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Part I A total synthesis of the insect antifeedant (±)-cinnamodial ( )

and of the related drimane sesquiterpenes (±)-isodrimenin (67) and

(±)-fragrolide (72) are described from the diene diester 49. Hydro-

boration of 49 provided the C-6 oxygenation and the trans ring junction

in the form of alcohol 61. To confirm the stereoselectivity of the

hydroboration, 61 was converted to both (t)-isodrimenin (67) and

(±)-fragrolide (72) in 3 steps. A diisobutylaluminum hydride reduction

of 61 followed by a pyridinium chlorochromate oxidation and treatment

with lead tetraacetate yielded the dihydrodiacetoxyfuran 102. The

base induced elimination of acetic acid preceded the epoxidation and

provided 106 which contains the desired hydroxy dialdehyde functionality

of cinnamodial in a protected form. The epoxide 106 was opened with

methanol to yield the acetal 112. Reduction, hydrolysis and acetylation

of 112 yielded (t)- cinnamodial in 19% overall yield.

Part II - Various N- acyl- 2- thionothiazolidines were prepared and photo-

lysed in the presence of ethanol to provide the corresponding ethyl



esters. The photochemical activation of the carboxyl function via these

derivatives appears, for practical purposes, to be restricted to cases

where a-keto hydrogen abstraction and subsequent ketene formation is

favored by acyl substitution.
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PART 1

THE TOTAL SYNTHESIS OF (±)-CINNAMODIAL

AND RELATED DRIMANE SESQUITERPENES



I. INTRODUCTION

In recent years, it has become apparent that there exists in

nature, a group of substances with the ability to cause cessation of

feeding in insects. These "antifeedant" compounds, which have been

isolated from a variety of plant sources, are active at exceedingly

high dilution, typically in the microgram per litre range.

Antifeedants 1 (formally classified as phagorepellants) have

attracted the attention of insect physiologists and agricultural econo-

mists for their unique and potentially beneficial properties. Conceiv-

ably these substances or structural analogues could provide nontoxic,

nonpolluting, species-specific deterrents to devastating insect infes-

tations. The mechanism by which the antifeedant effect operates is

unknown. However, in at least one case, strong inhibition of the res-

piratory reactions in the mitochondria has been shown to occur.
2

A research group at the International Center for Insect Physiology

and Ecology (ICIPE) in Nairobi, Kenya, has been particularly successful

in isolating and establishing the structures of plant products with

phagorepellant properties. For example, Nakanishi and Kubo
2-10

have

identified vegetation with unusual resistance to predation by insects,

and the antifeedants isolated from these plants have been tested suc-

cessfully against two species of the African army worm (Spodoptera

littoralis and Spodoptera exempta11) and the desert locust (Schisto-

2
cerca gregaria ). These insects are voracious and widespread African

crop pests, yet it is found that feeding can be completely halted by

minute quantities of these natural repellants.13 Depending on the do-

sage level, the cessation of feeding is temporary or permanent. Insect

mortality was attributed to starvation rather than cytotoxicity of the



antifeedant.

Among the antifeedants isolated by the research group at ICIPE are

cinnamodial (1),
14

polygodial (2),
15

warburganal (3),
3
and muzigadial

(4).
4

These substances are found in the leaves, heartwood and bark of

the East African trees Warburgia ugandensis and W. stuhlmanii. Polygo-

dial (2) has also been isolated from Polygonum hydropiper L., the water

R
1

1 R1=0Ac' R2=0H

2 R1 =R2=H

3 R1 =11, R2=0H

CHO
12

4

pepper, and several names, tadeon,16 tadeonal
17

and tadenal,
18

have

been proposed for this compound by independent research groups. The

name ugandensidial 19 was proposed for 1 until it was recognized that

the same substance had been isolated previously from a tree in Madagas-

car, Cinnamosma fragrans Baillon, from whence the name cinnamodial was

adopted. The various parts of the plants from which these substances

were isolated have been commonly used in African folk medicine and also

as spices.
20

Polygodial (2), structurally the simplest of these four

dialdehydes, is the least active antifeedant and is deactivated by

epimerization of the C-9 aldehyde with base. Warburganal (3) has re-

ceived most of the attention in this group since it has very high anti-

feedant potency. Muzigadial (4) has recently been shown to have
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comparable activity to warburganal (3). Cinnamodial (1), though found

to be a weaker antifeedant than warburganal (3) or muzigadial (4), has

recently been shown to be as potent against Spodoptera species. The

four dialdehydes 1-4 belong structurally to the drimane family of ses-

quiterpenes,
21

a large number of which are presently known. Moreover,

a recent report has indicated that antifeedants of this enedialdehyde

class may have broader distribution than the terrestrial plant kingdom,

since rhipocephenal (5), isolated from a Caribbean green alga (Rhipo-

cephalus phoenix), was found to inhibit feeding of herbivorous fish and

provided an effective defensive weapon for this alga in the marine en-

vironment.
22

5

In addition to the five compounds cited above, there exists a

variety of unrelated substances reported to exhibit antifeedant ac-

tivity. For example, N-methylflindersine (6),
5

isolated from the

bitter root bark of Fagara chalybea, F. holstii (Rutaceae) and Xylo-

carpus granatum (Meliaceae), has been shown to be effective against

Spodoptera species and against the Mexican bean beetle (Epilachna

varivestis). Isodomedin (7),
6
an ent-kaurenoid diterpene, was ex

tracted from the bitter principles of Isodon Skikokianus var inter-

medius, and was also found to exhibit activity against larvae of the
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African army worm. Azadirachtin (8)
7,12

and meliantriol (9),1
2

iso-

lated from Melia azadiracta L. (the Indian Neem tree), are both potent

against the desert locust. The former is the more active and 8 also

exhibits activity against the tobacco bud worm larvae (Heliothis

verescens), the adult cabbage moth (Pieris brassica), the termite lar-

vae (Teticuli termis), the coffee bug (Antestiopsis), the tobacco horn-

worm (Manduca sexta) and the vagrant grasshopper (Shistocerca vaga).

