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General Procedure for the Formation of Anhydrides.
Palladium acetate (0.022 g, 0.10 mmol), triphenylphosphine (0.077
g, 0.30 mmol), and anhydrous sodium benzoate (0.216 g, 1.50
mmol) were placed in the reaction vessel. After the system was
purged several times with carbon monoxide, a N,N-dimethyl-
formamide (10 mL) solution containing the iodoarene (1.0 mmol)
and biphenyl (internal standard) was added. The reaction vessel
was then pressurized to 2.7 atm with carbon monoxide. The
reaction mixture was heated to 95 °C for 18 h, during which time
the color of the solution changed from yellow to deep violet (no
precipitate was formed). The reaction mixture was cooled to room
temperature, and the vessel was opened under a nitrogen atmo-
sphere. Pure anhydride was obtained by rapid ether extraction
of the DMF solution (the latter having been treated with ice-cold
aqueous sodium chloride), followed by column chromatography
through a short silica gel column.

In order to isolate the benzoylpiperidine, piperidine (0.25 g,
3.0 mmol) was added, followed by tetrahydrofuran (10 mL), and
the reaction mixture was stirred overnight at room temperature.
Dilute hydrochloric acid was added, and the mixture was extracted
with ether. The ether extract was washed with a saturated solution
of sodium carbonate, dried (MgSO,), and concentrated to give
the pure N-aroylpiperidine.
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Treatment of 3-0xo-6-heptenoate esters 1, 2, 4-15 with 4 equiv of Mn(OAc);-2H,0 and 1 equiv of Cu(OAc)yH,0
gave salicylate esters 16-29 in yields of 17-78%. Similar treatment with 4 equiv of Mn(0Ac);-2H,0 and excess
LiCl gave mixtures of salicylate esters and chlorides such as 45 and 46, which could be converted to the salicylate
ester by heating at reflux in acetic acid containing excess LiCl in overall yields of 40-90%. Treatment of a-chloro
B-keto ester 3 with 2 equiv of Mn(OAc)32H,0 and 1 equiv of Cu(OAc),H,0 gave a mixture of salicylate 17 and
methylenecyclohexane 41. Treatment of §-hydroxy 3-keto esters 51a and 51b with 2 equiv of Mn(0QAc)3-2H,0
gave epoxides 53a and 53b in 50% and 30% yield, respectively.

Introduction

We have recently reported that oxidative cyclization of
B-keto ester 1 with 4 equiv of Mn(OAc)32H,0? and 1 equiv
of Cu(OAc),-H,0 gave methyl salicylate (16) in 77% yield
as shown in Table I.1%* Since 3-keto esters such as 1 are
readily available by alkylation of the dianion of methyl
acetoacetate,’ this procedure appeared to offer a novel and
general method for the preparation of salicylate deriva-
tives.!® We report here studies indicating the scope and
limitations of this oxidative cyclization procedure.

The detailed steps involved in the conversion of 8-keto
ester 1 to salicylate 16 can be surmised based on cycliza-

(1) For previous papers in this series, see: (a) Snider, B. B.; Mohan,
R. M,; Kates, S. A. J. Org. Chem. 1985, 50, 3659. (b) Snider, B. B.;
Mohan, R. M.; Kates, S. A. Tetrahedron Lett. 1987, 28, 841. (c) Mohan,
R.; Kates, S. A.; Dombroski, M.; Snider, B. B. Ibid. 1987, 28, 845. (d)
Snider, B. B.; Patricia, J. J.; Kates, S. A. J. Org. Chem. 1988, 53, 2137.
(e) Snider, B. B.; Dombroski, M. A. J. Org. Chem. 1987, 52, 5487.

(2) Dreyfus Teacher-Scholar 1982-1987.

(3) For a review of Mn(OAc)s2H;0 as an oxidant, see: de Klein, W.
J. In Organic Synthesis by Oxidation with Metal Compounds; Mijs, W.
J., de Jonge, C. R. H., Eds.; Plenum: New York, 1986, pp 261-314.

(4) For a rediscovery of this reaction, see: Peterson, J. R.; Egler, R.
S.; Horsley, D. B.; Winter, T. J. Tetrahedron Lett. 1987, 28, 6109.

(5) Huckin, S. N.; Weiler, L. J. Am. Chem. Soc. 1974, 96, 1082.

(6) For a review on the synthesis of aromatic rings from acyclic pre-
cursors, see: Bamfield, P.; Gordon, P. F. Chem. Soc. Rev. 1984, 13, 441,
Cf. Hormi, O. E. O. J. Org. Chem. 1988, 53, 880.

tions of related 3-keto esters that do not give aromatic
products.! Presumably, the 8-keto ester of 1 forms a
manganese enolate, which interacts with the double bond
to give the cyclic radical 30 as a reactive intermediate.!d
The enol radical is not a plausible intermediate since we
have shown that the double bond is involved in the rate-
determining step of the oxidation of 8-keto esters con-
taining two hydrogens on the a-carbon. Secondary radicals
react with cupric acetate to give copper(IIl) intermediates,
which undergo oxidative 8-hydride elimination to give
alkenes and cuprous acetate.” The radical of 30 should
react with cupric acetate to give 31 as a mixture of dou-
ble-bond isomers. The cuprous acetate produced in this
oxidation is reoxidized by a second equivalent of Mn(O-
Ac)52H,0; however, neither isomer of 31 can be isolated,
even when a deficiency of Mn(OAc)s:2H,0 is used. Pre-
sumably, 8-keto ester 31 is converted to the manganese
enolate, which is oxidized to the enol radical. Oxidative
B-hydride elimination will give the cyclohexadienone,

(7) Kochi, J. K.; Bemis, A.; Jenkins, C. L. J. Am. Chem. Soc. 1968, 90,
4616. Kochi, J. K.; Bacha, J. D. J. Org. Chem. 1968, 33, 2746. Jenkins,
C. L.; Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 843. Kochi, J. K. In Free
Radicals; Kochi, J. K., Ed.; Wiley: New York, 1973; Chapter 11. Non-
hebel, D. C. In Essays on Free-Radical Chemistry, Special Publication
24, Chemical Society: London, 1970; p 409. Kochi, J. K. Science
(Washington, D.C.) 1967, 155, 415.
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which will tautomerize to salicylate 16. This process re-
quires 4 equiv of Mn(OAc)42H,0 and a catalytic amount
of Cu(OAc)sH,0.
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A" 30
o} OH

CO,Me CO;Me
Q
‘ Mn(OAG);

31 16

Results and Discussion

Our studies indicating the scope and limitations of
salicylate synthesis by oxidative cyclization are shown in
Table I. The 3-keto esters were prepared in the yields
shown by alkylation of the dianion® of methyl acetoacetate
(procedure A), methyl 3-oxopentanoate (procedure B),
ethyl 2-chloroacetoacetate (procedure C), methyl 3-oxo-
4-phenylbutanocate (procedure E), or 1-phenyl-1,3-buta-
nedione (procedure F). 8-Keto esters 4, 10, and 13 were
prepared from the methyl ketone by conversion to the
enolate with LDA and reaction with methyl cyanoformate
(procedure D).8% Oxidative cyclization of 2, 4, and 5 under
the standard reaction conditions (procedure A, 4 equiv of
Mn(0Ac)52H,0 and 1 equiv of Cu(OAc),:H,0 in acetic
acid for 1-2 days at 25 °C) gave salicylates 17, 18, and 19
in yields of 17%, 38%, and 78%, respectively. These
reaction conditions are therefore well-suited for the
preparation of 3-alkylsalicylates such as 19, marginally
acceptable for the preparation of 4-alkylsalicylates such
as 18, and unsuitable for the preparation of 5-alkyl-
salicylates such as 17.

