-
thetic scheme where saponification was possible was imme-
diately after Claisen rearrangement. Basic hydrolysis of the
silyl ester 26 followed by neutralization gave the lactone
acid 29 in good yield. Reduction, again with 2 equiv of



988 J. Org. Chem., Vol. 41, No. 6, 1976

Scheme III. Synthesis of Prostanoic Acid Derivatives
28 and 304
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@3, Et,N, CH,Cl,, 25°C; b, LDA, THF, —78°C; ¢, TBSCI,
d, 87°C, 3 h; e, CH,SO,H, CH,OH; f, DIBAH, Et,0, —78°C;
g, aqueous NaOH, CH,0H, 25°C; h, aqueous NaOH,
CH,OH, reflux 16 h, then neutralize; i, HOAc, piperidine,
C.H,;j, aqueous HCIL, b TBS = tert-butyldimethylsilyl.

DIBAH,® and aldol condensation using piperidinium ace-
tatel4 in refluxing benzene provided the cyclopentenone
acid 30 in more satisfactory overall yield.

Having demonstrated that the prostaglandin skeleton
could be constructed in this manner, we refocused atten-
tion on the problematic double bond in the lower side
chain. An alternate solution would be to block apparent
conjugation of theouble bond during the aldol condensa-
tion; a methyl group should serve this purpose well. The
12-methyl was also attractive because it should block in
vivo deactivation of the PGA via migration of the enone
double bond to produce the less active PGB structure.

Our synthetic approach to 12-methyl PGA; (32) would
also give us the opportunity to investigate a sequence in
which generation of the allylic alcohol functionality in the
lower side chain is coupled to enolate formation necessary
for the Claisen rearrangement. Two electron reduction of
a,B-unsaturated v,5-epoxy esters such as 33 should give the
enolate 34. Silylation would provide the silyl ketene acetal
35, If the alcohol portion of this molecule were an allylic al-
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cohol, this process could be followed by Claisen rearrange-
ment.

Epoxy esters such as 33 are readily available by peracid
oxidation! of the corresponding dienoic esters. Several re-
duction methods were examined and are outlined in Table
L

Initial efforts were directed toward finding a system in
which both reduction and silylation were possible in the
same reaction mixture so that the reduction and Claisen re-
arrangement could be performed in a single step. A promis-

_ing system for this transformation was sodium in THF-

hexamethylphosphoramide (HMPA).16:17 During initial at-
tempts, reductions employing these conditions produced a
myriad of products but little or none of the desired reduc-
tion product. Only under very specific conditions, 2-3
equiv of the Na-HMPA-~THF solution added in one por-
tion to a rapidly stirred solution of ester 33 in HMPA-THF
at ~78 °C followed by addition of TBSC], could even low
yields of the reduction products be obtained. The interme-
diate silyl ketene acetal 35, which is formed under these
conditions, it readily hydrolyzed to the siloxy esters 36b
and 37b for analysis. Quenching the reaction mixture with
solid ammonium chloride gave nearly identical yield of the

_ alcohols 36a and 37a and demonstrated that the problems

were arising during reduction, not silylation. A second dis-
tinct disadvantage of this method of reduction was that it
produced the trans isomer 36b and the cis isomer 37b in
nearly equal proportions (VPC analysis).

Table I. Reduction of Epoxy Ester 33

(CH,),CHO ~ reagents (CHa)ZCHO\ P
D Y
0] 0 OR
33 36
+
OR
(CHS)ZCHOH//\_/k
0O
a series,R = H; b series,R =TBs 37
Entry Reagents R  Yield, %¢ 36/387b
1 1. 2 equiv Na, HMPA, TBS 37 60/40
THF, —78 °C
2. TBSCl1
3. HOAc, H,0
2 1. 3 equiv Na, HMPA, H 42
THF, —78 °C
2. NH,Cl
3 1. Zn, TBSC], HMPA, 0
THF, 67 °C
4 1. 3 equiv Li, NH,,
THF, —78 °C
2. NH,Cl H 79 89/11

a After isolation and chromatography. ® By VPC analysis.
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Scheme IV. Preparation of the Acid Fragment for Ester 504

A/\/\/ 88% RN
—_—
) ref 3 20
crﬂ\r of,
CHSS O CHS OR
38 ar—39, R=H

/ 91%L»-40, R = CH,
b,e
93%

CH,
CHBO\"/KA\\/\/\/ + CHSOM
0 0
41 N 42
s ~
e CH,0 &
3
0 (0]
e ’:43, R=H ; 46
se5l>44, R = pNOGH, /
H,
b 189%
l CH,;0O 7
CH; 5 o
P'NozCsH40W
0 47
0}
45 o/

CH, CH,
HO\N/‘\/\(\/\/ + HOM\/\/
0 OH 0 OH
48 49

aa, NaH, CH,I, THF; b, MCPBA, CHCl,; ¢, 60°C, 2 h;d,
KOH, CH,OH; e, p-nitrophenyl trifluoroacetate, Et,N; f, 3
equiv Li, NH,, THF, —78°C; g, LiOH, aqueous CH,OH.

Reduction with a mixture of zinc and TBSC! in HMPA-
THF had proven useful in the preparation of silyl ketene
acetals from a-bromo esters,? but this method failed to re-
duce the epoxy ester 33. Finally a high yield of aleohols 36a
and 37a was realized by reduction with lithium in ammo-
nia-THF. The best results were obtained when the reduc-
tion was performed with 3 equiv of lithium at —78 °C for 1
min, and then the reaction mixture was quenched with
solid ammonium chloride. In this case an 89:11 ratio of 36a
and 37a was obtained (VPC analysis). These isomers were
easily separated by silica gel chromatography after conver-
sion!8 to the corresponding silyl ethers 36b and 37b.

The stereochemical assignment for these two isomers
rests on infrared spectral data.l® The major isomer exhibits
a medium band at 970 em~1, indicative of a trans-disubsti-
tuted ethylene. No such band is present in the ir spectrum
of the minor isomer.

Since the one-step process was effectively ruled out by
the necessity of performing the reduction in ammonia, eno-
lization of the reduction products had to be examined.
Enolization of both the hydroxy esters 36a and 37a and the
siloxy esters 36b and 37b with LDA followed by trapping
with TBSCI gave the silyl ketene acetal 35. Competing
elimination was not a problem.

BEfforts then turned to synthesis of the epoxy ester 50 or
its reduced derivative 51. The acid fragment for these es-
ters was prepared as described in Scheme IV. The «-(phen-
ylthio) ester 40 was readily available via Claisen rearrange-
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Schéme V. Preparation and Transformations of Ester 504
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—78°C; ¢, NH,Cl; d, LDA, THF, —78°C; e, TBSC], HMPA;
f, 67°C, 3 h; g, NaOH, aqueous CH,OH, then neutralize.

ment of allylic ester 382 followed by esterification. Desul-
fenylation?® by mild heating of the sulfoxides obtained by
oxidation with MCPBA produced a mixture of unsaturated
esters 41 and 42 in the ratio 78:22. The mixture of diaste-
reomeric sulfoxides obtained in the oxidation was sepa-
rated by silica gel chromatography, and the sulfoxides were
independently pyrolyzed. The more mobile isomer gave the
olefins in a 68:32 ratio (41:42) and the less mobile isomer in
90:10 ratio.

This synthesis of ester 41 also serves to demonstrate the
possibility of employing the Claisen rearrangement for for-
mation of a carbon-carbon double bond. The sulfur func-
tionality serves to mask this double bond until a conve-
nient stage is reached in the synthesis.

Oxidation of ester 41 with MCPBA5 produced the epoxy
ester 46 in high yield. The presence of only one geometrical
isomer of this epoxy ester is clearly demonstrated by NMR
analysis. This indicates that ester 41 is cleanly the E,E iso-
mer. Attempts to saponify the epoxy ester 46 in order to
obtain the corresponding acid were not encouraging. This
sensitive epoxy acid was obtained in varying states of pu-
rity and attempted purification led to extensive decompo-
sition.

The alternative approach of using the acid portion in al-
ready reduced form was also investigated. Epoxy ester 46
was reduced under the same conditions described above
and gave a mixture of two separable components (93:7).
The major component was assigned the trans stereochemis-
try 47 based on results obtained with ester 33. The minor
isomer was tentatively assigned cis stereochemistry. Sapon-
ification of ester 47 gave a mixture of acids containing 70%
of the unsaturated acid 48 and 30% of the conjugated iso-
mer 49.

Since the difficulty in both of these approaches arose
during attempted saponification of the methyl ester in
order to prepare some activated ester derivative suitable
for esterification, saponification of the ester at an earlier,
less sensitive stage was desirable.

Hydrolysis of the dienoic ester 41 proceeded without dif-
ficulty. The p-nitrophenyl ester 441 of the resulting acid
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43 was sufficiently stable to permit partial purification by
rapid chromatography on silica gel. This derivative was
also readily oxidized with MCPBA!® to provide the epoxy
ester 45. When stirred with the alcohol 22a in THF—trieth-
ylamine, epoxy ester 45 was converted to the target ester 50
through ester exchange (Scheme V).

Reduction of ester 50 to hydroxy ester 51 proceeded nor-
mally. The minor isomer (cis?) found in the reduction of
ester 46 was not detected but was probably present in the
mixture.

Initial attempts to carry this ester on to 12-methyl PGA;
(32) met with serious difficulties. Rearrangement and basic
hydrolysis gave the lactone 52 in only 30% yield. The unsat-
urated acid 43 was a major side product. Reduction of lac-
tone 52 with 8 equiv of DIBAH proceeded smoothly but at-
tempted aldol condensation did not produce cyclopenten-
one under mild (piperidinium acetate!4) or harsh (aqueous
methanolic sodium hydroxide®) conditions. In view of these
difficulties and in face of a report that 12-methyl PGA; was
inactive,?! the synthesis was not pursued further.

Although difficulties arose in late stages of some of the
syntheses described here, the potential of the ester enolate
Claisen rearrangement in convergent synthesis of complex
organic molecules has been demonstrated. Particularly, the
compatibility of this reaction with a wide variety of func-
tionality should make it a useful addition to the synthetic
chemist’s armory of reactions.

Experimental Section22

Methyl Diethoxyphosphinylmethoxyacetate (7a). The pro-
cedure of Grell and Machleidt* was followed to prepare the phos-
phonate 7a from methyl dimethoxyacetate: bp 110 °C (0.3 mm);
NMR (CDCl3) 6 1.83 (t, 6 H, J = 7 Hz, CH3CH0-), 3.52 (s, 3 H,
ether CH30-), 3.83 (s, 3 H, ester CH30-), 4.22 (m, 5 H, CHCO»-
and CH3CH0); ir (neat) 1750 (C==0), 1260, 1120, 1015, 970 cm™1.