8 9

The leaves of Ajuga remota have yielded the ajugarins (10)
8

(ent-

clerodanes) which are moderately strong antifeedants. From the East

and West African plant, Schkuhria pinnata, two new bitter heliangolides,

the schkuhrins (11)
9

(germacrolides) have been isolated. Both the



ajugarins and the schkuhrins were effective against the African army

worm, and the latter were also active against the Mexican bean beetle.

OR
OAc

10

R=H or R=Ac

11

R= COCHOHCH(CH )

or R=Ac

OH

7

The bitter principle of the unripe fruit of Xylocarpus molluscensis, to

which aphrodisiac prOperties are attributed by folklore, yielded xylo-

mollin
2

(12), a secoiridoid, which is yet another African army worm

12

HO

HO

phagorepellant. The first phenolic glycoside, myricoside (13),
10

iso-

lated from the roots of the bush Clerodendrum myricoides, also exhibits



antifeedant properties. Many of these substances, first isolated at

ICIPE, were discovered with the help of information provided by "Bwana

Mganga", the local medicine man..1 ,23
In addition to their phagorepel-

lant properties, many of these compounds exhibit varying degrees of

antitumor, antifungal, antiyeast, plant growth regulatory, antibac-

terial, cytotoxic, and molluscicidal activity.

Since 1974, when chemical work on antifeedants began at ICIPE, a

number of significant developments have occurred. Principal among

these is the extensive use now made of azadirachtin (8) in Nigeria for

suppression of feeding by Spodoptera larvae on cotton (commercial crops

tend to be particularly susceptible to the ravages of insect infesta-

tions due to their lack of a natural defensive system). Since the

source of azadirachtin, the Indian Neem tree, is easily cultivated,

with the leaves and berries affording a good yield of 8, commercial

application of this insect antifeedant is economically feasible. A

second finding of significance was that certain antifeedants show high

species selectivity; for example, cinnamodial is much more effective

against Spodoptera littoralis than against S. exempta. Field trials

with the enedialdehyde antifeedants established that they are among the

most biologically potent of the group of phagorepellants (warburganal

was effective in suppressing feeding by S. exempta at a dosage level of

20 g/sq km), so that the development of species-targeted antifeedants

is a realistic goal.
11

Unfortunately, no natural source has been found

which produces warburganal or cinnamodial in sufficient abundance to

make extraction commercially attractive and, for the present, total

synthesis of these materials appears to be the only viable option.
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Ultimately, an understanding of the mode of action of insect anti-

feedants will depend on the careful delineation of the physiological

response by an organism to a phagorepellant substance. Relatively

crude electrophysiological experiments, in which one microelectrode was

inserted into the maxillary palp and another into the sensillum of army

worm larvae, have identified specific receptors in the eight sensilla

by recording impulses when the sensilla are exposed to certain phago-

stimulants such as sugar and adenosine. 13
Exposure of the sensilla to

an antifeedant such as warburganal leads to an irreversible loss of

this response. It is known that nucleophiles react with warburganal by

conjugate addition to the a8-unsaturated aldehyde moiety, so that a

possible explanation for the antifeedant effect in this case could in-

volve binding to the proteinoid receptor through an addition reaction

of the sulfydryl group of a cysteine residue to the antifeedant mole-

cule. The C-9 hydroxyl group, present in all but polygodial of the

enedialdehyde class of antifeedants, has been shown to be intramolecu-

larly hydrogen bonded
10

(IR(CHC1
3
) 3480 cm

-1
)to the C-8 aldehyde and is

thus suitably positioned to catalyze the postulated Michael addition

CHO

C
it

RSH

14

CHO

;tH

CHO

SR

15
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(14 15). This alkylative mechanism, similar in many respects to one

of the hypotheses advanced for cytotoxic activity found in certain

natural products,
20

will require stronger evidence before it can be

accepted unequivocally.

Five independent syntheses of warburganal (3)24-28 have been

published. A tactical problem which had to be faced in these syntheses

was the introduction of the critical C-9 hydroxyl group. Ohsuka and

Matsukawa
24

subjected the lithium enolate of the monoprotected dialde-

hyde 16a to oxodiperoxymolybdenum-pyridine-hexamethylphosphoric tria-

mide complex to afford a low yield (24%) of the desired alcohol 17a.

16 a R=a-CHO, n=1

b R=13-CHO, n=2

17 a n=1

b n=2

Tanis and Nakanishi
25

utilized the same reagent on a slightly different

intermediate 16b and achieved the same end in 85% yield. Kende and

Blacklock
26

introduced the requisite functionality via epoxidation of a

mixture of enol ethers 18 which gave a mixture of 19 and 20. Unfortu-

nately, hydrolysis resulted in a 2:1 mixture of 9-epiwarburganal and

warburganal. The most recent synthesis of 3 by Goldsmith and Kezar
27

employed osmium tetroxide on the diene 21 to give the desired dial 22.

Unlike Kende's epoxidation, this hydroxylation was stereoselective.
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18

21

19

20

22

Only one of the syntheses of warburganal,
28,29

that of Oishi, has

been extended to cinnamodial. 30
This approach illustrates the com-

plexities of handling the sensitive enedialdehyde functionality in this

class of compounds. The Oishi synthesis of 1 begins with the partial

reduction of 6-ionone (23) to dihydro-6-ionone (24) which was subjected

to the reaction of trimethyl orthoformate in the presence of 70% HC10
4

to afford a mixture of the diacetal 25 and alkoxy enal 26. Treatment of



23

24

Me0 OMe

OMe

OMe

25

CHO

26

the unpurified mixture with pyridine hydrobromide yielded the $-keto

acetal 27 in 39% from 24. Condensation of 27 with methyl chloroacetate

in the presence of sodium methoxide provided the epoxy ester 28, which

closed to form the furan 29 in the presence of p-toluenesulfonic acid

in refluxing benzene. Cyclization of 29 with stannic chloride was

29

CO2Me
30

CO2H



13

followed by saponification of the ester and decarboxylation of the acid

30 (copper-quinoline at 220°C) to yield the furan 31. Treatment of 31

with lead tetraacetate resulted in the formation of the diacetoxydi-

hydrofuran 32, which yielded the natural product isodrimenin (33) on

35

OAc

33

OH

37

36
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pyrolysis. This route to isodrimenin, which is not readily available

from natural sources, provides a useful entry to the drimanic lactones.

