1396 J. Org. Chem., Vol. 41, No. 8, 1976

References and Notes

(1) (a) Part VI: M. P. Doyle and C. T. West, J. Org. Chem., 40, 3835 (1975).
(b) Camilie and Henry Dreyfus Foundation Teacher-Scholar Grant Aw-
ardee, 1973-1978. (c) National Science Foundation Undergraduate Re-
search Participant, summer, 1975.

(2) C. D. Nenitzescu in “Carbonium lons’’, Vol. 2, G. A. Olah and P. v. R.
Schieyer, Ed., Wiley-Interscience, New York, N.Y., 1970, Chapter 13.

(3) F. C. Whitmore, E. W. Pietrusza, and L. H. Sommer, J. Am. Chem. Soc.,
69, 2108 (1947).

4) J. D.9 Citron, J. E. Lyons, and L. H. Sommer, J. Org. Chem., 34, 638
(1969).

(5) The merits of the palladium-catalyzed organosilane reduction of acyl
halides have been described: J. D. Citron, J. Org. Chem., 36, 2547
(1971), and previous papers in this series.

(6) (a) H. G. Kuivila, Adv. Organomet. Chem., 1, 47 (1964); (b) H. G. Kuivila,
hgv\g) Manapace, and C.'R. Warner, J. Am. Chem. Soc., 84, 3584

62).

(7) (a) N. G. Gaylord, “Reduction with Complex Metal Hydrides”, Inter-
sclence, New York, N.Y., 1956; (b) H. C. Brown and S. Krishnamurthy,
J. Am. Chem. Soc., 95, 1669 (1973).

(8) Nucleophilic hydride reagents can achieve reductive dehalogenation of
alkyl halides that do not ordinarily undergo nucleophilic displacement at
carbon: {a) C. W. Jefford, D. Kirkpatrick, and F. Delay, J. Am. Chem,
Soc., 94, 8905 (1972); (b) S. Masamune, P. A. Rossy, and G. S. Bates,
ibid., 95, 6452 (1973).

(9) Organosilane reductions of aryl aldehydes and ketones to arenes are
similarly sensitive to carbenium ion stability: C. T. West, S. J. Donnelly,
D. A. Kooistra, and M. P. Doyle, J. Org. Chem., 88, 2675 (1973).

(10) An induction period of approximately 10 min was observed in reactions

Clark and Heathcock

with methy! iodide; ethyl bromide reacted with triethylsilane within 1
min after the addition of aluminum chioride. :

(11) The influence of catalyst modification on the course of Friedel-Crafts
reactions is well known: ‘'Friedel-Crafts and Related Reactions'’, G. A.
Olah, Ed., Interscience, New York, N.Y., 1964, Chapters 4 and 18.

(12) D. N. Kursanov, Z. N. Parnes, G. |. Bassova, N. M. Loim, and V. I.
Zdanovich, Tetrahedron, 28, 2235 (1967).

(13) F. A. Carey and H. S. Tremper, J. Am. Chem. Soc., 90, 2578 (1968).

(14) D. N. Kursanov, Z. N. Parnes, N. M. Loim, and Q. V. Bakalova, Doki.
Akad. Nauk SSSR, 179, 1106 (1968); V. |. Zdanovich, R. V. Kud-
ryavtsev, and D. N. Kursanov, ibid., 182, 593 (1968).

(15) (a) F. A. Carey and H. S. Tremper, J. Org. Chem., 36, 758 (1971); (b) D.
N. Kursanov, Z. N. Parnes, and N. M. Loim, Synthesis, 633 (1974).

(16) M. P. Doyle and C. T. West, J. Am. Chem. Soc., 97, 3777 (1975).

(17) P. D. Bartlett, F. E. Condon, and A. Schneider, J. Am. Chem. Soc., 68,
1531 (1944).

(18) K. Gerzon, J. Med. Chem., 6, 760 (1963), exemplifies the use of this
method for the halogenation of adamantane.

(19) C,;QEF: )Brewer and B. S. Greensfelder, J. Am. Chem. Soc., 73, 2257
(1951).

(20) The 1-chloroadamantane presumably results from bromide—chloride ex-
change between 1-bromoadamantane and carbon tetrachloride. When
equivalent amounts of adamantane and cyclohexyl bromide were treat-
ed with aluminum chloride in pentane, only 1-bromoadamantane (17 %)
and cyclohexane (17%) were formed after 6 h. Carbon tetrachloride
and carbon tetrabromide undergo chioride-bromide exchange in the
presence of aluminum chloride to give all possible combinations of bro-
mochloromethane.

. {21) M. P.Doyle and C. T. West, J. Org. Chem., 40, 3821 (1975).

(22) M. P. Doyle, D. J. DeBruyn, S. J. Donnelly, D. A, Kooistra, A, A. Odube-
la, C. T. West, and S. M. Zonnebelt, J. Org. Chem., 39, 2740 (1974).

Synthesis of a Cytotoxic Vernolepin Prototype.

Ozonization of Silyloxyalkenes!
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Regiospecific silyloxyalkene formation, followed by ozonization, has been used in two syntheses of a-meth-
ylene-6-lactone 2, a prototype of vernolepin, a sesquiterpene lactone possessing antitumor and cytotoxie proper-
ties. Compound 2 has been found to have moderate in vitro toxicity toward cells derived from human carcinoma
of the nasopharynx (KB) in cell culture. Silyloxyalkenes react rapidly with ozone in methanol at —78 °C to give
carboxylic acids. The silyloxyalkene double bond is sufficiently reactive that it may be selectively ozonized in the
presence of certain normal double bonds. Since silyloxyalkenes may often be generated regiospecifically, the reac-
tion constitutes an effective method for the regiospecific cleavage of ketones. Silyloxyalkenes derived from esters
(alkyl silyl ketene acetals) give mixtures of the cleavage product (one-carbon degradation of the ester) and the
corresponding a-silyloxy ester. This “abnormal” mode of oxidation is also observed for the hindered silyloxyalk-

ene derived from camphor.