Anal. Caled for CgHy706P: C, 40.00; H, 7.13. Found: C, 40.12; H,
7.08.

Ethyl 2-Ethoxy-2-octenoate (9). A stirred suspension of 2.78 g
(0.116 mol) of sodium hydride (mineral oil free) in dry THF was
treated during 30 min with the dropwise addition of 30.0 g (0.112
mol) of phosphonate 7b. Following the addition, the reaction mix-
ture was stirred for an additional 30 min and then cooled to 0 °C.
Hexanal (11.2 g, 0.112 mol) was added dropwise to this solution
over a 30-min period. Near the end of the addition, a gummy pre-
cipitate formed. The reaction mixture was stirred for an additional
30 min at 25 °C and then treated with 50 ml of water. Benzene ex-
traction,?? including an aqueous ammonium chloride wash, fol-
lowed by distillation of the residue afforded 19.5 g (81%) of a mix-
ture (1:3) of unsaturated esters 9: bp 60-63 °C (0.08 mm); NMR
(CDClg) 6 0.87 (br t, 3 H, -CH,CH:CH3), 1.33 (t, 6 H, J = 7 Hz,
-OCHCHg), 3.73 (br t, 2 H, J = 7 Hz, =COCH,CH3g), 4.24 and
4.21 (g’s, 2 H, J = 7 Hz, COCH3CHjy), 6.24 and 5.26 (t's 1 H, ratio
1:3, J = 7 and 7.5 Hz, vinylic H’s); ir (CHCly) 1725 (C=0), 1640
(C=C0C), 1380, 1160, 1040 cm 1.

Anal. Caled for C12Hg003: C, 67.26; H, 10.35. Found: C, 67.34; H,
10.38.

2-Ethoxy-2-octenyl Propanoate (11). To a suspension of 2.0 g
(53 mmol) of lithium aluminum hydride in 120 ml of dry ether was
added 10.0 g (47 mmol) of the esters 9 over a 30-min period. Fol-
lowing the addition, the reaction mixture was stirred for an addi-
tional 15 min before excess hydride was destroyed by addition of
ethyl acetate. Work-up according to the procedure of Fieser?* af-
forded 7.75 g of crude alcohols 10 which were used without further
purification. This material was treated with 15 g of propanoic an-
hydride in 20 ml of dry pyridine at 25 °C for 20 h. Distillation of
the reaction mixture gave 8.9 g (85%) of the ester 11: bp 72-85 °C
(0.1 mm); NMR (CDCls) é 2.33 (q, 2 H, J = 7 Hz, CH3CHyCO3-),
3.65 (q, 2 H, J = 7 Hz, CH3CH0-), 4.57 and 4.62 (s’s, 2 H,
~OCHoC=C), 4.64 and 4.86 (t’s, 1 H, J = 7 Hz, vinylic H’); ir
(neat) 1725 (C=0), 1640 cm~! (C=C).

Anal. Caled for C13H2403: C, 68.38; H, 10.59. Found: C, 68.58; H,
10.50.

5-Ethoxy-3,5-dimethyl-4-pentyloxacyclopentan-2-one (13).
A solution of 7.1 mmol of LICA in 20 ml of dry THF was cooled to
—78 °C. To this rapidly stirred solution was added 1.50 g (6.6
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mmol) of ester 11 over 3 min. Following the addition, 0.850 ml (6.7
mmol) of TMSCI was added in one portion and the reaction mix-
ture was stirred at —78 °C for an additional 3 min. The cooling
bath was removed and the reaction mixture was allowed to warm
to 25 °C. The mixture was then stirred at reflux for 7 h to effect re-
arrangement. After cooling to 25 °C the reaction mixture was
treated with 2 ml of ethanol and sufficient methanesulfonic acid to
obtain pH 1-2. Extraction?? with petroleum ether afforded 1.6 g of
a yellow oil which was evaporatively distilled at 80 °C (0.2 mm) to
give 1.1 g (73%) of the lactone 13. A portion of this material (400
mg) was purified further by medium-pressure chromatography??
on 2.5 X 50 cm of silica gel with 50% dichloromethane-benzene.
Elution with 550 ml of this solvent system gave the analytical sam-
ple: NMR (CDCls) 6 1.10 (t,3 H,J = 7 Hz, CH3), 1.40 (d,3H, J =
8 Hz, CH3CH-), 3.63 (q, 2 H, J = 7 Hz, -CH30-); ir (neat) 1792
cm™! (C=0).

Anal. Calcd for C13H2403: C, 68.38; H, 10.59. Found: C, 68.46; H,
10.49.

4-Methyl-5-pentyl-2-cyclopentenone (14). A solution of 450
mg (2.0 mmol) of lactone 13 in 10 ml of dry toluene was cooled to
—178 °C. To this stirred solution was added 2.4 ml (2.3 mmol) of
DIBAH in benzene over 5 min. The reaction mixture was stirred
for 30 min at —78 °C and then treated with 0.5 ml of methanol and
allowed to warm to 25 °C. Benzene extraction?? gave 440 mg of a
colorless oil which was dissolved in 10 ml of methanol and treated
with 10 ml of 5% aqueous sodium hydroxide solution. This mixture
was stirred at 25 °C for 20 min after which benzene extraction??
and evaporative distillation of the residue at 80 °C (1 mm) gave
280 mg (85%) of colorless cyclopentenone 14: NMR (CDClg) 6 0.90
(brt,3 H,J =7 Hz, CHsCHs-), 1.22 (d, 3 H, J = 7 Hz, CH3CH-),
6.14 (dd, 1 H, J = 6 and 2 Hz, =CHC==0), 7.55 (dd, 1 H, J = 6
and 2.5 Hz, CH=C-C==C); ir (neat) 1710 (C=0), 1580 cm™!
(C=C).

Anal. Caled for C11H150: C, 79.46; H, 10.91. Found: C, 79.49; H,
10.90.

3-Methyl-2-pentyl-2-cyclopenten-1-one (15). A mixture of
118 mg (0.711 mmol) of cyclopentenone 14 and 200 mg of potassi-
um hydroxide in 10 ml of water and 5 ml of methanol was stirred
at reflux for 40.min. Extraction?® with dichloromethane and evap-
orative distillation of the residue at 80 °C (1 mmol) gave 110 mg
(93%) of colorless dihydrojasmone (15): NMR 6 0.88 (brt,3 H, J =
7 Hz, CH3), 1.2 (m, 6 H), 2.05 (s, 3 H, C=CCHs); ir (neat) 1700
(C=0), 1650 cm~! (C=C).

Anal, Caled for C11H150: C, 79.46; H, 10.91. Found: C, 79.55; H,
10.95.

Methyl 9-Cyano-2-methoxynon-2-enoate (20a). To a me-
chanically stirred suspension of 2.64 g (0.11 mol) of sodium hy-
dride (mineral oil free) in 150 ml of dry THF was added 24.0 g
(0.10 mol) of phosphonate 7a over 40 min. The mixture was stirred
for an additional 1 h and then cooled to 0 °C. During 30 min, the
reaction mixture was treated with 13.9 g (0.1 mol) of 7-cyanohep-
tanal (19) while vigorous stirring was maintained. Toward the end
of the addition a gummy precipitate formed. The reaction mixture
was allowed to warm gradually to 25 °C over 1 h. After cautious
addition of 80 ml of water, ether extraction?? gave a slightly orange
liquid which was subjected to short path distillation to give 17.9 g
(80%) of the cyano esters 20a, bp 120-128 °C (0.015 mm). NMR
analysis indicated that this was approximately an equal mixture of
double bond isomers. A portion of this material (378 mg) was puri-
fied further by medium-pressure chromatography?? on 1.25 X 50
cm of silica gel with 30% ether—petroleum ether at a flow rate of 1
ml/min. Elution with 150 ml gave 174 mg of the Z isomer. An ana-
lytical sample was prepared by evaporative distillation at 110 °C
(0.001 mm); NMR (CDCl3) & 3.67 (s, 3 H, ether CH30-), 3.78 (s, 3
H, ester CH30-), 6.23 (t, 1 H, J = 7 Hz, vinylic H); ir (CHCl3) 2250
(C==N), 1720 (C=0), 1651 (C=C), 1270, 1120, 990 cm ™.

Anal. Caled for C19H9NOga: C, 63.98; H, 8.50; N, 6.22. Found: C,
64.09; H, 8.43; N, 6.26.

Further elution with 10 ml of the same solvent system gave 68
mg of a mixture of the E and Z isomers. Continued elution with 80
ml of this solvent system gave 123 mg of the E isomer. An analyti-
cal sample was prepared by evaporative distillation at 110 °C
(0.001 mm): NMR (CDClI;) § 3.58 (s, 3 H, ether CH30-), 3.78 (s, 3
H, ester CH30-), 5,20 (t, 1 H, J = 7 Hz, vinylic H); ir (CHCl3) 2250
(C=N), 1725 (C==0), 1640 (C==C), 1376, 1170, 1130 cm™.

Anal. Caled for C19H19NO3: C, 63.98; H, 8.50; N, 6.22. Found: C,
64.00; H, 8.48; N, 6.19.

10-Hydroxy-9-methoxydec-8-enenitrile (21a). To a vigorous-
ly stirred suspension of 685 mg (18 mmol) of sodium borohydride
and 1.56 g (18 mmol) of anhydrous lithium bromide!® in 20 ml of
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dry THF was added 2.0 g (8.89 mmol) of the cyano ester 20a. This
mixture was stirred at 25 °C for 52 h. At the end of this period, 20
m] of water was added and the reaction mixture was stirred for 40
min, After addition of another 20-ml portion of water, ether ex-
traction?® gave 2.1 g of a colorless oil which still contained some
ester (ir analysis). This material was subjected again to the same
treatment and gave 1.59 g (91%) of the crude cyano alcohol 21a as
a colorless liquid. A portion of this material was purified by me-
dium-pressure chromatography?? on 1.25 X 50 cm of silica gel with
80% ether—petroleum ether at a flow rate of 1 ml/min followed by
evaporative distillation at 100 °C (0.001 mm) and gave the analyti-
cal sample: NMR (CDCl3) 6 3.54 and 3.65 (s, 3 H total, CH30), 4.13
(br s, 2 H, -CH30-), 4.6 (m, 1 H, vinylic H’s); ir (CHCl3) 3600 and
3470 (OH), 2250 (C=N) 1670 (C==C), 1465, 1140, 1110, 1055, 1015
em™ L,

Anal. Caled for C11H19NOg: C, 66.97; h, 9.71; N, 7.10. Found: C,
66.87; H, 9.59; N, 7.01.