Chromate oxidation of isodrimenin (33) was followed by protection of

the resulting ketone as the ketal 34. The lactone moiety of 34 was

reduced to a diol, which was acetylated before hydrolysis of the ketal

in order to provide the precursor 35 suitable for introduction of the

C-9 oxygen function. This latter step was accomplished through basic

epoxidation, which yielded 36 after saponification of the primary ace-

tates. Reductive cleavage of 36 with hydrazine at 120 °C established

both the desired C-7 olefin and the C-9 axial hydroxyl group in the

form of the triol 37.

At this point, the Oishi synthesis of 1 suffered a serious draw-

back in that the primary alcohols in 37 could not be oxidized directly

to aldehydes. A tedious thirteen-step sequence from 37, involving

protection, oxidation, deprotection, further oxidation at C-6, and

acetylation, was required to arrive at cinnamodial. Thus, the primary

allylic alcohol of 37 was selectively protected as a silyl ether and

the remaining vicinal diol was converted to a carbonate to afford 38.

The silyl ether was cleaved and replaced with the trichloroethylcar-

bonate protecting group to give 39. The C-6 oxygen function was next

introduced via allylic oxidation with chromium trioxide in acetic acid.

The resulting enone 40 was selectively reduced in the presence of the

carbonates with zinc borohydride to provide an alcohol, which was sub-

sequently acetylated to 41. The protected C-11 and C-12 alcohols were

then individually oxidized to aldehydes in a manner requiring a careful

manipulation of masking groups. The trichloroethylcarbonate of'41 was
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selectively cleaved with zinc in acetic acid and the resulting alcohol

was oxidized to the aldehyde 42. Protection of this aldehyde 42 as a

ketal 43 was necessary before carrying out the oxidation at C-11. The

diol 44, resulting from hydrolysis of the carbonate 43, was oxidized

under Pfitzner-Moffatt conditions to the hydroxy aldehyde 45. A

straightforward hydrolysis finally delivered cinnamodial (1).

The published syntheses of warburganal and cinnamodial expose the

major difficulties inherent in the development of an efficient route to

1. To overcome these obstacles, the hindered, tertiary C-9 hydroxyl

group must be introduced in an efficient and stereoselective manner

under conditions that avoid disruption of other functionality. Also,

the manipulation of oxidation states at C-6, 11 and 12 should avoid the

multiple use of protecting groups.
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II. SYNTHESIS OF (±)-ISODRIMENIN AND (±)-FRAGROLIDE

Numerous approaches to the drimane carbon skeleton have been pre-

viously described. 31
The known diester 4921

,32
was chosen as the start-_

ing point in our endeavor to synthesize cinnamodial (1) due to its close

skeletal relationship to the drimane sesquiterpenes and its avail-

ability from a Diels-Alder reaction of 1-viny1-2,6,6-trimethylcyclo-

hexene (48) with dimethyl acetylenedicarboxylate. 32 The diene 48 was

prepared by a Wittig reaction of methyltriphenylphosphonium bromide and

t3-cyclocitral (46).
33

Decarboxylation of 13-cyclocitrylideneacetic acid

(47) has also been used for preparing diene 48. 34

46

47

48 49

Several schemes directed at the introduction of a C-6 oxygen func-

tion were investigated early in the plan. A ketone in this position

would not only provide a suitable precursor for introduction of the 66-

acetate, but could also be used to establish the C-7 olefin. Thus, the
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diene 49 was epoxidized with meta-chloroperbenzoic acid (MCPBA) to give

a single epoxide 50 in 99% yield, which was presumed to have the a geo-

metry shown based on steric considerations(the axial methyl groups at

C-4 and C-10 shield the 3-face of the C-5 olefin).

49

CO2Me

OH
52

CO2Me

50

51

Although the stereochemistry of this epoxide was not established

unamibuously, the possibility of epimerizing the ring junction after

rearrangement of 50 to the ketone 51 made this issue irrelevant. An

attempt to effect conversion of 50 to 51 in the presence of lithium

bromide and hexamethyl phosphoramide (HMPA) in benzene at 150°C in a

sealed tube failed.
35

In contrast, lithium perchlorate under similar

conditions (but in the absence of HMPA) catalyzed the near quantitative

conversion of 50 to an alcohol of unchanged molecular weight exhibiting an

olefin (one hydrogen multiplet at d 5.72) and a vinylic methyl group

(broad three hydrogen singlet at b 1.72) in its NMR spectrum. The spec-

tral data was consistent with 52, the product of a Wagner-Meerwein
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rearrangement from 50. When epoxide 50 was treated with boron trifluo-

ride etherate (BF
3
.0Et 2) ,

36
the same alcohol 52 resulted. In the hope

of reducing the intermediate resulting from treatment of 50 with BF
3

-

OEt
2
prior to rearrangement, sodium cyanoborohydride

37
was included

in the reaction mixture. However, this likewise failed to prevent the

formation of 52. The same skeletal rearrangement was observed in the

epoxy lactone 53, which was obtained in 55% yield by a controlled re-

duction of the epoxy diester 50 with lithium aluminum hydride (LAH).

Only one regioisomer 53 was observed from this reduction as a result of

preferential hydride attack on the less hindered ester. A doublet of

multiplets at 6 2.6 in the NMR spectrum of 53 was assigned to the C-18

equatorial proton, which is in the plane of the lactone carbonyl and

50

53

54

hence is deshielded. A resonance with this chemical shift is found in

several related sesquiterpene lactones,
19

and similar data is recorded

for 5a-androstan-11-one.
38

As with 50, treatment of 53 with BF
3
.0Et

2

promoted a methyl shift to the ring junction to yield the hydroxy
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lactone'54.

In an attempt to circumvent the skeletal rearrangement of'50 en-

countered with Lewis acids, a reductive opening of the epoxide was at-

tempted. Epoxide 50 was treated with aluminum hydride (A1H
3
)
39

and,

under mild conditions, an epoxy diol 55 could be isolated in 94% yield.