The low yield of salicylate from the oxidative cyclization
of 2 was discouraging, especially since the tertiary radical
32 should be formed from 2 more rapidly than the sec-
ondary radical 30 is formed from 1. Examination of the
pathway from radical 32 to salicylate 17 suggested the
origin of the low yield. Secondary radicals such as 30 are
not oxidized by Mn(OAc);-2H,0 but instead are oxidized
to the alkene without the intermediacy of a cation by
Cu(OAc)»H;0." On the other hand, tertiary radicals such
as 32 are oxidized to cations such as 33 by either Mn(O-
Ac)32H,0 or Cu(OAc)y»H,0. Cation 33 can react with
solvent to give acetate 34 or lose a proton to give either
35, with an exocyclic double bond, or 36 as a mixture of
endocyclic double bond isomers. Oxidation of 36 should
lead to salicylate 17 analogously to the proposed oxidation
of 31 to 16. Oxidation of 34 should give 37, which might
lose acetic acid to give salicylate 17. Oxidation of 35 should
give diene 38, which should polymerize rather than rear-
range to salicylate 17.

Oxidative Cyclization of a-Chloro 5-Keto Esters.
We therefore turned to alternative oxidative protocols to
devise an effective method for the preparation of salicylate
17. We have previously shown in related oxidative cy-
clizations that better yields are obtained with a-chloro
B-keto esters than with a-unsubstituted 8-keto esters since
the presence of the chlorine prevents overoxidation of the
initial cyclic product.’d We therefore decided to examine
the oxidation of 3 since the presence of the chlorine should
prevent the formation of diene 38. Oxidative cyclization
of 3 with 2 equiv of Mn(OAc)32H,0 and 1 equiv of Cu-

(8) Mander, L. N.; Sethi, S. P. Tetrahedron Lett. 1983, 24, 5425.
(9) Childs, M. E.; Weber, W. P. J. Org. Chem. 1976, 41, 3486.

J. Org. Chem., Vol. 54, No. 1, 1989 39

COMe COMe CO,Me

CH, Mn(OAc), Mn(OAc),

33
CHs CHj CHgj
o] 0O
CO,Me COMe CO,Me
34 35 ! 36
CH; OAc CH, CH,4
\ Mn(OAC), ‘ Mn(OAc); ' Mn(OAc)y
OH
CO,Me COMe CO,Me
37 38 17
CH, OAc CH, CH,

(OAc)o-H,0 (procedure B) gave the desired salicylate 17
in 30% yield accompanied by 47% of 41 and 11% of 40
as a mixture of isomers. Initial cyclization gives a tertiary
radical, which undergoes oxidative 8-hydride elimination
by Cu(OAc)»H,0 to give a mixture of 40 and 41. We have
shown that the presence of the chlorine prevents oxidation
of the tertiary radical to a cation by either Mn(III) or
Cu(Il) in closely related systems.!d Salicylate 17 is prob-
ably formed by elimination of hydrogen chloride from 40
and tautomerization.

0
| cl
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CHy  Mn(OAck
39
CHy, 3 CHs

/ 1@(0“)2\

o 0 OH
cl ol
l COHE COLE CO,E
40 41 17 .
CHy \ CH, \ / CH,

3:2 CHyCO,H-CF4CO,H 120 °C

This reaction protocol is not directly suitable for the
preparation of 17, which is obtained in only 30% yield,
even through an 88% overall yield of monomeric products
is obtained from 3. 3-Keto esters 40 and 41, formed in
58% yield, are at the salicylate oxidation state. Isomer-
ization of the double bond of 41 into the ring to give either
isomer of 40, and loss of hydrogen chloride should give 17.
This transformation can be carried out by heating 41 or
40 in 3:2 acetic acid—-trifluoroacetic acid at reflux for 10
h.1® The overall transformation (procedure C) was carried
out by reaction of 3 with 2 equiv of Mn(OAc);2H,0 and
1 equiv of Cu(OAc)yH,0 in acetic acid for 1-2 days at 25
°C followed by workup and heating the crude product in
3:2 acetic acid—trifluoroacetic acid to give a 71% yield of

(10) Extensive decomposition occurred on attempted rearrangement
of 40 and 41 to 17 in the presence of copper and manganese salts. Heating
the crude product in acetic acid for 10 h at reflux gave 17 in 45% yield
and recovered 41 in 24% yield, indicating that use of trifluoroacetic acid
as a cosolvent is necessary.
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17. Although this procedure produces 17 in good yield
from 3, alkylation of the dianion of ethyl 2-chloroaceto-
acetate produces 3 in only 44% yield. We therefore ex-
amined alternate methods for production of salicylate 17
from 2, which can be prepared in 70% yield by alkylation
of the dianion of methyl acetoacetate.

Oxidative Cyclization with Mn(OAc);2H,0 and
LiCl. The use of Mn(0OAc);.2H,0 and LiCl as reported
by Vinogradov and Nikishin provided a solution to this
problem.!! They explored the oxidation of ethyl aceto-
acetate by Mn(OAc)32H,0 in the presence of LiCl and
1-hexene. They found that ethyl 2-chloroacetoacetate (42)
was initially formed. Further oxidation led to a radical,
which added to 1-hexene to give a radical, which was
trapped by chloride to give dichloride 43 in 67% yield. We
have shown that addition of LiCl to oxidative cyclization
reactions produces similar results.!d
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3 —-2 E 3 én 8 Reaction of 3-keto ester 2 with 4 equiv of Mn(OAc)s
E 8 s C: 3 E 2H,0 and 10 equiv of LiCl in acetic acid for 16 h (proce-
@,@'g s E§ dure D) gave a 48% yield of a single unassigned isomer
S¥32o% of the expected dichloride 45, a 6% yield of 17, and a 26%
g -% TES% yield of 46. Dichloride 45 and monochloride 46 are at the
g< g 2T salicylate oxidation level. Loss of two molecules of hy-
$555% 3 drogen chloride from 45 and one molecule of hydrogen
SIELEE chloride from 46 will give salicylate 17. This transfor-
_E ok = "2’ - mation can be carried out by an E2C elimination!? in acetic
R Fag acid with excess LiCl at 100 °C.1* Reaction of 8-keto ester
Z£< g -“g’ g 2 with 4 equiv of Mn(OAc);2H,0 and 4 equiv of LiCl in
g % so B acetic acid for 1 day followed by workup and heating the
8 S2E5 é% crude product with 5 equiv of LiCl in acetic acid at 100
el 2 8 Swo °C for 1 day (procedure E) gave a 71% yield of salicylate
: 32258 17. Similar results were obtained with LiBr in place of
3 g 2 pRl = LiCl in the oxidative cyclization step.
. tSEfxg Table I shows the range of salicylates that can be pre-
z Ea oo I3% T pared by this oxidative cyclization. Polymethyl salicylates
~g f 8 "g ES 20, 21, and.22 were prepared using procedure E in 40%,
z =28 25 T 91%, and 51% yield, respectively. Complex mixtures of
5 :"?‘ 3 5a 2 dichlorides were produced as expected from procedure D.
" ~:—§ Ted The following conclusions can be drawn from examination
558 385 of entries 1-8. 3-Methylsalicylates can be prepared in the
= 2 ﬁ £ % g ; highest yield. Introduction of methyl groups in the other
g-= 2 E% positions results in decreased yields of salicylate.
~d &3;5 gE~ We examined the use of this procedure to prepare bi-
3; 5~ phenyls 23-25 (entries 9-11). Procedure E gives biphenyl
= o % g 'g 3 £ 23 in a satisfactory yield of 44%. Biphenyls 24 and 25 are
& % CE % _‘.; prepared in low yield b)_f procedure A.. Unfqrtunately,
- 5 § a =g ° procedure E is not applicable since elimination of sec-
@-g —‘;“5 %'EE ondary chlorides is problematic. Similar problems occur
o35 g s £ in the attempted preparation of chlorosalicylate 26 since
g SR g8l B elimination of hydrogen chloride from a geminal dichloride
. '§ %’ﬁ < g g is difficult. The major product from either procedure D
R0 SEBEST or E is the trichloride 47, which is formed in 44% yield.
L v $
\ 2o 5¥553%
o o =% S % Gt
§ % ﬁo @ : & (11) (a) Vinogradov, M. G.; Dolinko, V. L; Nikishin, G. I. Bull. Nat.
4 tg=2388E Acad. Sci. USSR, Ser. Chem. 1984, 1884; Izv. Akad. Nauk SSSR., Ser.
z 3‘ P ] g 8 Khim. 1984, 2065. (b) Vinogradov, M. G.; Dolinko, V. I; Nikishin, G. L.
HEghw¥ Ibid. 1984, 334; 1984, 375.