10-Hydroxy-9-methoxydec-8-enamide (22a). A solution of
1.97 g (10.0 mmol) of the crude cyano alcohol 21a in 50 ml of etha-
nol was added in one portion to an ice-cooled, stirred mixture of 90
ml of 10% aqueous hydrogen peroxide and 3 ml of 40% aqueous so-
dium hydroxide solution. After 10 min the ice bhath was removed
and the reaction mixture was stirred at room temperature for 2 h.
Dichloromethane extraction?? gave 1.85 g (77%) of a white solid. A
portion of this material (130 mg) was purified further by medium-
pressure chromatography?? on a 1.25 X 50 cm of silica gel with
50% acetone—ether at a flow rate of 1 ml/min. Elution with 265
ml of this solvent system gave 101 mg of a white solid. One re-
crystallization from ehter containing a small amount of dichloro-
methane gave the analytical sample as a mixture of double bond
isomers; mp 51-58 °C; NMR (CDClg) & 3.53 and 3.65 (s, 3 H total,
CH;30-), 4.09 (m, 2 H, CH;0-), 4.8 (m, 1 H, vinylic H), 6.0 (brs, 2
H, NHy); ir (CHClg) 3700-3100 (several bands, OH, NHy), 1675
(C=0), 1590, 1465, 1390, 1010 cm™L.

Anal. Caled for C11HgiNOs: C, 61.37; H, 9.83; N, 6.51. Found: C,
61.41; H, 9.88; N, 6.46.

Ethyl 9-Cyano-2-ethoxynon-2-enocate (20b). In a manner
similar to that described for the methyl derivative 20a, phospho-
nate 7b and cyano aldehyde 19 were converted into a mixture of
esters 20b (84%): bp 120-136 °C (0.1 mm); NMR (CHCl3) § 2.33
(m, 4 H, =CCHjy- and -CH;C==N), 4.25, 4.21, and 8.75 (q’s, 4 H
total, J = 7 Hz, CH3CH,0-), 6.21 and 5.22 t’s, 1 H total, J = 7 Hz,
vinylic H); ir (neat) 2250 (C=N), 1725 (C=0), 1640 cm~! (C=C)."

Anal. Caled for C14HgsNOs: C, 66.37; H, 9.15; N, 5. 53 Found: C,
66.39; H, 9.13; N, 5.57.

9- Ethoxy-lO hydroxydec-s-enenitrile (21b). In a manner
similar to that described for cyano alcohol 21a, the mixture of es-
ters 20b was reduced with lithium borohydride!® to give the cyano
alcohol 21b (100%): NMR (CDClg) 6 366 (q, 2 H, J = 7 Hz,
CH;3;CH;0-), 4.12 (br s, 2 H, =CCH30-), 4.4 (m, 1 H, vinylic H); ir
(CHCl3) 3600 and 3470 (OH), 2240 (C==N), 1665 (C=C), 1385,
1105, 1050, 1010 cm™1,

Anal. Caled for C1oHo1NOs: C, 68.21; H, 10.02; N, 6.63. Found:
C, 68.2;; H 10.09; N, 6.60.

9-Ethoxy-10-hydroxydec-8-enamide (22b). In a manner simi-
lar to that described for hydroxy amide 22a, the cyano alcohol 21b
was converted into the hydroxy amide 22b (72%): NMR (CDCl3) &
3.15 (br s, 1 H, OH), 3.68 (q, 2 H, J = 7 Hz, CH3CH,0-), 4.13 and
4.10 (s, 2 H total, -CH,0H), 4.47 and 4.76 (t, 1 H total, J = 7.5 and
8 Hz, vinylic H), 6.2 (br s, 2 H, NHy); ir (CHCl3), 3700-3150 (sever-
al bands, OH, NHy), 1675 (C=0, C=C), 1590 cm™1.

Anal. Caled for C15Hg3NOs: C, 62.85; H, 10.11; N, 6.11, Found:
C, 62.79; H, 10.17-N, 6.14.

9-Cyano-2-ethoxy-2-nonenyl ( E)-3-Decenoate (16). To a so-
lution of 1.40 g (6.0 mmol) of p-nitrophenyl trifluoroacetate!! in 3
ml of dry pyridine was added 1.0 g of (E)-3-decenoic acid.?® This
mixture was stirred for 2 h at 25 °C. Pentane extraction,?® includ-
ing an acid wash and a base wash, gave 1.37 g (80%) of p-nitrophe-
nyl (E)-3-decenoate (23) which was not purified further: NMR
(CDCly) 6 2.07 (m, 2 H, =CCHy), 3.30 (d, 2 H, J = 5 Hz, =C-
CH2COs-), 5.65 (m, 2 H, CH=CH), 7.25 (d, 2 H, J = 8 Hz, aromat-
ic H’s), 825 (d, 2 H, J = 8 Hz, aromatic H’s); ir (neat) 1765
(C=0), 1620, 1595, 1530, 1495, 1350, 1115 cm~1,

This crude p-nitrophenyl ester 23 was dissolved in 3 ml of dry
triethylamine and was treated with 1.3 g (6.1 mmol) of the cyano
alcohol 21b, This mixture was stirred at 25 °C for 16 h. Pentane
extraction,?® including a base wash, gave 1.6 g of an oil which was
filtered through 7 g of silica gel with benzene to give 1.14 g (50%) of
cyano ester 16 as a colorless oil: NMR (CDClg) 6 2.96 (brd, 2 H, J
= 4 Hz, ~-CHyCO9-), 3.63 (q, 2 H, J = 7 Hz, CH;CH20-), 4.48 (s,
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and t, 8 H, J = 7 Hz, -OCH;C=CH-), 5.50 (m, 2 H, CH=CH); ir
(neat) 2250 (C=N), 1737 (C=0), 1668 cm~! (C==C).

Anal. Caled for CooH37NO3: C, 72.69; H, 10.26; N, 3.85. Found:
C, 72.69; H, 10.27; N, 3.78.

9-Carbamoyl-2-ethoxy-2-nonenyl ( E)-3-decenoate (17). The
p-nitrophenyl ester 23 (4.8 mmol) was added to 1.0 g (4.4 mmol) of
the hydroxy amide 22b in 2 ml of dry triethylamine. This mixture
was stirred for 36 h at 25 °C. Ether extraction,?® including a base
wash, gave a yellow oil which was purified by chromatography of
10 g of silica gel with 300 ml of ether. The ether fraction contained
1.4 g (83%) of a slightly yellow oil which solidified upon standing.
A portion of this material was recyrstallized from petroleum ether
to afford the analytical sample: mp 53-54 °C; NMR (CDCl3) 6 3.03
(d, 2 H, J = 5 Hz, CH;CO»2-), 3.68 (q, 2 H, J = 7 Hz, CH3CH,0-),
4.60 (s and t, 3 H, J = 7 Hz, CH,C=CH-), 5.53 (m, 2 H, CH=CH),
5.8 (br, 2 H, NH] 9); ir (CHC13) 1725 (ester C==0), 1675 (amide
C=0), 1590, 1115, 1060, 965, 910 cm™~1.

Anal. Caled for CooHagNO4: C, 69.25; H, 10.30; N, 3.67. Found:
C, 69.34; H, 10.27; N, 3.64.

4-(6-Carbamoylhexyl)-5-ethoxy-5-methyl-3-(1-octenyl)ox-
acyclopentan-2-one (24). A solution of 1.64 mmol of LICA in 3
ml of dry THF was cooled to =78 °C. To this rapidly stirred mix-
ture was added a solution of 206 mg (0.54 mmol) of ester 17 in 1 ml
of dry THF over 35 s. After an additional 2 min at —78 °C, 0.250
ml (1.95 mmol) of TMSCI was added in one portion. The reaction
mixture was stirred for an additional 3 min at =78 °C and then al-
lowed to warm to 25 °C. The mixture was then stirred at reflux for
3.5 h to effect rearrangement. After cooling to 25 °C, the mixture
was treated with 0.1 ml of ethanol and sufficient methanesulfonic
acid to give pH 1-2. Immediate dichloromethane extraction® af-
forded 227 mg of a yellow oil. This material was purified by me-
dium-pressure chromatography?? on 1.25 X 50 cm of silica gel with
20% acetone-benzene. Elution with 300 ml of this solvent mixture
afforded 141 mg (88%) of the lactone amide 24 as a colorless oil:
NMR (CDCl3) 6 1.60 [s, 8 H, CH3C(0)2-], 3.66 (q, 2 H, JJ = 7 Hz,
CH3CH,0-), 5.5-6.3 (br m, 4 H, CH=CH and NHg); ir (CHCls)
3700-3150 (several bands, NHs), 1765 (lactone C=0), 1675 (amide
C=0), 1590 cm™1,

Anal. Caled for CooH3gNO4: C, 69.25; H, 10.30; N, 3.67. Found:
C, 69.10; H, 10.30; N, 3.71.