Vernolepin (1) is a sesquiterpene bislactone of the elem-
ane class,? which has been found to show in vitro cytotoxic-
ity toward cells derived from human carcinoma of the naso-
pharynx (KB) in cell culture, and in vivo antitumor activity
against the Walker intramuscular carcinosarcoma 256.34
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As a part of a general project aimed at the total synthesis of
sesquiterpene antitumor lactones, we have developed two
efficient synthetic routes to 2, a prototype of vernolepin
which contains only one of the two a-methylene lactone
functions. One of the routes has also been utilized to syn-
thesize vernolepin analogues 3 and 4.

A key step in both synthetic routes involves ozonization
of a silyloxyalkene. We have carried out a brief study of the
scope of this new reaction. In this paper we report the re-
sults of these studies. Since we embarked upon this project,
several other syntheses of lactone 2 have been reported.>-#

Lithium divinylcuprate is added to enone 5% at =75 °C in
dimethyl sulfide-THF, and the resulting reaction mixture
is worked up by the addition of trimethylsilyl chloride,
HMPT, and triethylamine.1? Silyloxydiene 6 is obtained in
75% yield. Selective ozonization of the silyloxyalkene link-
age in 6 proceeds at —75 °C without incident. After reduc-
tion of the intermediate methoxy hydroperoxide with sodi-
um borohydride, the reaction mixture is acidified and
worked up to obtain lactone 7 in 93% yield. Grieco’s two-
stage procedure was used to introduce the a-methylene
group (7 — 2).51! One advantage of this process for con-
structing the vernolepin A ring is that analogues may be
prepared in which the angular vinyl group is replaced by
other groups. Since Kupchan has shown that dihydrover-
nolepin retains the cytotoxic and antitumor properties of
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the parent,? such analogues may show physiological activi-
ty (vide infra). For example, we have prepared analogues 3
and 4 by similar procedures.
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The procedure we have developed for the angular vinyla-
tion (5 — 6) is convenient and furnishes the 1,4 adduct in
high yield, uncontaminated by the 1,2 adduct. We initially
utilized Corey’s procedure (vinyllithium and cuprous io-
dide in diisopropyl sulfide-THF).12 However, the use of
the volatile dimethyl sulfide as the solubilizing ligand for
cuprous iodide in formation of the cuprate results in a
much more convenient work-up procedure. House and co-
workers have also discovered the efficacy of dimethyl sul-
fide in this context, and have introduced the use of the
crystalline MesS—-CuBr and MesS-Cul complexes as pre-
cursors for generation of cuprates.!® A recent synthesis of
the vinyl hydrindanone 12, in which the vinyl group is in-
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troduced by a cuprate addition utilizing tributylphosphine
as ligand, provided the material in poor yield.14'5 A major
disadvantage of the method is the current unavailability of
good quality vinyllithium.17

Compound 8 was prepared by the addition of lithium di-
methylcuprate to enone 5 in ether at 0 °C; again, only the
1,4 adduct was produced. The ethyl derivative 9 was pre-
pared by the copper-catalyzed addition of ethylmagnesium
bromide in THF.18 In this case, the desired 1,4 adduct was
accompanied by about 30% of the 1,2 adduct 14.
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Compounds 6, 8, and 9 were produced in only one stere-
oisomeric form. On the basis of analogy,!? the cis ring junc-
tion may be assumed. This assumption was confirmed in
the case of compound 8 when it was hydrolyzed to the
known!? cis-8-methylhydrindanone (13).

Ozonization of silyloxydiene 6 is highly selective, as
shown by the excellent yield of lactone 7 (93%). When the
amount of ozone used is carefully monitored, we find no ev-
idence of attack at the angular vinyl group. Since silyloxy-
alkenes may be regiospecifically generated in several
ways,1020 this reaction constitutes a useful method for the
regiospecific cleavage of a ketone.

We have employed the silyloxyalkene ozonization in an
alternate synthesis of lactone 2. Keto ester 15 reacts with
trimethylsilyl chloride and triethylamine in DMF20 to give
silyloxyalkene 16 in 92% yield.2! Ozonolysis of 16 at =70 °C
in 1:1 methanol-methylene chloride, followed by sodium
borohydride reduction, gives hydroxy acid 17. Reduction of
17 with sodium in ethanol-ammonia, followed by acidic
work-up, affords lactone 18 in 73% overall yield.
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Conventional methods for conversion of the hydroxyeth-
yl side chain to a vinyl group, such as elimination of iodide
20 with DBN or pyridine, gave no recognizable products.
Attempted elimination with potassium tert-butoxide leads
to acid 21, presumably via a ketene intermediate.

O
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This problem was solvéd by conversion of tosylate 19
into phenyl selenide 22, which is oxidized to selenoxide 23
by ozone in CCly at —20 °C. When a cold solution of crude
selenoxide 23 is added to refluxing CCly,2? elimination is
rapid, and vinyl lactone 7 is obtained in 60% overall yield
from tosylate 19.

The mode in which selenoxide 23 is thermolyzed is im-
portant.'If thermolysis is carried out by heating a CCly so-
lution of 23 from room temperature to reflux, a mixture of
7 and selenide 22 results. This phenomenon was explored
briefly with phenyl 1-decylselenoxide (25), which was pre-
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pared by the ozone oxidation of selenide 24 in CCly or
CHoCly at ~20 °C. When these oxidation mixtures are
evaporated, selenoxide 25 is produced in quantitative yield.
In contrast to secondary alkyl selenoxides, primary alkyl
selenoxides such as 25 are relatively stable at room temper-
ature. However, after sitting overnight at room tempera-
ture, a CCly solution of 25 is converted into an equimolar
mixture of 1-decene and selenide 24; an equivalent amount
of crystalline phenylselenic acid (27) separates from solu-
tion. Apparently, with primary alkyl selenoxides, thermoly-

25 2, Z + 24 + CHSeOH
16 h 26 27

sis to alkene is slow, and the phenylseleninic acid produced
rapidly reduces unreacted selenoxide back to selenide.

RCH==CH, + C;H;SeOH

|
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While we were investigating this phenomenon, we be-
came aware of Reich’s method for circumventing the prob-
lem,?2 which serves admirably. The disproportionation has
also been observed by Sharpless?? and by Grieco,®24 who
introduced the idea of using nitrophenyl selenoxides, which
decompose at much lower temperatures than do phenyl sel-
enoxides.