55

58 59

OH

57

60

With a large excess of AlH3 and prolonged reaction times, a very polar

product, presumed to be 56, was obtained. Without purification, 56 was

subjected to activated manganese dioxide,
40

but this failed to produce

the desired hydroxy lactone 57. To prevent interference by the reduci-

ble functionality at C-11 and C -12 in 50, a closely related analogue

was synthesized. A careful, regioselective reduction of diester 49

with LAH or diisobutylaluminum hydride (DIBAL)41 to the lactone 58

(60%), followed by a second reduction with DIBAL, resulted in the
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furan 59
42

(86%), which could he epoxidized in low yield (10%) to 60

with MCPBA. Unfortunately, epoxide 60 failed to react with A1H3 under

mild conditions and yielded only intractable material on treatment with

BF
3
.0Et

2.

Hydroxylation at C-6 of 49 was eventually accomplished via hydro-

boration, followed by oxidation with hydrogen peroxide in the presence

of sodium hydroxide, to give the hydroxy diester 61 (75%). From an

49 61

examination of a Drieding model of diene 49, it is apparent that the

B ring is flattened by the presence of the four sp
2
centers and that

the A ring, in a chair conformation, is bent out of the plane of the

B ring. Though this gives the molecule a slight pucker, with the a

side being concave, the two axial methyls effectively shield the (3.

surface so that hydroboration-oxidation would be expected to yield a

6a-hydroxyl and the desired trans ring junction as shown in 61. Evi-

dence from the NMR spectrum of 61 was inconclusive as to stereochemis-

try (the nonequivalent methylene protons adjacent to the hydroxyl

carbon had coupling constants of 6 and 20, and 8 and 20Hz). However,

after this phase of the synthesis had been completed, Nakanishi and

coworkers made the claim, in the course of their synthesis of



CO2Me

CO2Me

OH

62

22

63

warburganal (3), that hydroboration-oxidation of 49 yielded only the

S-alcohol 62 with a cis ring fusion. 25
They also reported that hydro-

genation of diene 49 afforded the cis fused diester 63. These results

were rationalized by postulating that the A ring of 49 exists in a boat

conformation and thus effectively shields the a face. In view of this

ambiguity regarding the stereochemical outcome of the hydroboration-

oxidation of 49, it became essential to establish the configuration of

our alcohol 61. For this reason, an attempt was made to correlate 61

with a drimane system of known configuration.

Alcohol 61 was converted to its mesylate 64 with methylsulfonyl

chloride in triethylamine and the latter underwent elimination with

1,5-diazabicyclo[5.4.0]undec-5-ene
43

(DBU) to provide the conjugated di-

ester 65 in 79% yield from 61. Reduction of 65 with DIBAL gave the

lactone 66 (80%) which, upon hydrogenation over palladium on carbon

gave quantitatively racemic isodrimenin (67; mp 91-92°C),
44

identical

by mixture melting point, TLC behavior, and comparison of IR and NMR

29
spectra with a sample of (t)67 synthesized independently. Since



CO2Me

CO2Me

OR

61 R=H

64 R=Ms

49

1

CO2Me

58

65

6666

67

23

CO2Me

the stereochemistry of isodrimenin (67) is as shown,
40

this sequence

establishes the trans nature of the ring fusion of diester 65 and lac-

tone 66. Some ambiguity remains in the assignment of the ring junction

stereochemistry of alcohol 61, since epimerization of the ring junction

after elimination of the mesylate 64 with the strong base DBU cannot be

ruled out at this point. The possibility of such an epimerization

gained credibility with the observation that the lactone 58 gave on
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hydrogenation the C-5 epimer of isodrimenin (67), with the cis ring

fusion. This suggests that the 8-face of the C-5 olefin of 49 may also

be the preferred site of hydroboration. Conversely, the base DBU fail-

ed to interconvert the diene diesters 49 and 65 or diene lactones 58

and 66, as would be expected if DBU was responsible for epimerization of

the ring junction during the transformation of the mesylate 64 to the

diene 65.

Ultimately, the nagging possibility of epimerization at the stage

64 to 65 was ruled out in a straightforward fashion. The lactone 66,

containing an established trans ring junction, was stereospecifically

CO Me

CO2Me

4°.
A

OH
61

+ 0

66

49

68



25

transformed in 72% yield to the epoxy lactone 68 with MCPBA. This epo-

44
xide was reduced (sodium borohydride, diphenyldiselenide) to 69

which was identical to the lactone obtained by reduction of 61, thus

proving unambiguously that 61 contains a trans ring fusion and elimina-

ting the possibility of epimerization during the conversion of 61 to 66.

This result confirms that the hydroboration of 49 occurs from the a side

of the molecule and also proves that 68 contains an a epoxide function.

Having shown that attack at the a surface of the C-5 olefin of 49 by

borane is favored, it becomes apparent that the concave nature of this

face is less important than the axial C-4 and C-10 methyl groups which

shield the convex side of the C-5 olefin to this reagent. On the other

hand, the large steric requirement of the hydrogenation catalyst (palla-

dium over carbon) prevents interaction with the concave surface of diene

49 and results in a cis ring fusion.

With the hydroxy diester 61 in hand, a convenient synthesis of

the drimamic lactone fragrolide (72), was available in three steps.

72

70

71

OH
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Fragrolide, first isolated by Canonica and coworkers
45

from Cinnamosma

fragrans, was shown to possess structure 72 by correlation with the

drimane cinnamosmolide. The sequence from 61 to 72, which confirms

the stereochemistry of hydroxy diester 61, was carried out in the fol-

lowing manner. Reduction of 61 with an excess of DIBAL resulted in a

triol 70 which, without purification, was subjected to activated

manganese dioxide
40

to obtain the hydroxy lactone 71. Further oxida-

tion of the homoallylic alcohol 71 with pyridinium chlorochromate 46

(PCC), provided a colorless solid in 47% yield (from 61), with spectral

data consistent with that reported by Canonica and coworkers for fragro-

lide 72.