( E)-4-Decenoyl Chloride (25). A solution of 1.37 g (8.05 mmol)
of (E)-4-decenoic acid3 in 15 ml of dry benzene was treated with
1.4 ml (1.90 g, 16 mmol) of thionyl chloride. This mixture was
stirred at reflux for 1 h. After the reaction mixture had cooled to
25 °C, the benzene and excess thionyl chloride were removed by
rotary evaporation at reduced pressure followed by addition and
similar removal of a second 15-ml portion of benzene. The residue
was evaporatively distilled at 50-55 °C (0.05 mm) and 1.41 g (93%)
of the acid chloride as a colorless liquid: NMR (CDClg) § 2:95 (m, 2
H, C-2 H’s), 5.45 (m, 2 H, CH=CH); ir (CHCl3) 1800 (C=0), 1405,
970, 915, 730, 685 cm™1,

9-Carbamoyl-2-methoxy-2-nonenyl (E)-4-Decenoate (18). A
solution of 1.37 g (6.37 mmol) of the hydroxy amide 22a and 3.53
ml (2. 55 g, 256 mmol) of dry triethylamine in 25 ml of dry dichloro-
methane was cooled to 0 °C. To this stirred solution was added
1.20 g (6.37 mmol) of the acid chloride 25 in 10 ml of dichlorometh-
ane. The reaction mixture was allowed to warm to 25 °C over L h
and then was stirred for 11 h. Extraction??® with 10% dichlorometh-
ane-ether, including a base wash, gave 2.02 g of a yellow oil which
crystallized upon standing. This material was purified by medium-
pressure chromatography? on 2.5 X 50 c¢m of silica gel with 40%
acetone—ether at a flow rate of 2 ml/min. After elution with 210 ml
of this solvent system, the next 160 ml afforded 1.60 g (72%) of the
ester 18 as a white, waxy solid containing two isomers. A portion of
this material was recrystallized from hexane and gave white plate-
lets: mp 52.5-60 °C; NMR (CDClg) 6 3.47 and 3.55 (s, 3 H total,
CH;0), 4.57 (m, 2 H, -CH30-), 4.8 (m, 1 H, enol ether vinylic H),
5.42 (m, 2 H, CH==CH), 5.7 (br, 2 H, NHy); ir (CHCl3) 3540, 3500,
and 3420 (NHy), 1730 (ester C=0), 1675 (amide C=0), 1590,
1160, 1120, 1070, 970 em™1,

Anal. Caled for Co1H37NOy4: C, 68.63; H, 10.15; N, 3.81. Found:
C, 68.64; H, 10.13; N, 3.84.

4-(6-Carbamoylhexyl)-5-methoxy-5-methyl-3-(2-octen-
yl)oxacyclopentan-2-one (27). A solution of 1.5 mmol of LDA in
3.0 ml of dry THF was cooled to =78 °C. To this rapidly stirred so-
lution was added 184 mg (0.5 mmol) of the ester 18 in 1 ml of THF
over 1 min. After an additional 2 min at =78 °C, 1.0 ml (1.52
mmol) of TBSCl in HMPA was added in one portion. This mixture
was stirred at —78 °C for an additional 2 min after which the cool-
ing bath was removed and the reaction mixture was allowed to
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warm to 25 °C over 20 min. The reaction mixture was then stirred
at reflux for 8.5 h. Extraction?? with 75% ether-petroleum ether af-
forded 369 mg of a nearly colorless oil. This oil was dissolved in 3
ml of THF and 1 ml of methanol; one drop of methanesulfonic acid
was added and the mixture was stirred for 35 min at 25 °C. Extrac-
tion?® with 75% ether-petroleum ether, including a base wash, gave
198 mg of a colorless oil. This material was purified by medium-
pressure chromatography?? on 1.25 X 50 cm of silica gel with 25%
acetone—ether at a flow rate of 1 ml/min. After elution with 110 ml
of this solvent system, the next 10 ml gave 45 mg of a mixture of
compounds which by NMR analysis appeared to contain 50% of
the desired lactone. Continued elution with 65 ml of the same sol-
vent system gave 102 mg (56%) of a mixture of diasteriomers of the
lactone 27 as a colorless oil: NMR (CDCl3) 6 1.35 (br s, methy-
lenes), 1.43 and 1.53 [s, 3 H total, CH3C(0)2-], 3.33 (br s, 3 H,
CH30-), 5.5 (br m, 4 H, CH=CH and NHo): ir (CHClg) 1765 (lac-
tone C==0), 1680 (amide C=0), 1590, 1385, 975, 910 cm™1,

Anal. Caled for C2;Hg7NOy4: C, 68.63; H, 10.15; N, 3.81. Found:
C, 68.72; H, 9.99; N, 3.62.

5-(6-Carbamoylhexyl)-4-(2-octenyl)-2-cyclopentenone (28).
A. Reduction with DIBAH. A solution of 102 mg (0.278 mmol) of
lactone 27 in 4 ml of dry ether was cooled to —78 °C. To this
stirred solution was added 0.885 ml (0.612 mmol) of a solution of
DIBAH in benzene over a period of 3 min. The reaction mixture
was stirred at —78 °C for an additional 30 min, then 0.15 ml of
methanol was added to the mixture and the cold bath was re-
moved. After the reaction mixture had warmed to 25 °C, 0.15 ml of
water and 0.2 g of Celite were added. The reaction mixture was
stirred vigorously for 15 min. Anhydrous sodium sulfate (0.2 g) was
again subjected to vigorous stirring for 15 min. The reaction mix-
ture was then filtered with the aid of 75 ml of ether. The filtrate
was evaporated at reduced pressure and gave 95 mg (92%) of a
crude lactol which was not purified further.

B. Aldol Condensation. A solution of 69 mg of (0.187 mmol) of
the crude lactol in 5 ml of ethanol and 5 ml of 5% aqueous sodium
hydroxide solution was stirred for 20 min at 25 °C. Ether extrac-
tion?® gave 53 mg of a colorless oil. This material was purified by
medium-pressure chromatography?? on 1.25 X 50 em of silica gel
with 30% acetone-ether at a flow rate of 1 ml/min. After elution
with 120 ml of this solvent system, continued elution'with 35 ml
afforded 33 mg (51%) of the cyclopentenone 28 as a colorless oil:
NMR (CDCls) 6 2.05 (t, 2 H, J = 7 Hz, CH.C==0), 5.42 (m, 2 H,
CH=CH), 5.73 (m, 2 H, NHj), 6.10 (dd, 1 H, J = 6 and 1 Hz,
=CHC=0), 7.56 (dd, 1 H, J = 6 and 2 Hz, CH=C-C==0); ir
(CHCl3) 35503100 (several bands, NHy), 1685 (enone and amide
C=0), 1590, 970 em~1; uv (EtOH) Amax 219 nm (e 10 000).

Anal. Caled for CooH3sNOg: C, 75.19; H, 10.41; N, 4.38, Found:
C, 75.05; H, 10.47; N, 4.41.

4~(6-Carboxyhexyl)-5~-methoxy-5-methyl-3-(2-octenyl)oxa-
cyclopentan-2-one (29). A solution of 2.04 mmol of LDA in 7 ml
of dry THF was cooled to =78 °C. To this stirred solution was
added 1.8 ml of dry HMPA followed by 250 mg (0.679 mmol) of the
ester 18 in 2 ml of THF over 4 min, The reaction mixture was
stirred for an additional 2 min and then 0.59 ml (2.04 mmol) of
TBSCI in hexane was added. After an additional 2 min at —78 °C,
the cold bath was removed and the reaction mixture was allowed
to warm to 25 °C. The mixture was.then stirred at reflux for 3 h.
Extraction?? with 75% ether—petroleum ether gave a nonmobile oil.
This material was stirred at reflux in a solution of 1.2 g of sodium
hydroxide, 6 ml of water, and 15 ml of methanol for 16 h. The
cooled reaction mixture was poured into 30 ml of water and ex-
tracted with three 25-ml portions of ether (extracts discarded).
The basic solution was cooled to 0 °C and acidified by addition of
90 ml of 0.4 N H280, with stirring. Dichloromethane extraction??
gave 220 mg of an oil. This material was purified by medium-pres-
sure chromatography??2 on 1.25 X 50 cm of silica gel with petroleum
ether-dichloromethane-THF-acetic acid (50:10:3:2) at a flow rate
of 1 ml/min. After elution with 60 ml of this solvent system, con-
tinued elution with 50 ml gave 162 mg (65%) of a mixture of diaste-
reomers of the lactone acid 29 as a colorless oil: NMR (CDClg) 6
1.48 and 1.53 [s, 3 H total, CH3C(0)2~], 3.36 (s, 3 H, CH30-), 5.65
(m, 2 H, CH=CH); ir (CHC]l3) 1765 (lactone C=0), 1710 (acid
C=0), 1380, 975 910 cm~1,

Anal. Caled for Co1HygOs: C, 68.45; H, 9.85. Found: C, 68.42; H,
9.72.

5-(6-Carboxyhexyl)-4-(2-octenyl)-2-cyclopentenone  (30).
A. Reduction with DIBAH, A solution of 168 mg (0.450 mmol) of
the lactone acid 29 in 15 ml of dry ether was cooled to —~78 °C. To
this stirred solution was added 1.17 ml (1.01 mmol) of DIBAH in
benzene over a 4-min period. The reaction mixture was then
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stirred at —78 °C for an additional 30 min. The mixture was then
treated with 0.6 ml of methanol to quench excess hydride and was
stirred for an additional 5 min at =78 °C. The reaction mixture
was then rinsed into .a mixture of 5 ml of acetic acid and 10 g of ice
with 25 ml of ether. This mixture was stirred for 5 min, after which
ether extraction?® afforded 166 mg (quantitative crude yield) of a
keto aldehyde: NMR (CDCl3) 6 1.33 (m, -CHs-), 2.16 and 2.23 (s, 3
H total, CHsC=0), 5.38 (m, 2 H, CH=CH), 9.41 (br s, 1 H,
CO2H), 9.69 (m, 1 H, CHO).

B. Aldol Condensation. This keto aldehyde was dissolved in 15
ml of dry benzene and was treated with 5.7 ul of acetic acid and 9.9
ul of piperidine. This mixture was stirred at reflux with continuous
removal of water by means of a Dean-Stark apparatus charged
with 4A molecular sieves. After 4.75 h, TLC analysis indicated that
some starting keto aldehyde remairied. The reaction mixture was
again treated with 5.7 ul of acetic acid and 9.9 ul of piperidine and
reflux was continued for 2 h. Ether extraction,?® including a wash
with 20% aqueous sodium dihydrogen phosphate solution, gave 197
mg of a slightly yellow oil. Purification by preparative TLC2226 on
13 X 20 X 0.2 cm of silica gel with hexane-dichloromethane-
THF-acetic acid (30:10:5:3) afforded 126 mg (86% from lactone 29,
R 0.23-0.38) of cyclopentenone 30 as a colorless oil: NMR (CDCls)
6 544 (m, 2 H, CH=CH), 6.15 (dd, 1 H, J = 6 and 1 Hz,
=CHC==0), 7.60 (dd, 1 H, J = 6 and 2 Hz, CH=CC=0), 10.07 (br
s, 1 H, COzH); ir (CHCl3) 3400-2600 (CO,H), 1705 (enone and acid
C=0), 1590, 950 cm~%; uv (EtOH) Amax 219 (¢ 9400).

Anal, Caled for CaoHa203: C, 74.96; H, 10.06. Found: C, 74.90; H,
9.90.