(12) McLennan, D. J. Tetrahedron 1975, 31, 2999. Ford, W. T. Acc.
Chem. Res. 1973, 6, 410.

(13) Heating the mixture obtained from 2 by procedure D in acetic
acid at 100 °C without added LiCl gave 17 (41%) and recovered 45
(42.5%). This result suggests that 46 is easily converted to 17 in hot
acetic acid, but that efficient conversion of 45 to 17 requires the presence
of LiCL
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Tetralins 27 and 28 are formed in acceptable yields.

Ogzxidation of 1,3-diketone 15 results in the formation of
2-hydroxybenzophenone (29) in 47% yield. This yield
contrasts with a 96% yield (apparently based on 50%
conversion with use of 2 equiv of Mn(0Ac);2H,0) for the
conversion of 7-octene-2,4-dione to 2-hydroxyacetophenone
reported by Peterson et al,* We obtained a ~25% yield
of 29 by using 2 equiv of Mn(OAc);-2H,0 and 1 equiv of
Cu(OAc)»H,0 either as described above or by Peterson’s
modification of our procedure.*

These oxidative cyclizations produce phenols, which are
themselves easily oxidized.?> Even though the presence of
the ester will deactivate the phenol, overoxidation is a
potentially serious problem. Treatment of methoxy-sub-
stituted 2-hydroxybenzophenones with Mn(OAc)32H,0
in acetic acid at reflux has been developed as a xanthone
synthesis.* No reaction occurred, however, on treatment
of 29 with Mn(OAc¢);2H,0 in acetic acid for 1 day at 25
°C. We did find that treatment of 20 with 1 equiv of
Mn(OAc)32H,0 in acetic acid for 10 h at 25 °C led to
~85% decomposition. The low yields in many cases are
probably due to competitive oxidation of the salicylate
product. The effect of substituents on the yield may
therefore be due to either decreasing the rate of oxidative
cyclization or increasing the rate of oxidative destruction
of the salicylate product.

Cyclization Regiochemistry. Cyclizations of unsta-
bilized 5-hexenyl radicals typically give the cyclopentane
methyl radical in a kinetically controlled process.’* Cy-
clizations of stabilized 5-hexenyl radicals give mixtures rich
in the more stable cyclohexyl radical since the cyclization
of stabilized radicals is reversible.’® These Mn(OAc),
2H,0-based oxidative cyclizations involve stabilized free
radicals, so that cyclohexyl radicals should be major
products in most cases.

From our studies of Mn(OAc)42H,0-initiated cycliza-
tions of a variety of ¢,{~-unsaturated 3-keto esters 48, the
following conclusions can be drawn about the regiochem-
istry of cyclization. A tertiary radical will be formed ex-
clusively in competition with a primary or secondary
radical regardless of the ring size. Formation of 49, R, =

o]

(14) Ueda, S.; Kurosawa, K. Bull. Chem. Soc. Jpn. 1977, 50, 193.

(15) (a) Surzur, J-M. In Reactive Intermediates; Abramowtch R A,
Ed.; Plenum: New York, 1982; Vol. 2, pp 121-295 and references cited
therem. (b) Beckwith, A. L. J. Tetrahedron 1981, 37, 3073. (c) Beckwith,
A. L. J.; Schiesser, C. H. Tetrahedron 1985, 41, 3925.

Snider and Patricia
alkyl, will occur exclusively if R, = H and R; = H or alkyl.
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Cyclohexyl radical 49 should also be the major product
with an unsubstituted double bond (48, R; = R, =Ry =
H). Cyclization of 48 with an unsubstituted double bond
and X = alkyl, benzyl, or allyl gives a 3:1 mixture of 49
and 50.! As indicated in Table I, cyclization of 48 with an
unsubstituted double bond and X = H appears to lead
exclusively to products derived from 49 (X = H, R, = R,
= R4 = H). There are several possible explanatlons for this
observation. The most likely one is that products derived
from 50 are converted to uncharacterizable oligomers by
overoxidation. Alternatively, formation of 50 might be
reversible, with cyclopentane products obtained only when
the primary radical can be trapped by addition to X =
benzyl, etc. Finally, we have shown that the rate-deter-
mining step in the oxidation is alkene dependent if X =
H and alkene independent if X = H.1d Since the mech-
anism differs depending on the nature of X, it is possible
that 50 is not formed, even as a kinetic product with X =
H.

If the radicals of both 49 and 50 are secondary, 50 will
be the major product. Cyclization of 48 (R, = R, = H, R,
= alkyl) gives a 4:1 mixture of 50 and 49.'#4 The natural
preference for the cyclopentane methyl radical predomi-
nates since a secondary radical is formed in both products.
This oxidative cyclization-aromatization procedure is
therefore not applicable to the synthesis of 6-alkyl-
salicylates.!2

Cyclization of ¢¢-Unsaturated 3-Hydroxy §-Keto
Esters. We also examined the oxidative cyclization of
6-hydroxy B-keto esters 5la and 51b in an attempt to
prepare resorcinols 58a and 58b. Although these attempts
have met with limited success, we have found that oxi-
dative cyclization of 51a and 51b with 2 equiv of Mn(O-
Ac)32H,0 in acetic acid for 3 h at 25 °C gave 53a and 53b
in 50% and 30% yield, respectively. Use of Cu(QAc)»H,0
as a cooxidant is not necessary for the formation of ep-
oxide. Lower yields of 53 are obtained in the presence of
Cu(OAc)yH,0 (vide infra). Presumably radical 52 is
formed initially. The hydroxyl group then interacts with
the radical to give a complex, which is oxidized by Mn-
(OAc)3-2H,0 with loss of a proton to give an epoxide di-
rectly.’® The cation is not a likely intermediate since
secondary radical 52b should not be oxidized to a cation
by Mn(OAc);2H,0. The formation of an epoxide from
oxidation of a 8-hydroxy radical by Mn(OAc);-2H,0 is an
unexpected reaction. We are currently exploring the scope
and utility of this unusual epoxide synthesis.

Alternate methods of cyclization also failed to convert
51 efficiently to 58. Oxidation of 51a with 2 equiv of
Mn(OAc)32H,0 and 1 equiv of Cu(OAc)s-H,0 gave 53a
in 21% vyield, 54 in 12% yield, and 55 in 11% yield.
Treatment of 51a by procedure D gave two diastereomers
of 56a in 16% and 27% yield, 57 in 4% yield, and 58a in
13% yield. Treatment of 51b by procedure D gave two
diastereomers of 56b in 30% and 29% yield and 4% of 59.

(16) For the preparation of epoxides by the oxidation of 8-hydroxy-
alkyl radicals, see: Corey, E. J.; Casanova, J., Jr. J. Am. Chem. Soc. 1963,
85,165, Corey, E. J.; Casanova, J., Jr.; Vatakencherry, P. A.; Winter, R.
Ibid. 1963, 85, 169.
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Unfortunately, dichloride 56 could not be converted to
resorcinol 58 by heating in acetic acid with LiCl. Treat-
ment of 60 by procedure B gave 61 as a 1:1 mixture of
diastereomers in 15% yield and 63 as a 4:3 mixture of
diastereomers in 60% yield. Cyclohexenone 63 is probably
formed by opening of epoxide 62. The presence of the
chlorine prevents enolization of the ketone toward the ester
so that elimination of the 8,y-unsaturated epoxide occurs
during the course of the oxidative cyclization.
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Since methylenecyclohexane 41 is readily available from
3 we decided to explore its reactivity. Dehydro-
chlorination-decarbonylation carried out with sodium
carbonate in xylene at reflux by the procedure of Biichil”
gave ester 64!% in 91% yield. Reduction of 41 with zinc
in acetic acid gave ester 65!% in 95% yield.

We have shown that oxidative cyclization and aroma-
tization of 3-oxo-6-heptenoate esters provides a general
route to a variety of salicylate derivatives, cyclohexanone

(17) (a) Bichi, G.; Hochstrasser, U.; Pawlak, W. J. Org. Chemn 1978,
38, 4348. (b) Takeda, A.; Shinhama, K.; Tsuboi, S. Bull. Chem. Soc. Jpn.
1977, 50, 1831.