A further transformation of epoxy diester 68 to the natural

product ugandensolide (73), which was isolated from the same source as

cinnamodial (1) (Warburgia ugandensis) by Brooks and Draffan, 19
appear-_

ed at first to be straightforward. The reaction of 68 with acetic acid

would be expected to give 73 by nucleophilic attack at C-6, since this

pathway corresponds to trans diaxial opening of the epoxide. However,

when this epoxide 68 was treated with glacial acetic acid or with

sodium acetate in glacial acetic acid, no ugandensolide (73) seemed to

be present in the complex product mixture. To simplify the spectral

analysis, this mixture was oxidized with PCC to yield 32% of a 1:1

mixture of a-acetoxy ketones 75a and 76 (76 was identical by NMR to

a thermolysis product of 75b reported by Brooks and Draffan). From

these observations, it was apparent that the expected conversion of the

epoxide 68 to 73 had not occurred. Inspection of a model of the epox-

ide 68 suggested that this occurrence might have been anticipated. The
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OAc
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b f3-OAc

OAc

0 Ac

77

76
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flattened conformation of the B ring in this molecule removes to some

extent the axial and equatorial relationship of substituents; it is also

clear that the C-6 position of 68 is a very hindered site. Considering

these facts, it was not surprising to discover that, if acetic anhydride

was included in the reaction medium containing acetic acid and epoxide

68, the mixture of resulting acetates did not contain any appreciable

amount of the known diacetate 77
19

according to an NMR analysis. Con-_
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ceivably, the course of the reaction might be altered by subjecting the

epoxide to a strong protic or Lewis acid in order to promote carbonium

ion formation at the C-6 position (see 78). The presence of the enone

78

should disfavor opening of the epoxide in the opposing sense, since a

positive charge at C-7 would be destabilized. When the epoxide 68 was

treated with acetic acid in the presence of BF3.0Et2 or perchloric acid,

the mixture of products, similar to the obtained previously (though

with a different ratio of components), contained no trace of ugandenso-

lide (73).
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III. SYNTHESIS OF (±)-CINNAMODIAL

In the development of a strategy for the construction of cinnamo-

dial (1), the introduction of the 9a-hydroxyl group was considered a

critical feature. Several approaches centered on photochemical oxy-

genation were probed. Only later, in the light of difficulties inherent

in the manipulation of the oxidation states of C-11 and C-12, was a

more comprehensive scheme utilizing furan derivatives developed.

The first approach to a 9a-hydroxy enone system was envisaged

through the formation of an endoperoxide 80. Thus, treatment of a

diene, such as 79, with photochemically generated singlet oxygen
47

would be expected to yield stereoselectively an a-endoperoxide 80

79

80

81

which, on exposure to base, would open as shown to provide 81. However,

when the diene 65, in a stream of oxygen, was photolyzed under a sun-

lamp in the presence of Rose Bengal, only one major product of un-

changed molecular weight was cleanly isolated from the reaction mixture.

Examination of the NMR spectrum of this product revealed three vinyl

protons (S 5.46, J=15Hz; S 4.70, J=15, 4Hz; S 7.15, J=4Hz) and one



82

66

CO2Me

CO2Me

65

30

84

83

methyl group (6 1.63) attached to a double bond. Clearly, ring-opening

of the cyclohexadiene of 65 had occurred to generate the cyclodecatriene

82 in a manner that is well precedented. 48
Since carboxyl substituents

are known to suppress endoperoxide formation by dienes,
49

the photo-

oxygenation was attempted using lactone 66. Again, only a product of

unchanged molecular weight could be isolated. This compound contained

an exo methylene group (6 5.04 and 5.22, both broad singlets), two

additional vinylic protons (6 5.84, multiplet which collapses to a

broad doublet with J =l2Hz on irradiation of the allylic protons at

6 2.04, and S 6.05, doublet, J=12Hz), and an unchanged, unsaturated

lactone moiety. The structure 83, which would result from a photo-
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chemically induced hydrogen cbstraction from the C-10 methyl group and

a subsequent ring-opening as depicted, was assigned to this product.

In the hope of circumventing the undesired electrocyclic opening of the

cyclohexadiene, the diester moiety of 65 was reduced with DIBAL to the

diol 84. However, when this compound was subjected to photooxygenation,

only intractable materials were produced.

An alternative plan, based upon singlet oxygenation of the activa-

ted allylic system of keto lactone 85, was next investigated. It has

been shown that treatment of a steroidal By-unsaturated ketone with

singlet oxygen leads to an a8- unsaturated, y-hydroxy ketone (after

reduction of the intermediate hydroperoxide).
50

However, when 85,

prepared by oxidation of 69 with PCC, was photolyzed in the presence

85

86

of oxygen and Rose Bengal, only starting material and intractable prod-

ucts could be recovered from the complex mixture.

In view of this disappointing encounter with photooxygenation as

a means for introducing the a-hydroxy enedialdehyde functionality of
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cinnamodial, a different strategy whereby oxygen substituents at C-6

and C-9 were incorporated independently was sought. It has long been

recognized that furan derivatives, such as 2,5-dialkoxy-2,5-dihydro-

furans, can provide access to 1,4-dialdehydes. 52
For example, furan

itself has been converted to the dimethoxydihydrofuran 87
53

with bra-_
mine in methanol, and acidic hydrolysis of 87 provides the very reactive

Me0., 0 N,OMe

90

Me0 Me

87

CHO CHO

91

CHO CHO

88

1

89

malealdehyde 88. This intermediate is not usually isolated, but is

trapped as a derivative such as a pyridazine 89
54

or a bishydrazone. 55

Hydrogenation of the dihydrofuran 87 provides a tetrahydro derivative

90 which, on hydrolysis, gives succindialdehyde 91. In the context

of drimane sesquiterpene synthesis, Oishi and coworkers29 prepared the

furan 92 and transformed it to the diacetate 93. Pyrolysis of 93 was

found to yield confertifolin 94 and isodrimenin 67.

For the purpose of a synthesis of cinnamodial 1, a dihydrofuran

derivative such as 95 would represent an ideal intermediate. This com-

pound could, in principle, be transformed to an epoxide 96 which is a

protected form of the desired hydroxy enedialdehyde. A particularly



92

94

93

67
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appealing feature of 95 is the different reactivity to be expected from

the two olefinic linkages toward epoxidation. Furthermore, the axial

C-10 methyl group should shield the -surface of this diene and will

thus assure formation of the o.- epoxide.