Lactone 2 shows moderate in vitro toxicity in the KB cell
culture screen (EDso = 4.4-15 ug ml™1).2526 For compari-
son, vernolepin (1) has EDs, = 1.8 ug ml™! in this screen.*
In vivo results on lactone 2 have not yet been obtained.
Lactone 3 is ineffective toward the L-1210 lymphoid leuke-
mia (in vivo) at dose levels of 10 and 20 mg/kg. The com-
pound is toxic (zero of six survivors) at doses of 400, 200,
100, and 40 mg/kg.

The silyloxyalkene ozonization reaction seemed suffi-
ciently interesting to warrant a brief survey of its scope. Si-
lyloxyalkene 29, obtained by silylation of the kinetic eno-
late of 2-methylcyclohexanone (28),1° was converted into
hydroxy acid 30 in 94% yield. To further demonstrate the
generality of the method, silyloxyalkene 3110 was cleaved.
In this case, the initial oxidation product was reduced with
dimethyl sulfide to produce keto acid 32 in 90% yield. To
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provide a further example of the regiospecific cleavage of
an unsymmetrical ketone away from the more highly al-
kylated side, we oxidized 2-octanone (33) to heptanoic acid
(36). In this case, we formed the silyloxyalkene from the ki-
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netic enolate?” with tert-butyldimethylsilyl chloride.2®
Upon work-up, tert-butyldimethylsilyl ester 35 and hepta-
noic acid are obtained in a 4:1 ratio in a total yield of 90%.
Since the tert-butyldimethylsilyloxy grouping is more sta-
ble to nucleophilic cleavage than the trimethylsilyloxy
grouping,?? it is necessary to hydrolyze the reaction prod-
uct with mild acid to obtain acid 36, Undoubtedly, use of
trimethylsilyl chloride would provide heptanoic acid di-
rectly.

The trimethylsilyloxytriene 38 obtained in 82% yield
from B-ionone (37) reacted anomalously. Even though only
1 equiv was used, oxidation occurred cleanly at the center
double bond (which would appear to be the least nucleo-
philic of the three), giving 8-cyclocitral (39) in good yield.
From a preparative point of view, conversion of 8-iononé to
the silyl ether 38 is not necessary, since we found that se-
lective ozonolysis of 3-ionone itself gives 39 in good yield.
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The silyloxyalkene 40 produced from camphor also gave
an anomalous (and different) oxidation product; a-trial-
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kylsilyloxy camphor 42 was produced in quantitative
“yield.?® However, the analogous silyl ether prepared from
norbornanone (43) reacted normally, giving hydroxy acid
44 as the only product.

0 —
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Silyloxyalkenes derived from ester enolates®! (trialkylsi-
lyloxy alkyl ketene acetals) give mixture of the normal ozo-
nization product (representing one-carbon degradation of
the ester) and the «-trialkylsilyloxy ester. Thus, methyl oc-
tanoate is converted, via ketene acetal 47, into an equimo-
lar mixture of heptanal (48) and methyl «-(tert-butyldi-
methylsilyloxy)octanoate (49). Similar results are obtained
with methyl cyclohexanecarboxylate.
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50 51
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O/ * ot
52 (30%) 53 (70%)

Both of the abnormal ozonization products 49 and 53
display a base peak in the mass spectrum at m/e 89 which
corresponds to the fragment [(CHai)eSi==QCHj3]*. This
fragment probably arises from rearrangement of the initial-
ly formed ion as shown below.
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A reasonable mechanistic hypothesis which explains the
anomalous oxidation of silyloxyalkenes 42, 47, and 51 in-
volves formation of an intermediate zwitterion rather than
a molozonide in the ozonization reaction. This might be ex-
pected to occur with an alkene which can give exceptional
stabilization to the positive charge, such as 32 or 36. Intra-
molecular silatropy in 54 would then yield the observed «-
trialkylsilyloxy ester. Borowitz has found that ozonization

+ CO + CHJO—Sl(CHa)2
m/e 89
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of certain enol ethers also gives products which might be
produced via a similar zwitterion (55 — 56).32 Subsequent
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to our initial discovery of this unusual oxidation of sﬂyl-
oxyalkenes, similar reactions of silyloxyalkenes with perac-
ids were observed by others (57 — 58,33 59 — 6034),

Experimental Section

All meltmg and boiling points are uncorrected. Nuclear magnet-
ic resonance (NMR) spectra were determined on a Varian T-60
spectrometer (in & units with tetramethylsilane as internal refer-
ence). Infrared (ir) spectra were recorded on a Perkin-Elmer 137
infrared spectrophotometer. Mass spectra (MS) were obtained on
a MS-12 mass spectrometer Mass spectra are given as m/e with
the relative intensity ih parentheses. Preparative and analytical
gas-liquid chromatography (GLC) was carried out on-an Aero-
graph Model A90-P3 gas chromatograph, using the following stain-
less steel (10 ft X 0.25 in.) columns: column A, 5% SE-30; column
B, 15% NPGS; column C, 15% SF-96. Microanalyses were per-
formed by the University of California Microanalytical Laborato-
ry, Berkeley, Calif.

3ag-Ethenyl-2-trimethylsilyloxy-3a,4,5,6,7,7a8-hexahydro-
indene (6). Vinyllithium (12.5 ml of a 2.4 M solution in THF, 30
mmol) was added to a suspension of purified copper(I) iodide%s
(3.30 g, 17.4 mmol) in ether (10 ml) and dimethy] sulfide (5 ml) at
—75 °C. The black mixture was stirred for an additional 45 rhin at
=175 °C, followed by the dropwise addition of enone 5 (1.36 g, 10
mmol) in ether (10 ml). The solution was stirred for 45 min at —75
°C and 15 min at —40 °C. The —40 °C solution was treated with
HMPT (2 ml), triethylamine (3 ml), and trimethylchlorosilane (3
ml), then allowed to warm to room temperature over 1 h. After
dilaution with pentane (120 ml), the mixture was poured into cold
5% hydrochloric acid and the pentane layer was washed with 5%
hydrochloric acid, water, and brine. The pentane was dried and
evaporated and the residue distilled to give 1.75 g (74.2%) of silyl
ether 6: bp 70-75 °C (0.3 mm); ir (film) 6.12, 8.00, 11.56, 11.76 u;
NMR (CCly) 6 0.18 (s, 9 H), 1.2-1.6 (m, 9 H), 2.10 (m, 2 H), 4.40 (¢,
1 H), 4.73-5.13 (BC portion of ABC, Jap = 18, Jac = 10, Jpc = 2
Hz, 2 H), 5.87 (A portion of ABC, 1 H); MS m/e 236 (40), 221 (14),
194 (28), 193 (100), 181 (18), 147 (18), 75 (21), 73 (66).