(18) Trost, B. M.; Balkovec, J. M.; Angle, S. R. Tetrahedron Lett.
1986, 27, 1445.

(19) Eaton, P. E.; Temme, G. H. J. Am. Chem. Soc. 1973, 95, 7508.
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derivatives such as 41 and 45, and epoxides such as 53a
and 53b. We are continuing to explore the utility of
Mn(OAc)32H,0-based oxidative cyclizations.

Experimental Section

Materials and Methods. NMR spectra were recorded on
Varian EM-390 and XL-300 spectrometers in CDCl;. Chemical
shifts are reported in §, and coupling constants are reported in
hertz. IR spectra were obtained on a Perkin-Elmer 683 spec-
trometer. All air-sensitive reactions were run under nitrogen in
flame-dried glassware with magnetic stirring. Reagents were
added via oven-dried syringes through septa. All solvents for air-
or moisture-sensitive reactions were dried by standard procedures.

Preparation of Unsaturated 8-Keto Esters 1-3, 5-9, 11, 12,
14, and 15 (Procedures A-C, E, F). The following general
procedure is a modification of that described by Huckin and
Weiler.> All operations were carried out at 0 °C under a nitrogen
atmosphere. One equivalent of the appropriate acetoacetate
(typically 15.0~25.0 mmol) was added neat over ~10 min to a
stirred suspension of 1.1 equiv of sodium hydride (60% dispersion
in mineral oil) in sufficient THF to result in a 0.4-0.5 M solution
of the starting ester. The light yellow solution was stirred for
20 min before the addition of 1.1 equiv of n-BuLi (2.5 M solution
in hexanes) over a 15-25-min period. After being stirred for an
additional 20 min, the dark yellow to red mixture of dianion was
treated with 1.1 equiv of the appropriate allylic halide or «,3-
unsaturated aldehyde (added rapidly via syringe). The immediate
formation of a thick precipitate usually followed the addition of
halide. The reaction mixture was then stirred for 10-25 min before
the ice bath was removed. Careful hydrolysis with a solution of
5 mL of concentrated HCl in 10 mL of HyO was performed after
1 h at room temperature. The product mixture was diluted with
H,0 and extracted three times with diethyl ether. The organic
layers were combined, washed with H,0O, dried (MgS0O,), and
concentrated under reduced pressure. Purification procedures
and spectral and analytical data are given in the supplementary
material.

General Procedure for the Preparation of 4, 10, and 13.
Methyl 5-methyl-3-0x0-6-heptenoate (4) was prepared from 4-
methyl-5-hexen-2-one?® by the procedure of Mander and Sethi.?
A solution of lithium diisopropylamide (10.8 mmol) in 25 mL of
THF was prepared at 0 °C under an atmosphere of nitrogen. This
mixture was cooled to —78 °C, and a solution of 1.011 g (9.01 mmol)
of 4-methyl-5-hexen-2-one® in 5 mL of THF was added rapidly
with a dropping funnel. The solution was warmed to 0 °C, stirred
for 1 h, and again brought to -78 °C. HMPA (1.57 mL, 1.62 g,
9.04 mmol) was added via syringe. Ten minutes later, a solution
of 0.922 g (10.8 mmol) of methyl cyanoformate® in 3 mL of THF
was added via syringe. The solution was stirred for 15 min at
~78 °C, and the reaction mixture was hydrolyzed by pouring into
50 mL of rapidly stirring ice-cold water. The aqueous layer was
extracted twice with diethyl ether, and the organic layers were
combined, dried (MgS0,), and concentrated in vacuo. Evaporative
distillation (95-100 °C; 18 Torr) of the resulting light yellow oil
gave 0.960 g (62.6%) of 4 containing ~7% of its enolic form
[characteristic *H NMR peaks of enol: 6 12.02 (s), 3.73 (s)]: *H
NMR 6§ 5.75 (ddd, 1, J = 17.2, 10.4, 6.8), 5.04-4.94 (m, 2), 3.74
(s, 8), 3.44 (s, 2), 2.80-2.67 (m, 1), 2.60 (dd, 1, J = 16.8, 6.6), 2.49
(dd, 1,J = 16.6,7.2), 1.04 (d, 3 J = 6.7); 13C NMR 5 201.5, 167.4,
142.2, 1134, 52.2, 49.4 (2), 33.0, 19.6; IR (neat) 3090, 3071, 1767,
1738, 1658 cm™.. Anal. Caled for CH,4,O5: 170.0943. Found:
170.0936.

General Procedure for the Preparation of 51a, 51b, and
60. Methyl 5-hydroxy-6-methyl-3-0x0-6-heptencate (51a) was
prepared via the general procedure outlined above for dianion
alkylation by using methyl acetoacetate (2.090 g, 18.0 mmol), 60%

(20) Kimel, W.; Cope, A. C. J. Am. Chem. Soc. 1943, 65, 1992.
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sodium hydride dispersion in mineral oil (0.7965 g, 19.9 mmol),
2.54 M n-BuLi (7.80 mL, 19.8 mmol), and methacrolein (1.64 mL,
19.8 mmol) in THF (40 mL). After being stirred for 25 min at
0 °C, the bright blue-green reaction mixture was hydrolyzed and
worked up under normal conditions to give 3.727 g of crude
product. Flash chromatography of 1.548 g on silica gel (60:40
hexane-EtOAc) afforded 1.049 g (75.4%) of 51a containing ~8%
of its enolic form [characteristic '!H NMR peaks of enol: § 12.10
(s), 5.08 (s}, 3.74 (s)]: 'H NMR 6 5.02 (m, 1), 4.87 (m, 1), 4.53 (br
dd, 1, J = 7.4, 4.9), 3.75 (s, 3), 3.54 (s,2), 2.96 (br s, 1), 2.78 (d,
1J=174),278(d,1,J = 4.9), 1.75 (br s, 3); 13C NMR 4 202.8,
167.4, 145.5, 111.3, 70.9, 52.3, 49.6, 48.1, 18.1; IR (neat) 3490, 3080,
1747, 1725, 1652, 1634 cm™.. Anal. Caled for CgH;,05 (M — H,0):
168.0787. Found: 168.0789.

General Procedures for Oxidative Cyclization of Unsat-
urated 8-Keto Esters or 8-Diketones. A. Use of 4 Equiv of
Mn(OAc);2H,0 and 1 Equiv of Cu(OAc),H,0. A 25-mL flask
was flame-dried under vacuum and allowed to cool under an
atmosphere of nitrogen. The flask was charged with the appro-
priate amount of the unsaturated 3-keto ester (typically 1 mmol),
4 equiv of Mn(OAc);2H,0, 1 equiv of Cu(OAc),H;0, and suficient
glacial acetic acid to result in a 0.1 M solution of the starting
material. The mixture was then stirred at room temperature until
the reddish-brown color of the manganese had dissipated (this
coincides with the reaction becoming a bright blue-turquoise color
from dissolved copper salts). Reactions were normally complete
in 24-48 h. At this point the reaction mixture was diluted with
H,0 and extracted successively with three portions of methylene
chloride. Small amounts of unreacted Mn(III) salts were reduced
to water-soluble Mn(II) salts during work up by the addition of
a few drops of a 10% aqueous sodium bisulfite solution. The
combined organic layers were then carefully neutralized by the
addition of adequate amounts of a saturated aqueous solution
of sodium bicarbonate. The methylene chloride layer was dried
(MgS0,) and concentrated via rotary evaporation to give crude
product.

B. Use of 2 Equiv of Mn(0QAc);2H,0 and 1 Equiv of
Cu(OAc)yH;0. This procedure was carried out as described
above for A except that only 2 equiv of Mn(OAc)32H,0 were used.