To this end, the hydroxy lactone 69 was carefully reduced with
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DIBAL to give the hydroxy furan 97 in 43% yield. Unfortunately, this

sequence from the diester 61 to 97 was not particularly efficient, re-

quiring the use of less than the theoretical amount of reducing agent

and consequently the recycling of recovered starting material. The

possibility of approaching 97 from 61 via a different route involving

complete reduction of the esters followed by controlled oxidation

98

OH

C r 03H

toi 0

99 L.CrO3H 100
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seemed, in many respects, more attractive. The diester 61 was reduced

with DIBAL to the trial 98 which, without purification, was added to a

slurry of pyridinium chlorochromate (PCC) in methylene chloride. The

result was a very pleasing 68% yield (from 61) of the keto furan 100,

which could easily be separated from the polar byproducts. .Presumably,

the trial 98 was first oxidized to a hydroxy aldehyde in this process,

which closed to the lactol. This substance could form the chromate

ester 99 which could undergo a 1,4-elimination of chromate to give the

keto furan 100.
56

The concomitant oxidation at the C-6 position proved

to be an added bonus, since a ketone was required at this site in later

transformations.

The furan 100 was readily converted to the dimethoxydihydrofuran

101 (bromine/methanol)
52,57

or to the analogous diacetoxydihydrofuran

0

101 R_-_-_0Me

102 R -OAc

100

103

104

OAc
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52,58
in102 (lead tetraacetate) In 94% and 90% yields respectively. With

the ketone in these two intermediates ideally situated to assist the

elimination of the C-11 substituent, the dimethoxy derivative 101 was

first treated with a variety of bases ranging in strength from tri-

ethylamine to n-butyllithium. None of the desired dienone 103 was

detected. On the other hand, the diacetate 102 produced a meagre yield

of dienone 104 (30-35%) in the presence of triethylamine; an approxi-

mately equal amount of starting material was also recovered. Prolonged

reaction times did little to improve this conversion. If an excess of

the stronger base DBU was utilized with 102, only traces of 104 were

detected and the major product (72%) was fragrolide (72). It was pre-

sumed that, although 104 was formed in this reaction, the acidic ace-

tal proton was removed by the excess DBU present to give the acetoxy-

furan 105. This intermediate would undergo hydrolysis on work-up to

produce fragrolide (72). On the basis of this reasoning, the diacetate

105

OAc

72

102 was treated briefly with one equivalent of DBU at room temperature

for 20 minutes to furnish a 70% yield of dienone 104 after chromato-

graphy. This compound, in pure form, proved to be rather unstable and

the purification process was suspected of causing some loss of material.
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107

Consequently, the crude dienone 104 was treated with MCPBA, buffered

with anhydrous sodium carbonate, to give a 76% yield (from 102) of the

epoxide 106 as an epimeric mixture of acetates. The stereoselectivity

of this epoxidation and the viability of this intermediate as a latent

hydroxy enedialdehyde was demonstrated when hydrolysis of 106 with

aqueous hydrochloric acid in acetone provided 6-oxowarburganal (107),

in 35% yield. No stereoisomers of 107 were detected from this reaction.

With an operative route to the 9a-hydroxy enedialdehyde function-

ality in hand, all that remained for completion of a synthesis of

cinnamodial 1 was transformation of the C-6 ketone to a $-acetoxy func-

tion. It was expected that reduction at this site would be highly

stereoselective in the desired sense, since the less hindered a face of

the carbonyl would be more susceptible to hydride attack. The reduc-

tion could conceivably be accomplished on one of three substrates--dien-

one 104, the epoxide 106, or perhaps the hydroxy enedialdehyde 107.

Luche and Gemal
59

have recently developed a method for selective
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reduction of a ketone in the presence of an aldehyde. Their scheme is

based on the fact that aldehydes form hydrates more readily than ke-

tones, and for this reason the reductions are carried out with sodium

borohydride in aqueous methanol, with cerium chloride as a catalyst.

This method is normally inefficient with conjugated aldehydes but, in

our case, dialdehyde 107 was expected to form a stable, cyclic hydrate

108. Unfortunately, when the recommended reductive conditions were

applied to dialdehyde 107, only intractable polar material and none

of the expected dial 109 was recovered from the reaction mixture.

107

CHO

108

OH

109

CHO

The reduction of dienone 104 was next attempted. For 1,2-reduction

of an enone in the presence of an acetate60 or lactone
61

zinc borohy-

dride is usually the reagent of choice, but when dienone 104 was trea-

ted with this reagent in tetrahydrofuran, ether or diglyme, no useful

product was obtained. The use of DIBAL or sodium borohydride as reduc-

tant was similarly unproductive. In fact, the reagent L-selectride
63

(lithium tri-sec-butylborohydride) was the only reducing agent which
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110
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yielded an identifiable product, the keto furan 100. This substance

presumably arises via elimination of acetic acid from the intermediate

acetoxydihydrofuran 110, which would result from a 1,6-hydride addition

to the dienone 104.

Finally, the reduction of enone 106, with its potentially reactive

epoxide, was probed. On treatment of 106 with lithium tri-t-butoxy-

aluminohydride,
64

a reducing agent which is known to be unreactive

toward esters, a product was obtained in which the methine resonance

in the NMR spectrum at 6 5.46 had been replaced by a pair of doublets

at 6 4.44 and 4.81 (J=14Hz). The structure 111 is assigned to this

106

OAc OAc



product. In any event, no substance with the 6-o1 function could be

found in the mixture.

In view of these difficulties, it seemed that a plausible scheme

for reduction of the C-6 ketone without complications elsewhere might

involve prior opening of the epoxide. In this way, the possibility

of an undesired hydride attack at the C -ll position, encountered with

104 as well as 106, would be removed. When the epoxide 106 was dis-

solved in dry, refluxing methanol containing a catalytic amount of p-

toluenesulfonic acid, not only was the epoxide opened in the desired

fashion but the acetate was also exchanged with methanol to yield 112

112

1

OMe

CHO

40
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as a mixture of methoxy epimers. The usefulness of this transformation

was immediately realized when 112 was found to undergo a facile reduc-

tion to the allylic alcohol 113 with DIBAL. As with'106, acidic hy-

drolysis of acetal 113 provided a single dihydroxydialdehyde 114 in 92%

yield from enone 112. Acylation of 114 under forcing conditions with

acetic anhydride in pyridine containing 4-dimethylaminopyridine gave

(t)-cinnamodial (1) in 81% yield. This material was identical by com-

parison of IR, NMR, TLC behavior, and mixture melting point with a sam-

ple of (t)-cinnamodial kindly provided by Dr. Oishi.