Anal. Caled for C14Ho40Si: C, 71.14; H, 10.02. Found: C, 70.96;
H, 10.09.

8aB-Ethenyl-4a8-octahydro-3 H-2-benzopyran-3-one (7).
Ozone (2.42 mmol) from a Welsbach generator was passed into a
—78 °C solution of silyl ether 6 (572 mg, 2.42 mmol) in methanol
(10 ml) and methylene chloride (2 ml). The —78 °C solution was
treated with sodium borohydride (320 mg, 8.46 mmol) over a 90-
min period. After warming to room temperature, the mixture was
evaporated and partitioned between 10% hydrochloric acid and
ether. The ether was dried and evaporated to 402 mg (93%) of lac-
tone 7 as a thick oil which slowly crystallized. An analytical sample
was obtained by preparative GLC+(column A, 200 °C): mp 44-46 °C
(lit.>8 mp 44-45 °C; ir (film) 5.78, 6.10, 8.40, 9.43, 10.80 u; NMR
(CCly) 6 2.17, 2.62 (AB portion of ABX, Jag = 18, Jax = 7, Jpx =
5 Hz, 2 H), 4.13 (AB, Av = 14,7 Hz, J = 11 Hz), 5.00-5.98 (eight-
line ABC pattern, 3 H); MS m/e 180 (1), 150 (20), 108 (100), 93
(47), 79 (59), 78 (12), 77 (14).

Anal. Caled for C1:Hy604: C, 73.33; H, 8.89. Found: C, 73.13; H,
8.87.

8aB-Ethenyl-4-methylene-4a8-octahydro-3 H-2-benzopy-
ran-3-one (2). This material was prepared in 40% yield from 7 ac-
cording to the previously described procedure of Grieco,!* and had
spectral data in complete accord with that reported:>® ir (film)
5.83,6.10, 6.19, 8.00, 8.77, 8.61 u; NMR (CCly) 6 2.53 (broad t, 1 H),
4,12 (AB, Av = 24.6 Hz, J = 11 Hz, 2 H), 5.00-5.98 (eight-line ABC
pattern, 3 H), 5.50 (t,J = 1 Hz, 1 H),6.36 (t,J = 1 Hz, 1 H).

3a8-Ethenyl-7ag8-hexahydroinden-2(1 H)-one (12). Hydroly-
sis of silyl ether 6 with 5% hydrochloric acid gave the vinylated hy-
drindenone 12, a colorless oil: ir (film) 38.14, 5.71, 6.10, 6.90, 7.14,
10.98 u; NMR (CCly) § 1.55 (broad s, 9 H), 2.15 (s, 4 H), 5.03 (dd, B
portion of ABC, Jap = 18, Jpc = 2 Hz, 1 H), 5.08 (dd, C portion of
ABC, Jpc = 2, Jac = 10 Hz, 1 H), 5.93 (six-line complex A portion
of ABC 1 H).

Anal. Caled for C11H160: C, 80.44; H, 9.82. Found C, 80.35; H,
9.77.

3ag-Methyl-2-trimethylsilyloxy-3a,4,5,6,7,7a8-hexahydroin-
dene (8). Asolutionof lithium dimethyleuprate was prepared from
3.02 g (16 mmol) of copper(I) iodide in ether (30 ml) and 18.2 ml of
1.6 M ethereal methyllithium at 0 °C. The colorless solution was
cooled to —20 °C, and enone 5 (1.36 g, 10 mmol) in ether (25 ml)
was added. The resulting bright yellow mixture was stirred for an
additional 45 min at ~20 °C, followed by the addition of HMPT
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(2.0 ml), triethylamine (3.5 ml}, and trimethylchlorosilane (3.0 ml).
After 3 h at room temperature the mixture was diluted with pen-
tane and poured into cold 5% hydrochloric acid. The mixture was
filtered through Celite and the pentane layer was washed with
brine, dried, and evaporated to 2.24 g (96%) of silyl ether 8, of suit-
able purity for. the next conversion: ir (film) 6.10, 8.00 »; NMR
(CCly) 6 0.18 (s, 9 H), 0.94 (s, 3 H), 2.10 (m, 2 H), 4.40 (t,J = 1 Hg,
1 H).

8ag-Methyl-4aB-octahydro-3 H-2-benzopyran-3-one  (10).
Ozonolysis of silyl ether 8 (2.0 g, 8.8 mmol) according to the proce-
dure described for the preparation of 7 gave 1.05 g ( (70%) of lactone
10 after distillation: bp 105 °C (0.5 mm); ir (film) 5.78, 8.33, 9.43 u;
NMR (CCly) 6 1.07 (s, 3 H), 2.19 (dd, A portion of ABX, Jap = 18,
Jax = 5 Hz, 1 H), 2.63 (dd, B portion of ABX, Jpx = 7 Hz, 1 H),
4.00 (AB, Av = 27.5 Hz, J = 12 Hz, 2 H): MS m/e 150 (4), 96 (40),
81 (67), 79 (24), 68 (29), 67 (61), 41 (100).

Anal. Caled for C10Hi609: C, 71.39; H, 9.59. Found: C, 71,06; H,
9.50.

8a3-Methyl-4-methylene-4a8-octahydro-3 H-2-henzopyran-
3-one (3). Methylenation according to Grieco’s procedure!! gave 3
in 45% yield after distillation: bp 115 °C (0.3 mm); ir (film) 5.80,
7.19, 7.81, 8.70 u; NMR (CCly) 6 1.05 (s, 3 H), 2.13 (m, 1 H), 4.03
(AB, Av = 39.5 Hz, J = 11 Hz, 2 H), 5.43 (t,J = 1 Hz, 1 H), 6.33 (t,

J =1Hz, 1 H); MS m/e 180 (4), 136 (24), 108 (41), 107 (100), 93

(80), 91 (40), 81 (65), 79 (91), 77 (41).