3-(6-Carbamoylhexyl)-2,5-dimethoxy~2-methyl-4-(2-octen-
yl)oxacyclopentane (31). A solution of 133 mg (0.361 mmol) of
the crude lactol, which resulted from reduction of lactone 27 (vide
supra), in 7 ml of methanol was cooled to 0 °C. To this solution
was added one drop of methanesulfonic acid and the reduction
mixture was stirred at 0 °C for 3 h. Ether extraction,?3 including a
base wash, gave 128 mg (93%) of a slightly brown oil. A portion of
this material (75 mg) was purified by medium-pressure chroma-
tography?? on 1.25 X 50 cm of silica gel with 30% acetone-ether at
a flow rate of 1 ml/min. After elution with 135 ml of this solvent,
continued elution with 125 ml afforded 53 mg of a mixture of sev-
eral diastereomers of the bis acetal 31 as a colorless oil: NMR
(CDClg) & 3.27, 8.32, 3.37, and 3.40 (s, CH30), 4.65 (m, 1 H,
-0CHO-), 5.43 (m, 2 H, CH=CH), 5.68 (m, 2 H, NHy); ir (CHCl;)
1675 (amide C==0), 1590, 1380, 1100, 975 cm™1.

Anal. Caled for CoeHy1NO4 C, 68.89; H, 10.77; N, 3.65. Found:
C, 68.91; H, 10.76; N, 3.66.

Preparation of Cyclopentenone 30 from Bis Acetal 31. A so-
lution of 128 mg (0.334 mmol) of the crude bis acetal 31 in 25 ml of
methanol and 8 ml of 20% aqueous sodium hydroxide solution was
stirred at reflux for 8 h. The reaction mixture was poured into 150
ml of pH 7 buffer (Beckman) containing a small amount of bro-
mothymol blue. The blue solution was neutralized by dropwise ad-
dition of concentrated hydrochloric acid at 0 °C until a light green
color was obtained. Dichloromethane extraction?? gave 95 mg of a
brown oil. This material was partially purified by filtration
through 15 g of silica gel. Elution with 40 ml of ether gave 48 mg of
an oil. This material was dissolved in 7.5 ml of THF and 3 ml of
water. To this solution was added 0.3 ml of concentrated hydro-
chloric acid and the mixture was stirred at 25 °C for 1.5 h. At the
end of this period, 0.75 ml of 40% aqueous sodium hydroxide solu-
tion and 3 ml of methanol were added. The reaction mixture was
stirred at 25 °C for 25 min. The reaction mixture was then poured
into 20 ml of 5% hydrochloric acid. Ether extraction®® gave 44 mg
of ‘an orange oil. Chromatography of this material on 15 g of silica
gel with 30 ml of 75% ether—petroleum ether, 30 mi of 90% ether—
petroleum ether, and finally 60 ml of ether gave 15 mg (14% from
lactone 27) of the cyclopentenone acid 30.

Isopropyl 4,5-Epoxy-2-hexenoate (33). A solution of 5.8 g
(37.7 mmol) of isopropyl sorbate in 100 ml of dichloromethane was
cooled to 0 °C. To this solution was added 11.5 g (56.5 mmol) of
85% m-chloroperbenzoic acid during a 10-min period. Following
this addition, the reaction mixture was stirred at 0 °C for 30 min
and at 25 °C for 4 h. Excess peracid was then destroyed by drop-
wise addition of 10% aqueous sodium bisulfite solution and the
product was isolated by ether extraction,?® including a base wash.
The residual liquid was purified by chromatography on 200 g of
silica gel. After elution with 500 ml of 10% ether-petroleum ether
and then 250 ml of 20% ether—petroleum ether, continued elution
with the latter solvent system gave 4.9 g (76%) of the epoxy ester
33. An analytical sample was obtained by preparative VPC?2 (200
°C, 8 ft X 0.25 in. 10% Carbowax 20M, 60 ml/min, thermocouple)
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followed by evaporative distillation at 40 °C (0.08 mm): NMR
(CDCly) 61.25 [d, 6 H, J = 6 Hz, (CH3)oC], 1.35 (d, 3 H, J = 6 Hz,
C-6H),295(qofd,1H,J =5and 2Hz, C-5H),3.13(dd,1H,J =
6 and 2 Hz, C-4 H), 5.07 [septet, 1 H, J = 6 Hz, (CH3),CHO-], 6.07
(d,1H,J =15 Hz, C-2 H), 6.67 (dd, 1 HJ = 15 and 6 Hz, C-3 H);
ir (CHClg) 1710 (C=0), 1660 (C==C), 1110, 975, 940, 830 cm"1,

Anal. Caled for CoH1403: C, 63.51; H, 8.29. Found: C, 63.52; H,
8.36.

Reduction of Ester 33. A. With Lithium in Ammonia. A mix-
ture of 24 ml of dry THF and 96 m! of dry ammonia was cooled to
—78 °C. To this stirred solution was added 63 mg (9 mmol) of lithi-
um wire in gix freshly cut pieces. After 10 min at —78 °C, a solu-
tion of 510 mg (3 mmol) of the ester 33 in 2 ml of dry THF was
added to the rapidly stirred reaction mixture as fast as possible.
After 40 s, the blue color faded and 9 g of solid ammonium chloride
was added. Stirring was continued at —78 °C for 2 min, after which
the cooling bath was removed and ammonia allowed to evaporate
over 4 h. Dichloromethane extraction?® gave 480 mg of a colorless
oil which was purified further by chromatography on 15 g of silica
gel with 50% ether-petroleum ether. After elution with 40 ml of
this solvent mixture, continued elution with 80 ml gave 410 mg
(79%) of a mixture of alcohols 36a and 37a. Analysis by VPC?2 (160
°C, 8 ft X 0.25 in. 10% Carbowax 20M 60 ml/min, thermocouple)
indicated that the mixture contained an 89:11 ratio of isomers:
NMR (CDCl)341.22 [d, 6 H, J = 6 Hz, (CH3)2C],1.25 (d,3H, J =
6 Hz, C-6 H’s), 2.3 (br, 1 H, OH), 3.00 (m, 2 H, C-2 H’s), 4.27 (m, 1
H, C-5 H), 5.00 [septet, 1 H, J = 6 Hz, (CH;3)2CH-], 5.67 (m, 2 H,
C-3 H and C-4 H); ir (CHCl3) 3600 and 3400 (OH), 1720 (C=0),
1375, 1110, 1060, 970 cm ™1,

Anal. Caled for CgH1603: C, 62.77; H, 9.36. Found: C, 62.70; H,
9.44.

Isopropyl (E)-5-(tert-Butyldimethylsilyloxy)-3-hexenoate
(36b) and Isopropyl (Z)-5-(tert-Butyldimethylsilyloxy)-3-
hexenoate (37b). Following the procedure of Corey,'® a mixture of
462 mg (2.69 mmol) of the alcohols 36a and 37a from the lithium
in ammonia reduction above, 483 mg (3.22 mmol) of TBSC], and
457 mg (6.73 mmol) of imidazole in 5 ml of dry DMF was stirred at
25 °C for 17 h. Pentane extraction?? gave 731 mg of a slightly yel-
low oil which was filtered through 15 g of silica gel with 80 ml of 5%
ether—petroleum ether. This afforded 526 mg (68%) of a colorless
oil. Analysis by VPC?2 (160 °C, 8 ft X 0.25 in. 10% Carbowax 20M,
60 ml/min, thermocouple) indicated that this consisted of two iso-
meric components. The minor isomer (10%) had a retention time
of '11.5 min; the major isomer (90%) had a retention time of 13.0
min. These isomers were separated by medium-pressure chroma-
tography?2 on 0.9 X 60 cm of silica gel with 5% ether—petroleum
ether at a flow rate of 0.5 ml/min. The more mobile component
was the minor isomer which was assigned the Z stereochemistry
37b. An analytical sample was prepared by evaporative distillation
at 50 °C (0.05 mm): NMR (CDCls) 5 0.03 [s, 6 H, (CH3)Si], 0.87 [s,
9 H, (CH;3)3CSi], 1.18 (d,3 H,J = 6 Hz, C-6 H’s), 1.22 [d, 6 H, J =
6 Hz, (CH3)2C], 1.37 (d, 2 H, J = 5 Hz, C-2 H’s), 4.5 (m, 1 H, C-5
H), 5.00 [septet, 1 H, J = 6 Hz, (CH3)2CH-], 5.55 (m, 2 H, C-3 H
and C-4 H); ir (CHClg) 1725 (C==0), 1260, 1110, 915, 875, 835
c¢m~1, no band at 970 em™1.

Anal. Caled for C15H3003Si: C, 62.89; H, 10.55. Found: C, 62.94;
H, 10.58.

The less mobile component was the major isomer and was as-
signed the E stereochemistry 36b. An analytical sample was pre-
pared by evaporative distillation at 50 °C (0.05 mm): NMR
(CDCly) 6 0.05 [s, 6 H, (CHg)2Si], 0.90 [s, 9 H, (CH3)3CSi], 1.20 (d,
3H,J =6Hz C-6 H’s), 1.22 [d, 6 H, J = 6 Hz, (CH;3)2C], 2.98 (d, 2
H,J = 5 Hz, C-2 H’s), 4.27 (m, 1 H, C-5 H), 5.02 [septet, L H,J = 6
Hz, (CH3);CHO-], 5.5 (m, 2 H, C-3 H and C-4 H); ir (CHCls) 1720
(C==0), 1260, 1110, 970, 910, 835 cm™1,

Anal. Caled for Cy5H30038i: C, 62.89; H, 10.55. Found: C, 63.00;
H, 10.58.

Reduction of Ester 33. B. With Sodium in HMPA-THEF, Fol-
lowed by Silylation with TBSCl. A solution of sodium in
HMPA-THF was prepared according to the procedure of House.!?
Titration of an aliquot of this solution with sec-butyl alcohol in xy-
lene indicated that it was 0.35 M in sodium. Addition of a second
aliquot to water followed by titration with standard HCl to a phen-
olphthalein endpoint indicated that the solution was 0.32 M in
total base.