C. Use of 2 Equiv of Mn(0QAc);2H,0 and 1 Equiv of
Cu(OAc)»H,0. Subsequent Heating of the Crude Product
in a Mixture of Glacial Acetic Acid and Trifluoroacetic
Acid. The appropriate unsaturated a-chloro 8-keto ester, 2 equiv
of Mn(OAc)32H,0, and 1 equiv of Cu(OAc),-H,0 were reacted
as described above in procedure A. The usual work up gave crude
product, which was dissolved in a 60:40 mixture of glacial acetic
acid and trifluoroacetic acid, respectively (enough solvent was
used to make an ~0.1 M solution of the intermediate). This
solution was then heated to 120 °C for 9-10 h under a nitrogen
atmosphere. The dark brown mixture was cooled to room tem-
perature, diluted with H,0, and worked up as described in pro-
cedure A.

D. Use of 4 Equiv of Mn(QAc);2H,0 and an Excess of
Lithium Chloride. A mixture of the 8-keto ester (usually 1
mmol), 4 equiv of Mn(OAc);-2H,0, and 4-10 equiv of LiCl in
glacial acetic acid (a quantity of solvent was employed such that
an =~0.1 M solution of the starting material resulted) was prepared
under nitrogen in a flame-dried 25-mL flask. These reagents were
stirred at room temperature until the Mn(OAc);-2H,0 had been
completely consumed. This was evidenced by the disappearance
of its characteristic brick-red color and typically occurred after
12-36 h of reaction time. Workup was performed as outlined
above in procedure A.

E. Use of 4 Equiv of Mn(QAc);2H,0 and an Excess of
Lithium Halide (Chloride or Bromide). Subsequent Heating
of the Crude Product with Lithium Chloride in Glacial
Acetic Acid. Approximately 1 mmol of the starting unsaturated
B-keto ester was treated with Mn(OAc)3-2H,0 and LiX exactly
as described above in procedure D. The crude product from this
reaction was then heated under nitrogen with 5—6 equiv of LiCl
in glacial acetic acid (enough solvent was used to produce an =~0.2
M solution of the intermediate) at 100 °C (oil bath temperature)
for 16~28 h. The reaction mixture was allowed to cool to room
temperature and was worked up as usual (see procedure A).

Preparation of Methyl Salicylate (16). Reaction of 1 (0.076
g, 0.49 mmol) by procedure A followed by filtration through silica

Snider and Patricia

gel (80:20 hexane—EtOAc) afforded 0.057 g (78%) of 16: 'H NMR
§10.76 (s, 1), 7.83 (dd, 1, J = 8.1, 2.7), 7.45 (ddd, 1, J = 9.7, 7.8,
2.3),6.98(dd, 1,J =8.8,1.2),6.88 (ddd, 1 J = 9.7, 7.5, 1.2), 3.95
(s, 3); 33C NMR 4 170.5, 161.5, 185.6, 129.8, 119.1, 117.5, 112.3,
52.2; IR (neat) 3200, 2970, 1750, 1745, 1690, 1685, 1620, 1590, 1490,
1445, 1380, 1335, 1310, 1260, 1220, 1160, 1095 cm™.,

Preparation of Methy! (or Ethyl) 5-Methylsalicylate (17).
Reaction of 2 (0.1705 g, 1.00 mmol) by procedure A followed by
purification by filtering through silica gel with CH,Cl, as eluent
gave 0.0278 g (16.7%) of 17.22 'H NMR 4 10.56 (s, 1), 7.62 (d,
1,J=20),7.27(dd, 1,J = 8.4, 2.0),6.88 (d, 1, J = 8.4), 3.93 (s,
3), 2.27 (s, 3); 3C NMR 6 170.5, 159.4, 136.6, 129.5, 128.2, 117.2,
111.8, 52.1, 20.3; IR (neat) 3320, 3024, 3000, 1678, 1615, 1596 cm™.

Reaction of 3 (0.2191 g, 1.00 mmol) by procedure C followed
by flash chromatography on silica gel (90:10 hexane-EtOAc) gave
53.4 mg (29.6%) of the ethyl ester of 17, 101.9 mg (47.0%) of 41,
and 24.5 mg (11.3%) of 40 as a mixture of isomers.

The data for the ethyl ester of 17.22 'H NMR 6 10.65 (s, 1),
762 (brd, 1,J =24),7.25(dd, 1,J =8.5,24),687(d, 1,J =
8.5),4.39 (q, 2,J = 7.1), 2.28 (s, 3), 1.41 (t, 8, J = 7.1); C NMR
6 170.1, 159.5, 136.5, 129.5, 128.1, 117.2, 112.1, 61.2, 20.3, 14.2; IR
(neat) 3180, 1675, 1616, 1594 cm™.,

The data for ethyl 1-chloro-5-methylene-2-oxocyclohexane-1-
carboxylate (41): 'H NMR 4 5.07 (br s, 1), 5.03 (br s, 1), 4.29 (q,
2,J=17.0),3844(d,1,J =14.2),2.99-2.86 (m, 1),2.77(d,1,J =
14.2), 2.62-2.50 (m, 3), 1.81 (t, 3, J = 7.0); 3C NMR § 198.7, 166.7,
139.1,115.2, 72.4, 62.9, 46.2, 38.6, 33.3, 13.8; IR (neat) 3102, 3000,
1760, 1748, 1668 cm™, Anal. Calcd for C;oH3Cl04: 216.0554.
Found: 216.0564.

Reaction of 3 (0.2202 g, 1.01 mmol) by procedure C gave crude
dark brown product, which was passed through a small column
of silica gel (90:10 hexane-EtOAc) to give 0.1293 g (71.3%) of the
ethyl ester of 17.

Reaction of 2 (0.1705 g, 1.00 mmol) by procedure D with 10
equiv of LiCl for 16 h followed by flash chromatography on silica
gel (80:20 hexane-EtOAc) gave 9.3 mg (5.6%) of 17, 114.0 mg
(47.6%) of 45, and 52.0 mg (25.6%) of 46.

The data for methyl 1,5-dichloro-5-methyl-2-oxocyclohexane-
1-carboxylate (45): TH NMR 4 3.85 (s, 3), 3.39 (dd, 1, J = 14.9,
3.8),3.27 (ddd, 1, J = 14.9, 14.2, 5.8), 2.68 (ddd, 1, J = 14.9, 4.1,
2.8), 2.41 (d, 1, J = 14.9), 2.34 (dddd, 1, J = 14.4, 5.8, 3.8, 2.8),
2.10 (ddd, 1, J = 14.4, 14.2, 4.1), 1.73 (s, 3); 1°C NMR § 197.4, 168.1,
70.9, 67.7, 53.8, 53.7, 41.6, 36.8, 32.7; IR (neat) 1753, 1743 cm™.
Anal. Caled for CoH,Cl;,04: 238.0165. Found: 238.0171.

The data for methyl 3-chloro-3-methyl-6-oxo0-1-cyclohexene-
1-carboxylate (46): 'TH NMR 8 7.35 (4,1, J = 1.7), 3.83 (s, 3), 2.91
(ddd, 1, J = 16.6, 11.9, 4.5), 2.58 (ddd, 1, J = 16.6, 4.5, 4.1), 2.50
(dddd, 1, J = 14.3, 4.5, 4.5, 1.7), 2.32 (ddd, 1, J = 14.3, 11.9, 4.1),
1.86 (s, 3); 13C NMR 6 193.0, 164.3, 154.1, 129.9, 63.4, 52.5, 38.1,
35.5, 31.4; IR (neat) 1747, 1725, 1695 cm™L.

Reaction of 2 (0.1739 g, 1.02 mmol) by procedure E followed
by chromatography on silica gel (30:10 hexane/EtOAc) gave 0.1196
g (70.4%) of compound 17.

Preparation of Methyl 5-Chlorosalicylate (26). Reaction
of 12 (0.1885 g, 0.989 mmol) by procedure A followed by filtration
of the crude product through silica gel (80:20 hexane/EtOAc) gave
19.8 mg (10.7%) of 26:%® TH NMR 4 10.68 (s, 1), 7.80 (d, 1, J =
2.7),7.40 (dd, 1,J = 8.9,2.7),6.93 (d, 1, J = 8.9), 3.96 (s, 3); 13C
NMR 6 169.5, 160.1, 135.6, 129.1, 127.8, 119.1, 113.2, 52.6; IR (neat)
1684, 1614 cm™.