Anal. Caled for C41H1604: C, 73.33; H, 8.89. Found: ¢, 73.03; H,
8.74. .
3af-Methyl-7a8-hexahydroinden-2(1 H)-one (13). Hydrolysis
of silyl ether 8 by stirring in 10% hydrochloric acid, followed by
ether extraction, gave the crystalline ketone 13: mp 38-39 °C
(lit. 180 mp 37-39 °C); ir (CCly) 5.73, .93, 7.13, 7.28, 7.98 u; NMR
(CCly) 61.13 (s, 3H), 1. 47 (broad s, 8 H), 2.00-2.40 (m, 5 H).

Anal. Caled for C1oHigO: C, 78.90; H, 10.59. Found: C, 78.78; H,
10.70.

8aB—Ethyl-4-methylene 4aB-octahydro- 3H—2 benzopyran-
3-one (4). A solution of ethylmagnesium bromide (100 mmol) in
ether (100 ml) was cooled to 0 °C and copper(I) iodide (1.90 g, 10
mmol) was added. Enone 5 (6.80 g, 50 mmol) in ether (25 ml) was
added dropwise to the black solution over a 25-min period. After
an additional 30 min at 0 °C, the mixture was treated with HMPT
(10 ml), triethylamine (10.1 g, 100 mmol), and trimethyl¢chlorosi-
lane (10.8 g, 100 mmol). The solution was stirred for 1 h, then di-
luted with pentane and washed with 5% hydrochloric acid and
brine. The pentane was dried and evaporated to a colorless oil
which was a 70:30 mixture of 8 and 14 by NMR analysis: ir (film)
6.10 u; NMR (CCly) 6 4.40 (s, silyl ether vinyl, 1 H), 5.18 (s, 1,2 ad-
duct vinyl, 1 H).

This material was ozonhized in methanol-methylene chloride
(1:1, 100 ml) at =70 °C and then treated with sodium borohydride
(3.4 g). After solvent evaporation, the residue was taken into water
and washed with methylene chloride. Acidification of the aqueous
layer and methylene chloride extraction gave a colorless oil which
was distilled to give 3.85 g (42.5% overall) of lactone 11: bp 125 °C
(1 mm); ir (film) 5.80 u; NMR (CDCls) 6 0.87 (t, J = 7 Hz, 3 H),
2.46 (eight-line portion of ABX, 2 H), 4.10 (AB, Ay = 26.1 Hz, J =
12 Hz, 2 H).

Methylenation!! of this material gave 4 in 38% yield after distil-
lation (oven 100 °C, 5 u): ir (film) 5.80, 7.18, 7.80, 8.70 u; NMR
(CDCl3) 6 0.83 (t,J = 7 Hz, 8 H), 2.35 (m, 1 H), 4.25 (AB, Av = 36.1
Hz, J = 12 Hz, 2 H), 5.56 (s, 1 H), 6.45 (s, 1 H); MS m/e 194 (3),
165 (14),1135 (50) 121 (62),1 107 (66), 93 (60),:81 (68), 79 (83),
67 (69), 41 (100).

Anal. Calcd for C12H1509:
9.40.

4aB-Ethoxycarbonyl-2-trimethylsilyloxy-1,4,4a,5,6,7,8,8ac-
octahydronaphthalene (16). A solution of keto éster 1536 (55.0 g,
246 mmol) in DMF (100 ml) and triethylamine (82.6 ml) was treat-
ed with trimethylchlorosilane (38.1 ml), and the resulting slurry
was refluxed for 20 h. The cooled mixture was diluted with pen-
tane (300 ml) and washed with cold 5% sodium bicarbonate and
water. The pentane was dried and evaporated and the residue was
distilled to give 66.3 g (90.8%) of silyl ether 16: bp 120 °C (2.0 mm);
ir (film) 5.76, 6.01, 8.00, 8.40, 10.98 u; NMR (CCL) 4 0.18 (s, 9 H),
1.26 (t, J = 7 Hz, 3 H), 4.10 (quartet, 2 H), 4.66 (m, 1 H); MS M+
m/e 296 (9), 223 (56, M — CO.Et), 222 (68), 75 (49).

8aB-(2-Hydroxyethyl)-448-octahydro-3 H-2-benzopyran-3-
one (18). A solution of silyl ether 16 (3.41 g, 11.5 mmol) in metha-
nol (10 ml) and methylene chloride (10 ml) at —70 °C was treated
with excess ozone. After purging with nitrogen, the cold solution
was treated with sodium borohydride (0.5 g, 13 mmol) and allowed

C, 74.19; H, 9.34. Found: C, 74.16; H,
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to warm to room temperature. Extractive work-up gave 2.95 g
(99.3%) of crude hydroxy acid 17, ir (film) 2.8~4.3, 5.80 u.

This material was dissolved in THF (10 ml) and added to a solu-
tion of ethanol (56 ml) and liquid ammonia (100 ml).37 Small pieces
of sodium were added until a blue color persisted, and the mixture
was then quenched by addition of methanol. The ammonia was al-
lowed to evaporate and the residue was taken into water and
washed with ether. Acidification and extraction with methylene
chloride gave 1.68 g (73.6% overall) of 18 as a colorless oil: ir (film)
2.90, 5.75, 6.90, 7.91, 9.51 u; NMR (CDCl3) 6 1.72 (t, J = 6 He,
CH,CH,0H, 2 H), 2.26 (dd, A portion of ABX, Jap = 18, Jax = 4
Hz, 1 H), 2.80 (dd, B portion of ABX, Jpx = 7 Hz), 3.43 (s, hydrox-
yl H,1H), 3.73 (t,J = 6 Hz, 2 H), 4.23 (AB, Av = 20.7 Hz, J = 11
Hz, 2 H); MS m/e 198 (8), 180 (2), 144 (17), 108 (100), 95 (39), 74
(36), 58 (35).

Anal. Caled for C;1H1803: 198.12586. Found: 198.1293.