A solution of 170 mg (1 mmol) of ester 33 in 13.7 ml of THF was
cooled to =78 °C. To this rapidly stirred solution was added 5.88
ml (2.0 mmol) of the Na~-HMPA-THF solution in one portion. De-
colorization occurred after 70 s. After an additional 2 min at —78
°C the yellow solution was treated with 0.65 ml (2.2 mmol) of
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TBSC! in hexane and was stirred at —78 °C for an additional 2
min. The cooling bath was then removed and the reaction mixture
was stirred at 25 °C for 20 min. Pentane extraction?? gave a yellow
oil which was dissolved in 5 ml of THF and treated with 1 ml of
70% aqueous acetic acid solution. This solution was stirred at 25
°C for 1 h to effect hydrolysis of the silyl ketene acetal. Pentane
extraction,?® including a base wash, gave a nearly colorless oil
which was purified by chromatography on 10 g of silica gel with
109% ether—petroleum ether. Elution with 35 ml of this solvent mix-
ture gave 113 mg (39%) of a mixture of silyl ethers 36b and 37b.
Analysis by VPC?2 (160 °C 8 ft X 0.25 in. 10% Carbowax 20M, 60
ml/min, thermocouple) indicated that this material consisted of a
mixture of Z silyl ether 37b (40%) and E silyl ether 36b (60%).

C. With Sodium in HMPA-THF Followed by Protonation. A
solution of sodium in HMPA-THF!7 was prepared as in B above.
Titration of total base with standard HCl indicated that the solu-
tion was 0.256 M in sodium. A solution of 170 mg (1.0 mmol) of
ester 33 in 43 ml of dry THF and 4 ml of dry HMPA was cooled to
—78 °C. To this rapidly stirred solution was added 11.7 ml (3.0
mmol) of the Na-HMPA-THF solution in one portion. The blue
color persisted and was discharged after 1 min by addition of 9 g of
sodium ammonium chloride. After an additional 2 min at —78 °C,
the reaction mixture was allowed to warm to 25 °C over 30 min.
Pentane extraction gave 127 mg of a yellow oil which was purified
by chromatography on 15 g of silica gel with 50% ether—petroleum
ether. After elution with 54 ml of this solvent mixture, continued
elution with 40 ml gave 73 mg (42%) of a mixture of alcohols 36a
and 37a.

D. With Zinc in HMPA-THF.? A mixture of 340 mg (2.0 mmol)
of epoxy ester 33, 600 mg (4 mmol) of TBSCI, and 0.5 g of zinc dust
in 10 ml of dry THF and 2.5 ml of dry HMPA was stirred at reflux
for 16 h. Pentane extraction?3 gave a colorless oil. NMR analysis
indicated that this material consisted of only the starting ester 33.

Enolization of Hydroxy Esters 36a and 37a. A solution of 2.2
mmol of LDA in 20 ml of dry THF was cooled to —78 °C. To this
solution was added 4.0 ml of dry HMPA. This rapidly stirred solu-
tion was treated with the dropwise addition of 172 mg (1.0 mmol)
of a mixture of the hydroxy ester 36a (90%) and 37a (10%) in 2 m]
of dry THF over 4 min. Following the addition, the reaction mix-
ture was stirred at —78 °C for an additional 2 min and then 0.65 ml
(2.2 mmo}) of TBSCI in hexane was added in one portion. After an
additional 2 min, the reaction mixture was allowed to warm to 25
°C and was stirred for 30 min. Pentane extraction? gave a slightly
yellow oil which contained none of the starting esters and was
identified as the ketene acetal 35 (NMR analysis). This material
was dissolved in 5 ml of THF and was treated with 1 ml of 70%
aqueous acetic acid. After 1.5 h, VPC?? analysis (160 °C, 6 ft X
0.125 in., 4% SE-30, 60 m]l/min, flame ionization) employing hexa-
decane as an internal standard (corrected for sensitivities) indicat-
ed that the siloxy esters 36b and 37b were present in 56% yield.
VPC2? analysis (160 °C, 8 ft X 0.25 in., 10% Carbowax 20M, 60
ml/min, thermocouple) demonstrated that the mixture consisted
of 90% of the E ester 36b and 10% of the Z ester 37b.

Enolization of the Siloxy Esters 36b and 37b. A solution of
0.6 mmol of LDA in 5 ml of dry THF was cooled to —78 °C and 1.0
ml of dry HMPA was added. To this rapidly stirred mixture was
added a solution of 143 mg (0.5 mmol) of a mixture of the silyl
ethers 36b (90%) and 37b (10%) and 90 mg (0.6 mmol) of TBSCl in
0.5 ml of dry THF over 4 min. After an additional 2 min at —78 °C,
the reaction mixture was allowed to warm to 25 °C and was stirred
for 30 min. Pentane extraction?® gave a slightly yellow oil which
contained none of the starting esters 36b or 37b (NMR analysis).
The ketene acetal was hydrolyzed and the reaction mixture ana-
lyzed as described above. The siloxy esters were present in 64%
yield. This consisted of ester 36b (90%) and ester 37b (10%).

Methyl (E)-2-Methyl-2-(phenylthio)-4-decenoate (40). A so-
lution of 3.37 g (11.53 mmol) of (E)-2-methyl-2-(phenylthio)-4-de-
cenoic acid? in 40 ml of dry HMPA was treated with 353 mg of so-
dium hydride (minrral oil free) in small portions over a 10-min pe-
riod. Following the addition, the reaction mixture was stirred at 25
°C for 1.25 h and then treated with 2.49 ml (5.68 g, 40 mmol) of io-
domethane in one portion. This mixture was stirred at 25 °C for 3
h and then diluted with 100 ml of 5% hydrochloric acid solution.
Ether extraction,?® including a wash with 10% aqueous sodium
thiosulfate solution, gave 8.40 g of a slightly yellow oil. This mate-
rial was purified by chromatography on 170 g of silica gel with 5%
ether—petroleum ether. After elution with 540 ml of this solvent
system, continued elution with 360 ml gave 3.21 g (91%) of the
methyl ester 40. An analytical sample was prepared by evaporative
distillation at 120° (0.05 mm): NMR (CDCl3) 6 1.38 (s, 3 H, CHj),
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2.00 (m, 2 H), 1.8-2.9 (4 H), 5.43 (m, 2 H, CH=CH), 7.4 (m, 5 H,
CeHs); ir (CHCls) 1725 (C=0), 1435, 1375, 1025, 970 cm™L.

Anal. Caled for C1gHg605S: C, 70.56; H, 8.55; S, 10.46. Found: C,
70.62; H, 8.62; S, 10.49,

Methyl (E,E)-2-Methyl-2,4-decadienoate (41) and Methyl
(E)-2-Methylene-4-decenoate (42). A solution. of 3.0 g (9.80
mmol) of the a-(phenylthio) ester 40 in 125 ml of dichloromethane
was cooled to 0 °C. To this stirred solution was added a solution of
1.99 g (9.80 mmol) of 85% m-chloroperbenzoic acid in 25 ml of di-
chloromethane over a period of 1 h. Following the addition, the re-
action mixture was stirred at 0° for an additional 1 h, Ether ex-
traction,?® including a base wash, gave a mixture of sulfoxides.
This material was dissolved in 65 ml of carbon tetrachloride and
was stirred at 60 °C for 2 h. The reaction mixture was cooled to 25
°C and the solvent was removed at reduced pressure. The residue
was partially purified by passage through 100 g of silica gel with
200 ml of 30% ether-petroleum ether and afforded 2.0 g of a color-
less oil. VPC22 ganalysis (200 °C, 8 ft X 0.25 in. 10% Carbowax 20M,
60 ml/min, thermocouple) indicated that this material consisted of
only two volatile components. The minor component (retention
time 3.5 min) accounted for 22% of the mixture and the major
component (retention time 7.5 min), 78%. These isomers could be
separated by medium-pressure chromatography?? on 2.5 X 50 cm
of silica gel with 2% ether—petroleum ether at a flow rate of 2 ml/
min. After elution with 880 ml of this solvent system, continued
elution with 300 ml gave 387 mg (20%) of the minor component
which was identified as the a-methylene ester 42, An analytical
sample was prepared by evaporative distillation at 60° (0.1 mm):
NMR (CDCly) 6 0.5-1.5 (9 H), 2.0 (m, 2 H, C-6 H’s), 3.0 (m, 2 H,
C-3 H’s), 8.77 (s, 8 H, CH30), 5.50 (m, 3 H, vinylic H’s). 6.15 (br s,
1 H, vinylic H syn to ester); ir (CHCl3) 1715 (C=0), 1630 (C=C),
1435, 1140, 975, 950 cm™1.

Anal. Caled for C13Hg009: C, 73.43; H, 10.27. Found: C, 73.38; H,
10.18.

After elution with an additional 20 ml of the same solvent sys-

tem, continued elution with 430 ml gave 1.411 g (73%) of the major
isomer which was identified as the fully conjugated isomer 41. An
analytical sample was prepared by evaporative distillation at 60°C
(0.05 mm): NMR (CDClg) § 0.7-1.6 (9 H), 1.90 (br s, 3 H, vinylic
CHzs), 2.2 (m, 2 H, C-6 H’s), 3.71 (s, 3 H, CH30-), 6.23 (m, 2 H, C-4
H and C-5 H), 7.18 (br d, 1 H, J = 8 Hz, C-3 H); ir (CHCl3) 1700
(C=0), 1640 and 1610 (C=C), 1435, 1110, 970 cm™1.

Anal. Caled for C1oH2009: C, 73.43; H, 10.27. Found: C, 78.42; H,
10.16.

In a separate experiment it was possible to separate and inde-
pendently pyrolyze the two diastereomeric sulfoxides. The mixture
of sulfoxides from oxidation of 2.0 g (6.54 mmol) of the ester 40
was subjected to chromatography on 200 g of silica gel. After elu-
tion with 400 ml of 30% and 300 m] of 40% ether—petroleum ether,
continued elution with 225 ml of 50% ether-petroleum ether gave
712 mg of the more mobile sulfoxide contaminated with decompo-
sition products. Further elution with 150 ml of the same solvent
mixture gave 346 mg of the less mobile sulfoxide, also contaminat-
ed with decomposition products. Rapid rechromatography on 50 g
of silica gel with 60% ether—petroleum ether afforde pure samples
of each of the sulfoxides.