Reaction of 12 (0.1906 g, 1.00 mmol) by procedure E followed
by chromatography of the crude product on silica gel (85:15
hexane/EtQAc) gave 26.6 mg (14.3%) of 26 followed by 0.1152
g (44.4%) of methyl 1,5,5-trichloro-2-oxocyclohexane-1-carboxylate
(47): 'THNMR 63.88 (dd, 1, J = 14.8, 3.6), 3.87 (s, 3), 3.22-3.08
(m, 1), 3.01 (d, 1, J = 14.8), 2.92-2.64 (m, 3); *C NMR § 194.9,
167.3, 84.0, 69.7, 56.3, 54.0, 45.7, 36.9; IR (neat) 1755, 1745, 1680
cm™l. Anal. Caled for CgHgCl3O5: 257.9619. Found: 257.9610.
Virtually identical results were obtained from procedure D.

Cyclization of Methyl 5-Hydroxy-6-methyl-3-0x0-6-
heptenoate (51a) with 2 Equiv of Mn(OAc);2H,0. A mixture

(21) Anschutz, R. Justus Liebigs Ann. Chem. 1924, 439, 8.

(22) McCulloch, A. W.; Mclnnes, A. G. Can. J. Chem. 1971, 49, 3152.

(23) Baker, W,; Downing, D. F.; Hewitt-Symonds, A. E.; McOmie, J.
F. W. J. Chem. Soc. 1952, 3796.
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of 0.1730 g (0.9291 mmol) of 51a and 0.5405 g (2.016 mmol) of
Mn(0OAc)32H,0 in 10 mL of HOAc was stirred under nitrogen
at room temperature for 8 h. Normal workup furnished 0.1707
g of crude material, which was purified by flash chromatography
on silica gel (70:30 hexane/EtOAc) to give 85.3 mg (49.9%) of
53a followed by 10.3 mg (4.5%) of 55.

Data for 4-carbomethoxy-3-hydroxy-6-methyl-7-oxabicyclo-
[4.1.0)hept-3-ene (53a): *H NMR ¢ 12.19 (s, 1), 3.75 (s, 3), 3.13
(brs, 1),2.87(dddd, 1, J = 17.7,1.7,1.7,1.7), 281 (br d, 1, J =
19.1),2.75 (br d, 1, J = 19.1), 2.51 (ddd4, 1, J = 17.7, 1.7, 1.7), 1.43
(s, 3); 1°C NMR 6 172.4, 167.2, 93.4, 57.7, 56.7, 51.6, 30.3, 28.0,
22.7; IR (neat) 1747, 1720, 1667, 1626 cm™. Anal. Caled for
CgH,,0, 184.0736. Found: 184.0735.

Data for methyl 5-acetoxy-2,4-dihydroxy-5-methyl-1-cyclo-
hexene-1-carboxylate (55): 'H NMR 4 12.10 (s, 1), 4.18 (br dd,
1,J =86.6,6.3),3.76 (s, 3), 293 (br d, 1, J = 16.3), 2.76-2.29 (m,
3), 2.03 (s, 3), 1.54 (s, 3); IR (neat) 3460, 1725, 1660, 1620 cm™.

Cyclization of Methyl 5-Hydroxy-6-methyl-3-0x0-6-
heptenoate (51a) by Procedure B. Reaction of 51a (0.1842 g,
0.989 mmol) by procedure B followed by flash chromatography
on silica gel (70:30 hexane/EtOAc) gave 34.3 mg (20.9%; 24.6%
corrected for unreacted 51a) of 17, 38.9 mg (21.3%; 25.2% cor-
rected) of 53a, 22.8 mg (12.5%; 14.7% corrected) of 54, 25.6 mg
(10.6%; 12.5% corrected) of 55, and 27.9 mg (0.150 mmol) of
recovered 5la.

Data for methyl 2,4-dihydroxy-5-methylene-1-cyclohexene-1-
carboxylate (54): 'H NMR 6 12.08 (s, 1), 5.07 (dddd, 1, J = 1.3,
1.3, 1.3, 1.3), 4.96 (dddd, 1,J = 1.4, 1.3, 1.3, 1.1), 4.61 (br dd, 1,
J =86.3,54),3.78 (s, 3),3.17 (br d, 1, J = 17.6), 3.00 (ddd, 1, J
=176, 1.3, 1.3), 2.76-2.68 (m, 1), 2.46 (dddd, 1, J = 17.8, 6.3, 1.4,
0.9); IR (neat) 3450, 3076, 1739, 1717, 1660, 1620 cm™.

Cyclization of Methyl 5-Hydroxy-6-methyl-3-0xo0-6-
heptenoate (51a) by Procedure D. Reaction of 51a (0.1882 g,
1.01 mmol) by procedure D followed by flash chromatography
on silica gel (70:30 hexane/EtOAc) gave 2.0 mg (1.2%) of 17, 23.7
mg (12.9%) of 58a, 8.6 mg (3.9%) of 57, 41.1 mg (15.9%) of one
diastereomer of 56a, and 70.1 mg (27.2%) of a second diastereomer
of 56a.

Data for methyl 4-hydroxy-5-methylsalicylate (58a):* ‘H NMR
4 10.78 (s, 1), 7.59 (s, 1), 6.37 (s, 1), 5.59 (s, 1), 3.91 (s, 3), 2.17 (s,
3); 13C NMR 6 170.4, 161.7, 160.3, 131.9, 116.0, 105.2, 102.6, 51.9,
14.9; IR (neat) 3320, 3230, 1737, 1663, 1617 cm™.

Data for methyl 5-chloro-2,4-dihydroxy-5-methyl-1-cyclo-
hexene-1-carboxylate (57): 'H NMR & 12.11 (s, 1), 4.01 (br dd,
1,J=17259),378 (s, 3), 2.88 (dddd, 1, J = 18.8,5.9, 1.1, 1.1),
2.84 (brddd, 1, J = 16.1, 1.1, 1.1), 273 (br d, 1, J = 16.1), 2.35
(dddd, 1, J = 18.8, 7.2, 1.7, 1.1), 1.59 (s, 3); IR (neat) 3480, 1743
(s), 1660 (vs), 1620 (s) cm™.

Data for the less polar diastereomer of methyl 1,5-dichloro-4-
hydroxy-5-methyl-2-oxocyclohexane-1-carboxylate (56a): 'H NMR
64.26 (m, 1), 3.84 (s, 3), 3.59 (dd, 1, J = 15.1, 2.9), 3.23 (dd, 1,
J=148,2.0),2.85(d, 1,J = 14.8),2.77(dd, 1, J = 15.1, 3.6), 1.73
(s, 3); 18C NMR 4 196.6, 168.2, 77.0, 70.7, 68.3, 53.8, 47.9, 44.6,
28.5; IR (neat) 3390, 1740 (vs), 1667 (w), 1623 (w) cm™,

Data for the more polar diastereomer of methyl 1,5-dichloro-
4-hydroxy-5-methyl-2-oxocyclohexane-1-carboxylate (56a): 'H
NMR 5 3.85 (s, 3), 8.77 (m, 1), 3.46 (d, 1, J = 15.4), 8.12 (dd, 1,
J =14.2,11.3),3.00 (dd, 1, J = 14.2, 4.7), 2.46 (br s, 1), 2.32 (d,
1,J = 15.4), 1.77 (s, 8); 1C NMR 6 194.5, 167.6, 74.7, 73.1, 70.6,
53.9, 48.9, 45.5, 28.8; IR (neat) 3420, 1736 (vs), 1624 (w) cm™.

Cyclization of Methyl 5-Hydroxy-3-oxo-6-heptenoate (51b)
with 2 Equiv of Mn(OAc)32H,0. The following reagents were
stirred at room temperature under nitrogen for 3 h: 51b (0.1708
g, 0.9920 mmol), Mn(OAc)42H,0 (0.5401 g, 2.015 mmol), HOAc
(10 mL). The usual workup resulted in 0.1608 g of a crude product
mixture that was purified by bulb-to-bulb distillation (60-80 °C;
0.10 Torr) to give 50.7 mg (30.0%) of 4-carbomethoxy-3-
hydroxy-7-oxabicyclo[4.1.0]hept-3-ene (53b): 'H NMR § 12.22
(s, 1), 3.76 (s, 3), 3.34 (m, 2),2.98 (br d, 1, J = 18.0), 2.84 (br d,
1,J =19.8), 2.71 (br d, 1, J = 19.8), 2.60 (br d, 1, J = 18.0); 13C
NMR 6 172.5, 167.0, 92.6, 51.6, 50.9, 50.7, 29.4, 22.9; IR (neat) 3004,
1747, 1717, 1664, 1620 cm™. Anal. Caled for CgH, Oy 170.0579.
Found: 170.0587.