8aB-(2-p-Toluenesulfonyloxyethyl)-4a8-octahydro-3 H-2-
benzopyran-3-one (19). A mixture of alcohol 18 (460 mg, 2.32
mmol) and p-toluenesulfonyl chloride (572 mg, 3.00 mmol) in pyri-
dine (5 ml) was maintained at 0 °C for 16 h. The solution was
poured into water and extracted with ether to give 651 mg (80%) of
tosylate 19 as a thick oil: ir (film) 5.75; 6.25; 7.41; 8.40, 9.51; 10.5 y;
NMR (CDCl;) 6 1.82 (t, J = 6 Hz, 2 H) 2.23-2.76 (AB portion of
ABX, Jag = 18,Jax = 4,Jpx = 7 Hz, 2 H), 2.46 (s, 3 H), 4.13 (t, J
_6Hz 2 H), 4.16 (AB, Ay = 28.2 Hz, J = 11 Hgz, 2 H).

2¢-(2-0xa-(5rC!)-spiro[4.5]decanyl)acetic Aac1d®® (21).
The tosylate 19 (443 mg, 1.26 mmol) was refluxed overnight in ace-
tone (20 ml) with sodium iodide (1.50 g) to give 389 mg (100%) of
iodide 20 as a thick, colorless oil: NMR (CCly) 6 3.16 (t,J = 7 Hz, 2
H), 4.10 (AB, Av = 20.8 Hz, J = 12 Hz, 2 H).

A solution of iodide 20 (74 mg, 0.24 mmol) in tert-butyl alcohol
(1 ml) was treated with 0.6 ml of 0.44 M potassium tert-butoxide
in tert-butyl alcohol. A white solid separated immediately from
the reaction mixture. After 1 h at room temperature, the solution
was poured into 5% hydrochloric acid and extracted with ether to
give 45.0 mg of acid 21: ir (film) 2.80-4.00, 5.80, 8.56, 9.51 »; NMR
(CCly) 6 2.00-2.42 (m, 2 H), 3.46 (AB, Av = 16.7 Hz, J = 9 Hz,
CH2-OCH,CHo, 2 H), 3.73 (t, J = 6 Hz, OCH,CHp, 2 H)

Esterification of 21 with dlazomethane gave a methyl ester: ir
(film) 5.73, 8.00, 8.50, 9.52 y; NMR (CCly) 4 2.00-2.40 (m, 2 H),
3.53 (AB, Av = 13.4 Hz, J = 9 Hz, 2 H), 3.67 (s, 3H), 3.76 (t,J = 6
Hz, 2 H); MS m/e 181 (19, loss of OCHj), 152 (38), 109 (43), 108
(70), 107 (30), 93 (70), 79 (81), 74 (44), 67 (69), 55 (61), 41 (100).

8ag-Ethenyl-4aB-octahydro-3 H-2-benzopyran-3-one (7). Di-
phenyl diselenide (1.08 g, 3.47 mmol) in ethanol (25 ml) was treat-
ed with sodium borohydride (0.26 g, 6.94 mmol) in small portions
until the solution was colorless. The solution was cooled in an ice
bath, and tosylate 19 in THF (8 ml) was added. The mixture was
stirred at room temperature for 4 h and then poured into 5% sodi-
um carbonate and extracted with ether to give 2.08 g (98%) of
crude selenide 22: ir (film) 5.75, 6.31, 6.80, 8.55 u; NMR (CDCl3) &
3.78 (t, J = 6 Hz, CH2SePh, 2 H).

The crude selenide 22 (10.28 mmol) was ozonized at —20 °C in
carbon tetrachloride (30 ml) with excess ozone until the solution
was light blue. The cold solution, from which a white solid had pre-
cipitated, was then added over a 10-min period to 100 ml of reflux-
ing carbon tetrachloride, using a small volume of methylene chlo-
ride to transfer the solid. Evaporation of solvents left a yellow oil
which was chromatographed on 100 g of silica gel. Elution with
pentane gave fractions containing diphenyl diselenide. Further
elution with ether gave 1.12 g (60.5% from 19) of crystalline lactone
7, identical with that previously prepared in our laboratory.

Ozonization of Silyl Ether 29. A solution of silyloxyalkene 2910
(5.48 g, 29.8 mmol) in methylene chloride (5 ml) and methanol (20
ml) was treated with excess ozone at —70 °C. After nitrogen purge,
the —70 °C solution was treated with sodium borohydride (1.13 g,
29.8 mmol). After stirring at —70 °C for 1 h, a second portion of so-
dium borohydride was added and the solution was allowed to
warm to room temperature. The solvent was evaporated and the
residue was partitioned between 5% hydrochloric acid and chloro-
form. The aqueous layer was extracted with chloroform, and the
combined organic layers were dried and evaporated to 4.10 g-
(94.3%) of hydroxy acid 30.

Esterification of this product (methanol-sulfuric acid) gave 3.50
g (73.5%) of methyl 6-hydroxy-2-methylhexanoate after distilla-
tion: bp 80 °C (1.0 mm); ir (film) 2.94, 5.75, 8.40, 8.62 u; NMR
(CCly) 5 1.13 (d, 3 H), 2.33 (m, 1 H), 2.98 (s, hydroxyl H, 1 H), 3.50
(t,2 H), 3.64 (s, 3 H).

Anal. Caled for CsH;603: C, 59.98; H, 10.07. Found: C, 60.01; H,
10.03.
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Ozonization of Silyl Ether 31. Silyloxyalkene 311° (1.0 g, 5.42
mmol) in methanol (10 ml) and methylene chloride (8 ml) was ozo-
nized at =70 °C and then treated with dimethyl sulfide (1.0 ml)
and allowed to warm to room temperature. Evaporation gave a
mixture of dimethyl sulfoxide and keto acid 32 (>90% yield).

Esterification of this mixture with diazomethane and extractive
work-up gave 602 mg (71.5%) of methyl 8-oxoheptanoate: ir (film)
5.75, 5.83, 7.40, 8.62 u; NMR (CCly,) 6 2.03 (s, 3 H), 2.10-2.50 (m, 4
H), 3.60 (s, 3 H).