The more mobile isomer (isomer A, R/?2 0.21, 30% ether-petrole-
um ether, 523 mg) was characterized by the following spectral
data: NMR (CDCls) & 1.17 (s, 3 H, CHy), 1.9 (m, 2 H, =CCH,-),
2.60(d,1H,J =7Hz, C-3H),288(d,1 H,J =6 Hz, C-3 H), 3.60
(s, 3 H, CH30), 5.43 (m, 2 H, CH=CH), 7.48 (s, 5 H, CgHy); ir
(CDCly) 1720 (C=0), 1370, 1080, 1035, 970 cm™1,

The less mobile isomer (isomer B, Rf2? 0.12 30% ether—petrole-
um ether, 144 mg) was characterized by the following spectral
data: NMR (CDCls) 6 1.38 (8, 3 H, CHj3), 1.9 (m, 2 H, =CCH,-),
2.837(d,1H,J =7Hz, C-3H),2.60(d,1H,J =6 Hz, C-3 H), 3.63
(s, 5 H, CgHs); ir (CHClg) 1725 (C==0), 1375, 1085, 1045, 975, 910
cm™l,

Each sulfoxide was heated in carbon tetrachloride at 60 °C for 2
h. The products were isolated as described above and analyzed by
VPC?22 (200 °C, 8 ft X 0.25 in. 10% Carbowax 20M, 60 mil/min,
thermocouple). The following results wete obtained.

Sulfoxide 41/42 Yield of olefins
Isomer A (high Ry) 68/32 99% from sulfoxide
Isomer B (low Ry 90/10 97% from sulfoxide
Original mixture 78/22 93% from ester 40

Ireland, Mueller, and Willard

Methyl 4,5-Epoxy-2-methyl-2-decenoate (46). The unsatu-
rated ester 41 (3.1 g, 15.8 mmol) was dissolved in 100 ml of chloro-
form and 40 mg of 3-tert-butyl-4-hydroxy-5-methylphenyl sul-
fide,?” a free-radical inhibitor, was added. To this solution was
added 4.02 g (19.8 mmol) of 85% m-chloroperbenzoic acid and the
resulting solution was stirred at 25 °C for 6 h. Ether extraction,2?
including a base wash and a 10% aqueous sodium bisulfite wash,
gave the crude epoxy ester 46 which was purified by medium-pres-
sure chromatography?? on 2.5 X 50 cm silica gel with 10% ether—
petroleum ether at a flow rate of 2.7 ml/min. After elution with 560
ml of this solvent mixture, continued elution with 300 ml afforded
3.0 g (90%) of the epoxy ester 46 as a colorless oil. An analytical
sample was prepared by evaporative distillation at 70 °C (0.1 mm):
NMR (CDCly) 6 0.5-1.7 (11 H), 1.98 (d, 3 H, J = 1.5 Hz, C-2 CH3),
2.88 (m, 1 H, C-5 H), 3.33 (dd, 1 H, J = 2 and 8 Hz, C-4 H), 3.75 (s,
3 H, CH30-), 6.30 (br d, 1 H, J = 8 Hz, C-3 H); ir (CHCl3) 1715
(C=0), 1655 (C==C), 1435, 1315, 1260, 1160, 1105, 915, 870 cm™1.

Anal. Caled for C1oH200s: C, 67.89; H, 9.50. Found: C, 67.84; H,
9.42.

Methyl (E)-5-Hydroxy-2-methyl-3-decenoate (47). A mix-
ture of 24 ml of dry THF and 96 ml of dry ammonia was cooled to
—78 °C. To this stirred solution was added 63 mg (9 mmol) of lithi-
um wire in six pieces. This solution was stirred for 10 min at —78
°C and then 636 mg (3.0 mmol) of epoxy ester 46 in 2 m! of THF
was added in one portion. The blue color persisted for 1 min at
which time it was discharged by addition of 9 g of solid ammonium
chloride. After an additional 2 min at =78 °C, the cooling bath was
removed, 75 ml of hexane was cautiously added to the reaction
mixture, and the ammonia was allowed to evaporate over 4 h.
Ether extraction®® gave 595 mg of colorless oil which was purified
by chromatography on 50 g of silica gel with 40% ether-petroleum
ether. After elution with 80 m! of this solvent system, contined elu-
tion with 20 ml gave 26 mg (4%) of a minor isomer which was ten-
tatively assigned Z stereochemistry of ester 47. An analytical sam-
ple was prepared by evaporative distillation at 90 °C (0.05 mm):
NMR (CDClg) 6 0.9-1.5 (12 H), 1.97 (m, 2 H, C-6 H’s), 2.5 (m, 2 H,
C-2 H and OH), 3.68 (s, 3 H, CH30-), 4.28 (m, 1 H, C-5 H), 5.57
(m, 2 H, C-3 H and C-4 H); ir (CHCl3) 3600-3400 (OH), 1725
(C==0), 1455, 1005, 970 cm™*.

Anal. Caled for C12Hs903: C, 67.26; H, 10.85. Found: C, 67.36; H,
10.32.

After elution with an additional 10 ml of the same solvent sys-
tem, continued elution with 85 ml gave 440 mg (69%) of the major
E isomer 47. An analytical sample was prepared by evaporative
distillation at 90 °C (0.05 mm): NMR (CDCly) 8 0.5-1.9 (15 H),
3.13 (m, 1 H, C-2 H), 3.68 (s, 3 H, CH;0-), 4.07 (m, 1 H, C-5 H),
5.67 (m, 2 H, C-3 H and C-4 H); ir (CHCl3) 8600 and 3550-3400
(OH), 1725 (C==0), 1455, 1045, 970 cm™1,

Anal. Caled for C12HgoOg: C, 67.26; H, 10.35. Found: C, 67.22; H,
10.30.

Attempted Hydrolysis of Hydroxy Ester 47. A solution of 140
mg (0.654 mmol) of epoxy ester 46 and 157 mg (6.54 mmol) of lithi-

_um hydroxide?® in 4.7 ml of methanol and 1.6 ml of water was

stirred at 25 °C for 2.5 h. After dilution with water and acidifica-
tion with concentrated hydrochloric acid, ether extraction?® gave
129 mg (99%) of a nearly colorless oil. TLC?2 analysis (ether) indi-
cated that this consisted of two acid components, the more mobile
of which quenched fluorescence. An ether solution of 32 mg of this
material was treated with excess diazomethane?® for 20 min at 0
°C. The excess diazomethane was destroyed by dropwise addition
of acetic acid after which ether extraction?? gave 33 mg of a color-
less oil. This material showed only one spot by TLC analysis (50%
ether—petroleum ether). Purification was accomplished by me-
dium-pressure chromatography?? on 0.9 X 60 cm silica gel with
ether at a flow rate of 0.5 ml/min. After elution with 26 ml of this
solvent, continued elution with an additional 14 ml afforded 31 mg
(91%) of a colorless oil. NMR analysis indicated that this consisted
of 70% of ester 47 [6 3.68 (s, CH30)] and 30% of another methyl
ester [§ 3.73 (s, CH30) and 6.90 (br t, J = 7 Hz, vinylic H)] which
was tentatively assigned the structure of the methyl ester arising
from conjugated acid 49. Similar results were obtained when the
saponification was attempted with potassium hydroxide in metha-
nol.

(E,E)-2-Methyl-2,4-decadienoic Acid (43). A mixture of 3.0 g
(15.3 mmol) of the methyl ester 41 and 1.5 g of potassium hddrox-
ide in 10 m} of methanol was stirred at reflux for 1.5 h. The reac-
tion mixture was then diluted with 100 ml of water and extracted
with two 50-m! portions of ether (extracts discarded). After acidifi-
cation of the basic solution with concentrated hydrochloric acid,
ether extraction?3 gave 2.76 g (99%) of the acid 43 as white crystals,
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mp 53-56 °C. The analytical sample was prepared by two recrys-
tallizations of this material from petroleum ether at ~20 °C: NMR
(CDCl3) 6 0.6-1.8 (9 H], 1.93 (br s, 3 H, C-2 CHj3), 2.2 (m, 2 H,
C¢Hs), 6.2 (m, 2 H, C-4 H and C-5 H), 7.3 (d, 1 H, J = 10 Hz, C-3
H), 11.0 (br s, 1 H, CO.H); ir (CHCls) 3500-2500 (COoH), 1680
(C=0), 1250, 1035, 970 cm™1,

Anal. Caled for C;;H;502: C, 72.49; H, 9.95. Found: C, 72.34; H,
9.75.

9-Carbamoyl-2-methoxy-2-nonenyl (FE)-4,5-Epoxy-2-meth-
yl-3-decenoate (50). A. p-Nitrophenyl 2-Methyl-2,4-decadi-
enoate (44). A solution of 2.85 g (14.56 mmol) of unsaturated acid
43 in 20 ml of dry triethylamine was cooled to 0 °C. To this solu-
tion was added 3.42 g (14.56 mmol) of p-nitrophenyl trifluoroace-
tate!! in one portion. This homogeneous solution was stirred at 0
°C for 30 min, during which an orange lower layer separated. Stir-
ring was then continued for 3 h at room temperature. Ether extrac-
tion,2? including a base wash and a 20% aqueous monosodium
phosphate wash, gave an orange oil which was passed through 50 g
of silica gel with 300 ml of dichloromethane. This afforded 3.8 g
(86%) of the p-nitrophenyl ester 44 as a slightly yellow oil: NMR
(CDCl3) 6 0.6-1.6 (9 H), 2.07 (br s, 3 H, C-2 CHj), 2.2 (m, 2 H, C-6
H’s), 6.3 (m, 2 H, C-4 and C-5 H), 7.32 (d, 2 H, J = 9 Hz, aromat-
ic), 8.28 (d, 2 H, J = 9 Hz, aromatic).

B. p-Nitrophenyl 4,5-Epoxy-2-methyl-2-decenoate (45). The
p-nitrophenyl ester 44 (3.8 g, 12.54 mmol) was dissolved in 100 ml
of chloroform. To this solution was added 3.19 g (15.68 mmol) of
85% me-chloroperbenzoic acid and 40 mg of 3-tert-butyl-4-hy-
droxy-5-methylphenyl sulfide.2” This mixture was stirred for 2 h at
25 °C and for 2 h at reflux. Ether extraction,?® including a 10%
aqueous sodium bisulfite wash and a base wash, followed by pas-
sage of the residue through 40 g of silica gel with 240 ml of dichlo-
romethane, gave 3.55 g (89%) of the epoxy ester 45 as a slightly yel-
low oil: NMR (CDCl3) 6 0.5-1.9 (11 H), 2.13 (d, 3 H, J = 1.5 Hz,
C-2 CHg), 3.0 (m, 1 H, C-5 H), 3.45 (dd, 1 H,J = 2 and 8 Hz, C-4
H), 6.60 (brd, 1 H,J = 9 Hz, C-3 H), 7.30 (d, 2 H, J = 9 Hz, aro-
matic), 8.30 (d, 2 H, J = 9 Hz, aromatic). .