(24) Whalley, W. B. J. Chem. Soc. 1957, 1833.
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Cyclization of Methyl 5-Hydroxy-3-0xo0-6-heptenoate (51b)
by Procedure B. Reaction of 51b (0.1743 g, 1.01 mmol) by
procedure B followed by flash chromatography on silica gel (70:30
hexane-EtOAc) gave 38.3 mg (22.2%; 26.3% when adjusted for
26.9 mg of recovered 51b) of 53b.

Cyclization of Methyl 5-Hydroxy-3-oxo-6-heptenoate (51b)
by Procedure D. Reaction of 51b (0.1754 g, 1.02 mmol) by
procedure D followed by flash chromatography on silica gel (70:30
hexane-EtOAc) gave 8.5 mg (4.1%) of 59, 73.9 mg (30.1%) of one
diastereomer of 56b, and 70.7 mg (28.8%) of a second diastereomer
of 56b.

Data for methyl 1-chloro-5-hydroxy-2-oxo0-3-cyclohexene-1-
carboxylate (59): 'H NMR 6 6.97 (ddd, 1, J = 10.4, 2.2, 1.9), 6.10
(dd, 1, J = 10.4, 2.2), 4.98 (dddd, 1, J = 9.4, 5.1, 2.2, 2.2), 3.88
(s,3),3.17(dd, 1, J = 14.4, 9.4), 293 (ddd, 1, J = 14.4, 5.1, 1.9);
13C NMR 5 166.4, 149.4, 126.2, 67.9, 54.1, 49.9, 43.9 (ketone carbon
not seen); IR (neat) 3450, 3066, 3008, 1769, 1744, 1699 cm™.

Data for the less polar diastereomer of methyl 1,5-dichloro-4-
hydroxy-2-oxocyclohexane-1-carboxylate (56b): 'H NMR 6 4.73
(ddd, 1, J = 11.7, 4.2, 2.1), 4.40 (br s, 1), 3.87 (s, 3), 3.42 (dd, 1,
J =145,11.7),3.32 (dd, 1, J = 15.2, 2.8), 2.74 (dd, 1, J = 15.2,
4.0), 2.68 (br s, 1), 2.55 (ddd, 1, J = 14.5, 4.2, 1.9); 13C NMR &
195.7, 166.1, 71.4, 70.7, 57.5, 54.0, 41.9, 39.7; IR (neat) 3400, 3006,
1740, 1662, 1620 cm™.

Data for the more polar diastereomer of methyl 1,5-dichloro-
4-hydroxy-2-oxocyclohexane-1-carboxylate (56b): 'H NMR 5 4.35
(ddd, 1, J = 10.2, 8.6, 4.4), 3.99 (ddd, 1, J = 10.3, 8.6, 5.1), 3.87
(s, 8),3.14(dd, 1, J = 14.7,10.3), 2.97 (dd, 1, J = 14.7, 5.1), 2.92
(dd, 1, J = 15.1,10.2), 2.79 (dd, 1, J = 15.1, 4.4); *C NMR 6 195.9,
166.5, 73.0, 70.8, 58.9, 54.0, 42.8, 41.0; IR (neat) 3380, 3057, 1755,
1741 cm™.

Cyclization of Ethyl 2-Chloro-5-hydroxy-6-methyl-3-oxo-
6-heptenoate (60) by Procedure B. Reaction of 60 (0.1408 g,
0.600 mmol) by procedure B followed by flash chromatography
on silica gel (70:30 hexane-EtOAc) gave 10.7 mg (7.7%) of one
diastereomer of 61, 10.4 mg (7.5%) of a second diastereomer of
61, 35.8 mg (25.7%) of one diastereomer of 63, and 47.2 mg
(33.8%) of a second diastereomer of 63.

Data for the less polar diastereomer of ethyl 1-chloro-4-
hydroxy-5-methylene-2-oxocyclohexane-1-carboxylate (61): 'H
NMR 6 5.34 (brs, 1), 5.16 (br s, 1), 4.58 (br dd, 1, J = 6.4, 4.6),
431(q,2,J=171),372(d, 1,J = 14.4),3.25(dd, 1, J = 14.3,4.6),
2.66 (4, 1,J = 14.4), 2.63 (dd, 1, J = 14.3, 6.4), 1.32 (t, 3, J = 7.1);
IR (neat) 3480, 1785, 1738 cm™. Anal. Caled for C;,H,;Cl0; (M
- H,0): 214.0397. Found: 214.0403.

Data for the more polar diastereomer of ethyl 1-chloro-4-
hydroxy-5-methylene-2-oxocyclohexane-1-carboxylate (61): 'H
NMR 6§ 5.30 (br s, 1), 5.16 (br s, 1), 4.59 (br dd, 1, J = 5.5, 4.4),
4.28 (q,2,J =17.0),3.33 (d, 1, J = 14.0), 3.10 (ddd, 1, J = 14.0,
1.1,1.1),2.97 (dd, 1, J = 14.5, 5.5), 2.84 (dd, 1, J = 14.5, 4.4), 1.30
(t, 3,J =7.0); 8C NMR 6 186.7, 141.9, 115.3, 67.6, 63.1, 47.4, 41.7,
13.9 (2 carbons not seen).

Data for the less polar diastereomer of ethyl 1-chloro-5-
hydroxy-5-methyl-2-oxo-3-cyclohexene-1-carboxylate (63): 'H
NMR 6 6.77 (dd, 1, J = 10.3, 1.6), 6.05 (d, 1, J = 10.3), 4.32 (q,
2,J=170),3.08(d,1,J=153), 265 (dd, 1,J = 15.3, 1.6), 1.44
(s, 3), 1.33 (t, 8, J = 7.0); 3C NMR 4 187.5, 166.7, 152.8, 124.4,
72.2, 66.4, 63.5, 45.7, 28.9, 13.9; IR (neat) 3500, 1734, 1703 cm™.,

Data for the more polar diastereomer of ethyl 1-chloro-5-
hydroxy-5-methyl-2-0xo-3-cyclohexene-1-carboxylate (63): ‘H
NMR §6.73 (dd, 1, J = 10.1, 1.8), 6.09 (d, 1, J = 10.1), 4.28 (q,
2,J="170),309(dd,1,J = 14.6, 1.8),2.54 (d, 1, J = 14.6), 1.49
(s, 3), 1.29 (¢, 3, J = 7.0); 13C NMR 4 187.7, 168.9, 152.7, 125.4,
69.0, 67.5, 63.8, 48.2, 29.9, 13.6; IR (neat) 3500, 1798, 1733, 1705
cml, Anal. Calcd for C;,H;5Cl0,: 232.0503. Found: 232.0502.

Ethyl 4-Methylene-1-cyclopentene-1-carboxylate (64). A
mixture of 53.8 mg (0.248 mmol) of 41, 0.2154 g (2.032 mmol) of
sodium carbonate, and 0.5067 g of crushed glass in 2 mL of dry
xylenes was stirred rapidly and heated to reflux under nitrogen
for 36 h.'7 Solvent was removed by placing the crude reaction
mixture on a 1.5 cm X 15.0 cm column of silica gel and eluting
with 150 mL of hexane. Elution with 100 mL of CH,Cl,, followed
by removal of solvent under reduced pressure, gave 34.4 mg
(91.0%) of 64:1®* 'H NMR 6 6.79-6.75 (m, 1), 5.06-5.03 (m, 1),
5.08-5.00 (m, 1), 4.21 (q, 2, J = 7.2), 3.33-3.31 (m, 2), 3.27-3.24
(m, 2), 1.30 (t, 3, J = 7.2); 13C NMR 6 164.8, 146.8, 141.8, 135.8,



46 J. Org. Chem. 1989, 54, 46-51

108.4, 60.2, 39.8, 38.0, 14.2; IR (neat) 3080, 1719, 1672 cm™.