The synthesis of cinnamodial achieved in the course of this work

(see figure 1 for complete scheme) demonstrates the novel application

of furanoid intermediates in establishing and masking the reactive

hydroxy dialdehyde functionality in this molecule. The methodology

developed here could conceivably be extended to syntheses of other

insect antifeedants possessing a similar aggregation of functional

groups, including warburganal 3 and muzigadial 4.
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IV. EXPERIMENTAL

General

43

Melting points are uncorrected. Infrared spectra (IR) were ob-

tained with a Perkin-Elmer 727B infrared spectrometer. Nuclear magnetic

resonance spectra (NMR) were obtained with either a Varian EM-360A,

HA-100 or FT-80A and are reported in S units with tetramethylsilane

(TMS) as the internal standard; the abbreviations s=singlet, d=doublet,

t=triplet, q=quartet, m=multiplet, bs=broad singlet, etc. are used

throughout. Mass spectra (MS) were obtained on a Varian MAT CH-7 spec-

trometer. Exact mass determinations were performed on a CEC-110C spec-

trometer at an ionization potential of 70 eV. Column chromatography

was performed using neutral silica gel (Activity Analytical

and preparative thin layer chromatography (TLC) plates were obtained

from Analtech. Dry tetrahydrofuran (THF) and dry ether were obtained

by distillation over sodium and benzophenone. Other solvents were

purified using standard procedures. All organic solutions were dried

over magnesium sulfate and filtered prior to rotary evaporation at

water aspirator pressure. Residual solvent was removed under vacuum,

usually under less than 0.2 Torr. All reactions were routinely carried

out under an inert atmosphere of argon or nitrogen.



44

2,6,6-Trimethyl-l-v7Inylcyclohexene (48)21

A stirred solution of 42.8 g (0.12 mmol) of triphenylmethylphos-

phonium bromide in 250 mL of dry THF, cooled in an ice bath, was trea-

ted with 76.5 mL of 1.7 M n-butyllithium (0.13 mmol). After 15 min,

16.7 g (0.11 mmol) of 46 in 20 mL of dry THF was added and the mixture

was stirred for 1 h. The reaction was quenched with 150 mL of water

and extracted with n-hexane. The organic layer was dried and concen-

trated to a paste which was reextracted with n-hexane. The n-hexane

solution was concentrated and the residue distilled to give 14 g (85%)

of 48: b.p. 74-78 °C at 25 mm; IR (neat) 1609 and 910 cm 1; NMR (CC14)

6.16 (dd, 1H, J=11Hz,18Hz), 5.21 (dd, 1H, J=11,3Hz), 4.93 (dd, 1H, J=18,

3Hz), 2.00 (bm, 2H), 1.67 (s, 3H), 1.45 (bm, 4H) and 0.99 (s, 6H); MS

m/e (rel. int.) 150 (43, M+), 135 (97) and 79 (100).

Dimethyl 5,5,8a-Trimethy1-3,5,6,7,8,8a-

hexahydronaphthalene-1,2-dicarboxylate (49)32

In a thick-wall tube, 2.0 g (13.3 mmol) of diene, 1.9 g (13.3 mmol)

of dimethyl acetylenedicarboxylate, 40 mg of 2,6-di-t-butyl-p-cresol

and 6 mL of dry benzene were combined and sealed under vacuum. After

43 h in an oil bath at 135 °C, the solution was concentrated and the

residue chromatographed (5% ethylacetate-benzene) to yield 3.1 g (80%)

of 49: IR (neat) 3060, 1730, 1680, 1640 cm 1; NMR (CDC13) 6 5.71 (dd,

1H, J=3,5Hz), 3.82 (s, 3H), 3.75 (s, 3H), 3.21 (dd, 1H, J=5,23Hz), 2.77

(dd, 1H, J=3,23Hz), 1.43 (s, 3H), 1.19 (s, 3H), 1.14 (s, 3H); MS m/e

(rel. int.) 292 (2.6, 141-) and 245 (100).
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(lea ,4aS ,8aa.) -2,4a, 5,6,7 8-Hexahydro-3,4-cli (methoxycarbonyl) -.

4a,8,8-trimethyl-laH-naphth[8a,1-bjoxirene (50)

A 40 mg (0.20 mmol) portion of 85% m-chloroperbenzoic acid was

added to a stirred solution of 49 (40 mg, 0.14 mmol) in 5 mL of

methylene chloride (filtered through neutral alumina). After 4 h, the

solution was diluted with ether (10 mL), washed with 10% aqueous sodium

sulfite, and with saturated sodium bicarbonate, and then dried and

concentrated. Purification by column chromatography (10% ethyl acetate/

n-hexane) provide 42 mg (99%) of 50 as a colorless solid: m.p. 111-

114 °C; IR (nujol) 1710, 1260 cm 1; NMR (CC14) d 3.66 (s, 6H), 3.20 (bs,

1H), 3.09 (dd, 1H, J=20,3Hz), 2.43 (dd, 1H, J=20,2.5Hz), 1.41 (s, 3H),

1.18 (s, 3H), 0.78 (s, 3H); MS m/e (rel. int.) 308 (9.6, M+), 277 (25),

221 (51), 161 (67), 123 (100); exact mass 308.162 t 0.010 (calcd. for

C
17
H
24

0
5

308.162).

Dimethyl (4c6,4aa,8a0-4a,5,8a-Trimethyl-4-hydroxy-3,4,4a,7,8,8a-

hexahydronaphthalene-1,2-dicarboxylate (52)

In a thick-walled tube, 1 mL of benzene, 20 mg (0.065 mmol) of 50

and a catalytic amount of lithium perchlorate were combined, sealed

under reduced pressure, and heated in an oil bath to 150 °C for 44 h.