C. Preparation of Ester 50. A solution of 1.76 g (8.2 mmol) of
the hydroxy amide 22a and 2.62 g (8.2 mmol) of the p-nitrophenyl
ester 45 in 5 ml of dry THF and 5 ml of dry triethylamine was
stirred at 50 °C for 57 h. Extraction®® with 30% dichloromethane—
ether, including a base wash, gave 3.2 g of an orange semisolid.
This material was purified by medium-pressure chromatography??
on 2.5 X 50 ¢cm of silica gel with 30% acetone-ether at a flow rate of
2 ml/min. After elution with 300 ml of this solvent system, contin-
ued elution with 240 ml gave 2.17 g (67%) of the epoxy ester 50 as a
nearly colorless oil which solidified upon standing. A portion of
this waxy solid was dried at reduced pressure to provide the ana-
lytical sample: NMR (CDCl)3 4 0.5-1.9 (19 H), 2.02 (s, 3 H, vinylic
CH), 2.10 (m, 4 H, =CCH,C- and CH,CONH),), 2.8 (m, 1 H, C-5
H, epoxide), 3.33 (dd, 1 H, J = 2 and 8 Hz, C-4 H, epoxide), 3.50
and 3.60 (s, 3 H total, CH30-), 4.62 and 4.65 (s, 2 H total,
=CCH;0-), 5.5 (br, 2 H, NHy), 6.30 (br d, 1 H, J = 8 Hz, CH=C-
CO3-); ir (CHCI3) 3530, 3490 and 3400 (NHy), 1710, (C==0, ester),
1675 (C=0, amide), 1590, 1310, 1155, 870 cm™~L,

Anal. Caled for CooH37NOs: C, 66.81; H, 9.43; N, 3.54. Found: C,
66.90; H, 9.48; N, 3.49.

9-Carbamoyl-2-methoxy-2-nonenyl 5-Hydroxy-2-methyl-
3-decenoate (51). A mixture of 24 m! of dry THF and 96 ml of dry
ammonia was cooled to —78 °C. To this stirred solution was added
21 mg (3 mmol) of lithium wire in three pieces. This solution was
stirred for 10 min at ~78 °C, after which 395 mg (1 mmol) of the
epoxy ester 50 in 2 ml of dry THF was added in one portion. The
blue color persisted for 1 min after which it was discharged by ad-
dition of 9 g of solid ammoniun chloride. After an additional 2 min
at —78 °C, the cooling bath was removed and the ammonia was al-
lowed to evaporate over 4.5 h. Dichloromethane extraction?® gave
345 mg of a yellow oil which was purified by medium-pressure
chromatography?? on 1.25 X 50 cm of silica gel with 30% acetone—
ether. After elution with 110 ml of this solvent system, continued
elution with 75 ml afforded 290 mg (73%) of the hydroxy ester 51.
A portion of this material was dried at reduced pressure to provide
the analytical sample: NMR (CDClg) § 0.5-1.9 (22 H), 2.08 (m, 4 H,
=CCH2C- and CHsCONH,), 3.1 (m, 1 H, -CHCO¢-), 3.50 and
3.57 (s, 8 total, CH30-), 4.05 (m, 1 H, -CHOH), 4.53 and 4.60 (s, 2
H total, =CCHy0-), 5.63 (m, 4 H, CH=CH and NHy); ir (CHCl;)
3600-3250 (OH and NHsy), 1725 (C=0, ester), 1675 (C=0, amide),
1590, 1460, 970, 915 cm™L.

Anal. Caled for CoaHggNOs: C, 66.47; H, 9.89; N, 3.52. Found: C,
66.44; H, 9.76; N, 3.45.

4-(6-Carboxyhexyl)-3-(3-hydroxyoctenyl)-5-methoxy-3,5-
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dimethyloxacyclopentan-2-one (52). A solution of 2.78 mmol of
LDA in 10 ml of dry THF was cooled to =78 °C. Following addi-
tion of 2.4 ml of dry HMPA, 285 mg (0.718 mmol) of the ester 51 in
2 ml of THF was added dropwise over 4 min to the rapidly stirred
solution. After an additional 2 min at —78 °C, 0.840 ml (2.87
mmol) of TBSCI in hexane was added in one portion and stirring
was continued for 2 min at —78 °C. The cooling bath was removed
and the reaction mixture was allowed to warm to 25 °C, after
which the mixture was stirred at reflux for 3 h. Extraction2® with
75% ether—petroleum ether gave 508 mg of a yellow oil. This mate-
rial was stirred at reflux with 1.2 g of sodium hydroxide in 6 ml of
water and 15 ml of methanol for 16 h. After dilution with water,
the reaction mixture was extracted into two 50-ml portions of
ether (extracts discarded) and then acidified by addition of 80 ml
of 0.4 N sulfuric acid to the ice-cooled, stirred solution. Dichloro-
methane extraction?? gave 237 mg of a brown semisolid. This was
purified by medium-pressure chromatography?? on 1.25 X 50 cm of
silica gel with petroleum ether-dichloromethane-THF-acetic acid
(50:10:3:2). Following elution with 40 ml of this solvent system,
continued elution with 10 ml gave 40 mg of the unsaturated acid
41. Continued elution with 40 ml gave 44 mg of material which was
tentatively identified as the tert-butyl dimethylsilyl ether of the
desired lactone 52: NMR (CDCl3) 5 0.07 [s, 6 H, (CHj3)1Si], 0.92 [s,
9 H, (CH;3)3CSi], 2.18 (m, 2 H, -CH>CO,-), 3.37 (s, 3 H, CH30-),
4,07 (m, 1 H, CHOSI), 5.63 (m, 2 H, CH=CH).

After elution with an additional 295 ml of the same solvent sys-
tem, continued elution with 200 ml gave 65 mg (30%) of the desired
lactone acid 52 as a colorless oil. A portion of this material was
dried at reduced pressure and provided the analytical sample:
NMR (CDClg) 5 0.6-2.0 (28 H), 2.3 (m, 2 H, CHyCO2-), 3.36 (s, 8
H, CH;0), 4.12 (m, 1 H, -CHOH), 5.7 (m, 2 H, CH=CH), 6.2 (br, 2
H, OH and COzH); ir (CHCls) 3600-3400 (OH), 3200-2600
(CO.H), 1760 (C=0, lactone), 1710 (C=0, acid), 1380, 1030, 970,
910 cm™L.

Anal. Caled for CooHggOg: C, 66.30; H, 9.61. Found: C, 66.52; H,
9.67.

Registry No.—7a, 16141-79-0; 7b, 57679-65-9; 8, 66-25-1; (E)-
9, 57679-66-0; (Z)-9, 57679-67-1; (E)-10, 57679-68-2; (Z)-10,
57679-69-3; 11, 38134-43-9; 13, 38134-44.0; 14, 57679-70-6; 15,
1128-08-1; 16, 57679-71-7; 17, 57679-72-8; (EE)-18, 57679-73-9;
(EZ)-18, 57679-74-0; 19, 13050-09-4; (E)-20a, 57679-75-1; (Z)-20a,
57679-76-2; (E)-20b, 57679-77-3; (Z)-20b, 57679-78-4; 21a, 57679-
79-5; 21b, 57679-80-8; (E)-22a, 57679-81-9; (Z)-22a, 57679-82-0;
22h, 57679-83-1; 23, 57679-84-2; 24, 57679-85-3; 25, 57679-86-4; 27,
57679-87-5; 28, 57679-88-6; 29, 57679-89-7; 30, 57679-90-0; 31,
57679-91-1; 33, 27981-16-4; 36a, 57679-92-2; 36b, 57679-93-3; 37a,
57679-94-4; 87b, 57679-95-5; 40, 57679-96-6; 40 sulfoxide isomer 1,
57679-97-7; 40 sulfoxide isomer 2, 57679-98-8; 41, 57679-99-9; 42,
57680-00-9; 43, 57680-01-0; 44, 57680-02-1; 45, 57680-03-2; 46,
57680-04-3; 47, 57680-05-4; 50, 57680-06-5; 51, 57680-07-6; 52,
57680-08-7; 52 TBS ether, 57680-09-8; p-nitrophenyl trifluoroace-
tate, 658-78-6; (E)-3-decenocic acid, 53678-20-9; (E)-4-decenoic
acid, 57602-94-5; isopropyl sorbate, 55584-26-4.
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Carbon-13 chemical shifts were measured for 25 morphine, 14-hydroxymorphine, and 6,14-endo-etheno- and
6,14-endo-ethanotetrahydrothebaine compounds. The signal due to each carbon was assigned. The !3C assign-
ments of the protonated carbons were aided by single frequency off-resonance decoupling experiments and were
confirmed in questionable cases by deuterium labeling experiments. Substituent effects were used to assign chem-
ical shifts to nonprotonated as well as protonated carbons. Comparison of the chemical shifts of the morphine and
14-hydroxymorphine systems to those of the 6,14-endo-etheno- and 8,14-endo-ethanotetrahydrothebaine systems
showed that the spatial configuration of rings A, B, and D of the two systems was similar. The 'H and 13C NMR

data for the various compounds were compared.

It has been demonstrated that natural abundance car-
bon-13 nuclear magnetic resonance (13C NMR) spectrosco-
py is an extremely useful physical method for the structure
elucidation of alkaloids. Although several papers have pre-
sented correlations of structure with 3C NMR spectra for
many classes of alkaloids,® only limited studies have been
reported for the physiologically and sociologically impor-
tant morphine series of alkaloids.*®

As a result of the continuing interest in the chemistry
and pharmacology of the morphine class of alkaloids, we
have synthesized many of the more active morphine type
narcotics and narcotic antagonists as well as several of their
biotransformation products. In this paper we present a
study of the 3C NMR spectra of the morphine alkaloids
1-11 shown in Chart I. The structures shown in Chart I are

planar representations of the various morphine systems
and illustrate the numbering used throughout this paper.
X-ray analysis of morphine (1a) hydriodide has shown
that ring B is rigidly held in a distorted half-chair form and
that rings C and D possess a boat and a chair form, respec-
tively, with the 6« substituent in a bowsprit orientation.®
IH NMR studies have shown that morphine as well as
other A”-morphine type alkaloids including 14-hydroxy an-
alogues possess a similar conformation.” In contrast the H
NMR data’ and chemical behavior® show that ring C of the
C-7, C-8 saturated compounds such as 2a, 2b, 7a, and 7b
exists in a chair conformation in which the 6« substituent
is axial. The absolute stereochemistry of 19-propylthevinol
(9¢) hydrobromide has been established by an x-ray crys-
tallographic study and shown to be as represented in struc-