Ethyl 5-Methylene-2-oxocyclohexane-1-carboxylate (65).
A solution of 54.2 mg (0.250 mmol) of 41 in 2 mL of HOAc was
stirred with 0.1665 g (2.55 mmol) of zinc dust for 4.5 h under
nitrogen at room temperature. Excess zinc was removed by
filtration, and the residue was washed with CH,Cl,. Water (50
mL) was added to the filtrate, the organic layer was removed, and
the aqueous layer was extracted twice with 20-mL portions of
CH,Cl,. The organic layers were combined, neutralized with 25
mL of saturated aqueous NaHCOj; solution, dried (MgSQO,), and
concentrated under reduced pressure to give 43.5 mg (95.4%) of
659 as a 4:1 mixture of enol and keto forms, respectively.

Data for the enol form of 65: 'H NMR 4 12.21 (s, 1), 4.85 (d,
1,J=1.3),480(d,1,J=13),4.23(q,2,J =7.1),2.97 (br d, 2,
J =1.3), 2.44-2.33 (m, 4), 1.32 (t, 3, J = 7.1); ¥)C NMR 6 172.2,
171.5, 143.3, 109.5, 96.8, 60.3, 30.8, 30.4 (2), 14.3; IR (neat) 3074
(w), 1747 (m), 1720 (m), 1656 (s), 1619 (s) cm™.

Acknowledgment. We thank the National Institutes
of Health (Grant GM-30528) for generous financial support
and Dr. Steven A. Kates for carrying out preliminary ex-
periments.

Registry No. 1, 30414-57-4; 2, 59529-68-9; 3, 117369-82-1; 4,
117369-83-2; 5, 117369-84-3; 6, 117369-85-4; 7, 117369-86-5; 8,
117369-87-6; 9, 117369-88-7; 10, 88681-86-1; 11, 117369-89-8; 12,

117369-90-1; 13, 117369-91-2; 14, 56028-92-3; 15, 13163-77-4; 186,
119-36-8; 17, 22717-57-3; 17 (ethyl ester), 34265-58-2; 18, 4670-56-8;
19, 23287-26-5; 20, 5628-60-4; 21, 117369-92-3; 22, 117369-93-4;
23, 17504-13-1; 24, 117369-94-5; 25, 4906-69-8; 26, 4068-78-4; 27,
54815-88-2; 28, 59604-96-5; 29, 117-99-7; 40 (isomer 1), 117369-98-9;
40 (isomer 2), 117370-14-6; 41, 117369-99-0; 45, 117370-00-0; 46,
117370-01-1; 47, 117370-02-2; 51a, 117369-96-7; 51b, 62343-95-7;
53a, 117370-03-3; 53b, 117370-06-6; 55, 117370-04-4; 56a,
117370-05-5; 56b, 117370-08-8; 58a, 46174-31-6; 59, 117370-07-7;
60, 117369-97-8; 61 (isomer 1), 117370-09-9; 61 (isomer 2),
117370-10-2; 63 (isomer 1), 117370-11-3; 63 (isomer 2), 117370-12-4;
64, 117370-13-5; 65, 50635-46-6; H,C=CHCH,Br, 106-95-6;
H,C=C(CH;)CH;Br, 3017-69-4; (E)-H;CCH=—C(CH;)CH,Br,
57253-30-2; H,C=C(Ph)CH,Br, 3360-53-0; H,C=C(CI)CH,Br,
4860-96-2; 1-bromomethylcyclohexene, 37677-17-1; methyl acet-
oacetate, 105-45-3; methyl 3-oxopentanoate, 30414-53-0; methyl
chloroacetoacetate, 4755-81-1; methyl 4-phenyl-3-oxobutanoate,
37779-49-0; 1-phenylpentane-2,4-dione, 3318-61-4; 4-methyl-5-
hexen-2-one, 61675-14-7; 4-phenyl-5-hexen-2-one, 50552-30-2;
l-acetyl-2-vinylcyclohexane, 117369-95-6; acrolein, 107-02-8;
methacrolein, 78-85-3.

Supplementary Material Available: Experimental proce-
dures and spectroscopic data for all compounds not described in
the Experimental Section (8 pages). Ordering information is given
on any current masthead page.

A Concise Synthesis of d,I-Methylenomycin A and
d,l-epi-Methylenomycin A

Marcus A. Tius*! and Sanjay Trehan

Department of Chemistry, University of Hawaii, 2545 The Mall, Honolulu, Hawaii 96822

Received May 12, 1988

A cationic cyclopentaannelation reaction that was developed in our laboratories has been applied to the synthesis
of d,l-methylenomycin A, a fungal metabolite that has been isolated from a strain of Streptomyces violaceoruber.
The efficiency of the key reaction makes a very short total synthesis possible. A synthesis of d,l-epi-methylenomycin

A has also been accomplished.

The synthesis of cyclopentanoids continues to be the
focus of much research.? The isolation and structure
elucidation of unusual cyclopentanoid natural products
and the continuing interest in polyquinane chemistry ac-
counts for this research activity. The family of methyle-
nomycin antibiotics were isolated by Haneishi and co-
workers from a Streptomyces strain.® Methylenomycin
A is effective against Lewis lung carcinoma in mice.?
Methylenomycin A and methylenomycin B are active
against Gram-positive and Gram-negative bacteria and are
cytotoxic in the KB assay.® The unprecedented structure
of these fungal metabolites led to a flurry of synthetic
activity that culminated in several successful total
syntheses.® A cationic cyclopentaannelation reaction that

(1) Fellow of the Alfred P. Sloan Foundation, 1987-1989.

(2) This area has been reviewed extensively: Trost, B. M. Angew.
Chem., Int. Ed. Engl. 1986, 25, 1-20. Ramaiah, M. Synthesis 1984,
529-570. Noyori, R.; Suzuki, M. Angew. Chem., Int. Ed. Engl. 1984, 23,
847-876. Santelli-Rouvier, C.; Santelli, M. Synthesis 1983, 429-442.

(3) Haneishi, T.; Kitahara, N.; Takiguchi, Y.; Arai, M.; Sugawara, S.
J. Antibiot. 1974, 27, 386-392. Haneishi, T.; Terahara, A.; Arai, M.; Hata,
T.; Tamura, C. Ibid. 1974, 27, 393-399.

(4) Terahara, A.; Haneishi, T.; Arai, M. Heterocycles 1979, 13,
353-371.

(5) Tius, M. A.; Patterson, G. M.; Astrab, D. P. J. Antibiot. 1985, 38,
1061-1067.
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was discovered in our laboratories offers an extremely
straightforward and direct entry to these compounds.” We
have reported the synthesis of some of the simpler mem-
bers of this class of compounds, methylenomycin B, d,i-
desepoxy-4,5-didehydromethylenomycin A, and d,i-
desdihydroxy-4,5-didehydroxanthocidin.?  We now report
the total synthesis of d,/-methylenomycin A (1) and d,!I-
epi-methylenomycin A (2).

D 0
HiC He o A
0 CH, 0 CH,
Ha Hat
£00H CooH

The retrosynthesis for 1 and 2 leads to tertiary alcohol
4 via d,l-desepoxy-4,5-didehydromethylenomycin A (3).

(6) Total syntheses of methylenomycin A: (a) Jernow, J.; Tautz, W.;
Rosen, P.; Blount, J. F. J. Org. Chem. 1979, 44, 4210-4212. (b) Scar-
borough, R. M., Jr.; Toder, B. H.; Smith, A. B, III. J. Am. Chem. Soc.
1980, 102, 3904-3913. (c) Takahashi, Y.; Isobe, K.; Hagiwara, H.; Kosugi,
H.; Uda, H. J. Chem. Soc., Chem. Commun. 1981, 714-715.

(7) Tius, M. A,; Astrab, D. P. Tetrahedron Lett. 1984, 25, 1539-1542.

(8) Tius, M. A,; Astrab, D. P.; Fauq, A. H.; Ousset, J.-B.; Trehan, S.
J. Am. Chem. Soc. 1986, 108, 3438-3442,
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