Anal. Caled for CsH1403: C, 60.74; H, 8.92. Found: C, 60.68; H,
9,14,

2-tert-Butyldimethylsilyloxy-1-octene (34). A solution of 2-
octanone 33 (2.56 g, 20 mmol) in THF (7 ml) was added dropwise
to a =70 °C solution of lithium diisopropylamide (24 mmol) in
THF (20 ml). After stirring for 45 min at —70 °C, the solution was
treated with HMPT (3 ml) and teri-butyldimethylsilyl chloride
(3.30 g, 22 mmol) in pentane (5 ml). After warming to room tem-
perature the mixture was diluted with pentane, washed with water,
dried, and evaporated. Distillation gave 34 (2.60 g, 54%) as a color-
less liquid which was pure by NMR and GLC (column B, 150 °C)
analysis: bp 50 °C (0.3 mm); ir (film) 6.01, 6.12, 8.00, 9.09, 9.70,
11.97 u; NMR (CCly) 6 0.17 (s, 6 H), 0.97 (s, 9 H), 2.00 (broad t, 2
H), 3.90 (sharp s, 2 H).

Anal. Caled for Cy4H3008i: C, 69.42; H, 12.44. Found: C, 69.36;
H, 12.54.

Ozonization of Silyloxyalkene 34. A solution of 34 (2.37 g, 9.8
mmol) in 10 ml of methylene chloride and 20 ml of methanol was
treated with excess ozone at —78°. Dimethyl sulfide (2 ml) was
added and the solution was allowed to warm to room temperature.
The solvent was evaporated and the residue was taken into ether
and esterified with diazomethane to give 1.96 g of colorless oil.
This was shown by NMR and GLC analysis (column B) to be an
80:20 mixture of silyloxy ester 35 and methyl heptanoate. Ester 35
was obtained by preparative GLC: ir (film) 5.80, 8.00, 8.47, 9.09,
11.23,11.76 u; NMR (CCly) 3 0.20 (s, 6 H), 0.90 (s, 9 H), 2.15 (t, J =
6 Hz, 2 H); MS m/e 229 (2), 187 (83), 131 (22), 87 (16), 75 (100), 73
(70), 60 (85). The methyl heptanoate was identical with an authen-
tic sample by NMR and GLC comparison.

The following silyl enol ethers were prepared under conditions
analogous to those described for the preparation of 34.

Trimethylsilyl Ether from B-Ionone (38) (82.0% yield): ir
(film) 6.12, 6.31, 7.66, 8.00, 9.80, 10.31, 12.00 u; NMR (CCly) é 0.23
(s, 9 H), 1.07 (s, 6 H), 1.73 (s, 3 H), 2.00 (t, 2 H), 4.23 (s, 2 H), 5.77
(d,J =11 Hz, 1 H), 6.33 (d, J = 11 Hz, 1 H). :

tert-Butylmethylsilyl Ether from Camphor (41) (90% yield):
ir (film) 6.18, 6.85, 7.58, 8.20, 8.81, 9.98, 10.90 u; NMR (CCly) 6 0.18
(s, 6 H), 0.73 (s, 3 H), 0.90 (s, 6 H), 0.98 (s, 9 H), 450 (d, J = 3 Hz,
1 H).

tert-Butyldimethylsilyl Ether from Norbornanone (43)
(95% yield): ir (film) 6.20, 6.85, 7.53, 8.15, 10.81 u; NMR (CCLy) 5
0.17 (s, 6 H), 0.98 (s, 9 H), 4.63 (d, J = 3 Hz, 1 H).

1-tert-Butyldimethylsilyloxy-1-methoxy-1-octene (47)
(~95% yield): ir (film) 5.95, 6.83, 8.00, 8.60, 11.90 u; NMR (CCly) &
0.16 (s, 6 H), 0.98 (s, 9 H), 1.80 (broad t, 2 H), 3.46 (s, 3 H), 3.56 (m,
1 H).

Ketene Acetal 51 (>95% yield): ir (film) 5.90, 8.01, 8.60, 9.42,
10.58 u; NMR (CCly) 5 0.12 (s, 6 H), 0.98 (s, 9 H), 3.43 (s, 3 H).

Ozonization of Silyl Ether 38. Silyl ether 38 (1.0 g, 3.8 mmol)
was ozonized according to the procedure described for the ozonol-
ysis of 34 (3.8 mmol of ozone). Evaporation of solvent and extrac-
tive work-up gave 503 mg (87%) of B-cyclocitral 39 which was pure
by NMR and GLC analysis (column B): ir (film) 3.57, 5.97, 6.19,
7...‘)’:0, 7.40 p; NMR (CCly) 6 1.18 (s, 6 H), 2.08 (s, 3 H), 10.10 (s, 1
H).

Anal. Caled for C1oH;60: C, 78.90; H, 10.59. Found: C, 78.67; H,
10.77.

Ozonization of Silyl Ether 41. Silyl ether 41 was ozonized and
worked up according to the procedure described for the ozonolysis
of 6. A colorless oil (2.44 g) was obtained which displayed two over-
lapping peaks on GLC at retention times 9.1 and 10.2 min (column
B, 160 °C). The pure mixture of epimers 42 was obtained by pre-
parative GLC: ir (film) 5.71, 8.00, 8.47, 10.52 u; NMR (€Cly) 6 0.13
(s, 6 H), 0.97 (s, 9 H), 0.90-1.0 (three overlapping singlets, 9 H),
1.3-1.9 (m, 5 H), 3.567-3.93 (m, -CHOSIR3, two epimers, 1 H); MS
m/e 267 (2), 225 (79), 171 (35), 169 (49), 115 (26), 75 (51), 73 (100).

Anal. Caled for C16H30048Si: C, 68.08; H, 10.64. Found: C, 68.22;
H, 10.57.

Ozonization of Silyl Ether 43. Ozonolysis of 43 (11.2 g, 50
mmol), followed by sodium borohydride reduction, gave 7.1 g of
crude hydroxy acid 44, which was esterified with diazomethane.
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Distillation gave 3.95 g (50%) of hydroxy ester 45: bp 100 °C (1.0
mm); ir (film) 2.90, 5.78, 8.35, 8.60 u; NMR (CCly) 63.66 (d,J =6
Hz, 2 H), 3.76 (s, 3 H).

Compound 45 lactonized on GLC (column C, 190 °C) to give 61.
An analytical sample of lactone 61 was obtained by preparative

0
0
61

GLC (column C): ir (film) 5.74, 8.10, 9.30, 9.70 z; NMR (CDCly) 8
4.16 (eight-line ABX, Jap = 11, Jax = 3, Jpx = 0.5 Hz, CH;0CO,
2 H).

Anal. Caled for C7H1902: 126.0701. Found: 126.0691.

Ozonization of 47, Ozonolysis of 47 (4.60 g, 15 mmol) with di-
methyl sulfide reduction gave 3.21 g of colorless oil after extractive
work-up to remove dimethyl sulfoxide. NMR and GLC analysis
(column B, 170 °C) showed a 1:1 mixture of heptanal (by
comparison with an authentic sample) and ester 49. Compound 49
was obtained by preparative GLC: ir (film) 5.73, 8.01, 8.77, 11.00 »;
NMR (CCly) 3 0.12 (s, 6 H), 0.95 (s, 9 H), 3.67 (s, 3 H), 4.08 [broad
t, -CH(OSiR3)CO;Me]; MS m/e 273 (3), 231 (83), 203 (23), 97 (32),
89 (100), 75 (34), 73 (73).

Ozonization of 51. Ozonolysis of compound 51 (1.28 g, 5 mmol)
with dimethyl sulfide reduction gave a mixture of dimethyl sulfox-
ide, cyclohexanone 52, and ester 53 after solvent evaporation. The
ratio of 52 to 53 was 30:70 by NMR analysis. Compound 53 was ob-
tained by preparative GLC (column B, 190 °C): ir (film) 5.73, 8.00.
8.70, 9.21 u; NMR (CCLy) 6 0.12 (s, 6 H), 0.95 (s, 9 H), 1.40-1.80 (m,
10 H), 3.70 (s, 3 H); MS m/e 257 (3), 215 (86), 213 (40), 187 (78), 89
(100), 75 (53), 73 (81).

Anal. Caled for C14Hg03Si: C, 61.76; H, 10.29. Found: C, 61.76;
H, 10.18.
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A convenient method of wide scope for the synthesis of phosphindoline and phosphinoline derivatives has been
developed from the readily available starting materials. Cyclization of diphenylalkenylphosphine oxides occuirred
in the presence of 115% polyphosphoric acid (PPA) at 180 °C for 4 h to give C~P heterocyclic systems in modest
to good yield (40-70%). Work-up of the reaction mixtures simply involved addition to ice-water. The resulting ho-
mogeneous solution was extracted with chloroform and dried; the solvent was evaporated under reduced pressure
to yield the respective phosphindoline or phosphinoline. '"H NMR, 3P NMR, elemental, infrared, and mass spec-
tral analyses supported the structure of these phosphorus analogues of the corresponding indole and tetrahydro-
quinoline heterocycles. This method of synthesis of phosphindoline and phosphinoline offers not only the merit of
being simple and inexpensive but also a one-step and rapid process from appropriately substituted alkenyl (aryl)

phosphine oxides.

In our studies directed toward the development of sim-
ple, new synthetic methods for the production of carbon-
phosphorus heterocyclic compounds, we have investigated
the possibility of cyclization of diphenylalkenylphosphine
oxides in the presence of 115% polyphosphoric acid (PPA)
as cyclizing agent. At present, reported pathways leading to
the synthesis of phosphindoline or phosphinoline systems
involve cyclization by intramolecular quaternization34 and
cyclization by cycloaddition of trivalent phosphorus com-
pounds with a diene or diyne derivative.>~7 Both methods
usually employ very uncommon starting materials and long
overall reaction times. The rare intermediates needed for
the synthesis also limit their versatility. The ready avail-
ability of diphenylalkenylphosphine oxides la—g encour-
aged us to investigate the possibility of their cyclization in
the presence of PPA as the cyclizing agent. Certain oxides
of 1 possess the correct functionality and geometry for cy-
clizations to give the corresponding phosphindoline and/or
phosphinoline 2. 3-Methyl-1-phenylphosphindoline 1-
oxide (2a), which has been prepared from o-bromobenzoic
acid through a long series of reactions (12 steps),? can be
synthesized by the cyclization of diphenylallylphosphine
oxide (1a) with PPA in one step.

O
CGHs—P—-R
é ©E< i,

o” CH

la CHZCH——CHz R R n

b CH,CH==CHCH, -2a H CH; 1

¢ CH,CH,CH==CH, b H CH; 2

d CH,C(CH,)==CH, ¢ CH; CH; 1

e CH,CH==C(CH,), d CH; CH; 2

f CH(CH,)CH==CH,

g CH(C45H.3)CH=CH2

Diphenylallylphosphine oxide can be obtained from
chlorodiphenylphosphine and allyl alcohol in the presence
of pyridine without the isolation of allyl diphenylphosphin-
ite (3). The latter can be converted into oxide la by heating

(CeHy),P—0—CH,CH==CH,
3
in situ at 140 °C.%10 In the presence of 115% PPAI! at
180-200 °C for 4 h, the phosphine oxide 1a underwent ring
closure to 3-methyl-1-phenylphosphindoline 1-oxide (2a)
in moderate yield (37%) along with a polymer. After 4 h,

0 0
CH—t *
oH— /ﬁ .. GCH,—P
4 1152 ppa e CH,
la 2a

the reaction mixture was slowly poured into ice-water with
stirring to give a homogeneous solution. Normal work-up
gave a viscous yellow oil, which on distillation yielded pure
2a. Oxide 2a could be crystallized only with difficulty. In
our attempts to optimize the reaction conditions, decreas-
ing the reaction temperature to 120-150 °C gave the start-
ing material trans-propenyldiphenylphosphine oxide!2 (4)
and a polymeric product.

H
0 No—c”
$/ \H

(CeH:).P
4

Interestingly, the phosphine oxides 1b and le also un-
derwent ring closure to produce 1,2,3,4-tetrahydro-4-
methyl-1-phenylphosphinoline 1-oxide (2b). Tentatively,
one could assume that protonation had occurred at the 3
carbon in 1b and at the § carbon in le to create a secondary
cation. The second step could reasonably involve an elec-