After cooling, the contents were combined with 10 mL of ether, washed

with water and with saturated aqueous sodium chloride, dried and con-

centrated. Purification by TLC yielded 19 mg (95%) of 52 as an oil:

IR (neat) 3500, 1708, 1615 cm
1
; NMR (CC1

4
) 6 5.72 (m, 1H), 3.80 (bd,

1H, J=3.5Hz, collapses to singlet on irradiation at 2.54), 3.70 (s

3H), 3.68 (s, 3H), 2.54 (d, 2H, J=3.5Hz, collapses to a singlet on
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irradiation at 3.82), 1.72 (bs, 3H), 0.96 (s, 3H), 0.93 (s, 3H); MS

m/e (rel. int.) 308 (13, M+), 258 (25), 244 (61), 253 (70), 215 (40),

199 (53), 122 (84), 107 (86), 91 (97), 59 (87), 43 (95), 41 (100);

exact mass 308.165 ± 0.010 (calcd. for C17H2405 308.162).

(5a,6a,10$)-(1)-5,6-0xyisodrimenin (53)

A 25 mg (0.63 mmol) portion of 95% lithium tetrahydridoaluminate

was added to a stirred solution of 195 mg (0.63 mmol) of 50 in 10 mL

dry ether. After refluxing for 1 h, the solution was cooled, quenched

with 25 mL of water and acidified with sufficient 5% hydrochloric acid

to break emulsion before extraction with ether. The combined organic

layers were washed with saturated aqueous sodium bicarbonate, dried and

concentrated to give 147 mg of a residue which rendered 87 mg (55%) of

53 as an oil on column chromatography (ethyl acetate): IR (Nujol) 1730,

1240 cm 1; NMR (CDC1
3
) 6 4.63 (s, 2H), 3.49 (m, IH), 2.84 (m, 2H), 2.63

(m, 1H, C-1), 1.40 (s, 3H), 1.28 (s, 3H), 0.88 (s, 311); MS m/e (rel.

int.) 248 (69, le), 220 (61), 192 (58), 177 (59), 162 (67), 119 (63),

105 (68), 91 (100), 77 (63); exact mass 248.141 ± 0.010 (calcd. for

C
15
H
20

0
3

248.141).

(4a,4a,8a0-3,4,4a,7,8,8a-Hexahydro-4a,5,8a-trimethy1-4-hydroxy-

2-hydroxymethyl-l-naphthoic Acid y-Lactone (54)

To a stirred solution of 21 mg (0.085 mmol) of 53 in 1 mL of

methylene chloride, cooled in an ice bath, was added 0.1 mL of boron-

trifluoride-etherate. After 20 min, the reaction mixture was diluted

with 10 mL of ether, washed with saturated aqueous sodium bicarbonate.
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dried, and concentrated to a residue which was purified by preparative

TLC (100% ethyl acetate) to yield 14 mg (67%) of 54 as an oil: IR

(neat) 3450, 1740, 1660 cm 1; NMR (CDC13) S 5.83 (bm, IH), 4.67 (bs,

2H), 4.06 (bm, 2H), 2.56 (bs, 2H), 1.75 (bs, 3H), 1.24 (s, 3H), 0.91

(s, 3H); exact mass 248.140 ± 0.010 (calcd. for C15112003 248.141).

(lact,40,8act)-2,4a,5,6,7,8-Hexahydro-3,4-di(hydroxymethyl)-

4a,8,8-trimethyl-laH-naphth[8a,1-b]oxirene (55)

To a stirred solution of 325 mg (1.06 mmol) of 50 in 3 mL of dry

ether was added 60 mg (1.5 mmol) of 95% lithium tetrahydroaluminate and

the mixture was refluxed for 1 h. To the cooled slurry were added 30

mL of ether and 25 mL of water, together with a few drops of 10% hydro-

chloric acid (to break emulsion). The aqueous layer was separated and

extracted with ether. The combined organic layers were dried and con-

centrated to give 250 mg (94% crude yield) of 55. A small sample was

purified by preparative TLC (ethyl acetate): IR (neat) 3350 and 970

cm 1; NMR (CDC1
3
) S 3.84-4.44 (bm, 4H), 3.35 (m, 1H), 3.15 (bs, =2H,

exchangeable with D20), 2.7 (dd, 1H, J=2.5,20Hz), 2.55 (bd, IH, J=20Hz),

1.19 (s, 3H), 1.18 (s, 3H) and 0.80 (s, 3H); MS m/e 252.173 (calcd. for

C
15
H
24

0
3

252.173).

5,6-Dehydroisodrimenin (58)

To a stirred solution of 230 mg (0.79 mmol) of 49 in 5 mL of dry

ether, cooled to 0 °C, was added 19 mg (0.48 mmol) of 95% lithium tetra-

hydridoaluminate. The slurry was warmed and refluxed for 45 min. After

cooling, the mixture was quenched with saturated aqueous sodium bicar-
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bonate and extracted with ether. The organic layers were dried and

concentrated and the residue was purified by column chromatography (15%

ether/n-hexane) to afford 84 mg (60%) of 58 as a colorless solid: m.p.

112-114 °C: IR (Nujol) 1740 cm-1; NMR (CC14) 0 6.54 (bt, 1H, J=3.5Hz),

4.55 (s, 2H), 2.93 (d, 2H, J=3.5Hz), 2.61 (dm, 1H, J=14Hz, collapses

to a m on irradiation at 1.26), 1.38 ( , 3H), 1.20 (s, 3H), 1.10 (s,

3H); MS m/e (rel. int.) 232 (11, Mt), 217 (77), 175 (31), 161 (69),

147 (20); exact mass 232.147 t 0.010 (calcd. for C15H2003 232.146).

4,6,7,8,9,9a-Hexahydro-6,6,9a-

trimethylnaphtho[1,2-c]furan (59)

To a stirred solution of 50 mg (0.22 willol) of 58 dissolved in 5 mL

of dry toluene, cooled in a Dry Ice/acetone bath was added 0.23 mL 'of

a 1M solution of DIBAL in n-hexane. After 3 h, the reaction was

quenched with 10 mL of saturated sodium bicarbonate and extracted with

ether. The organic layer was washed with saturated aqueous sodium

chloride, dried, and concentrated to give a yellow oil which was chroma-

tographed (hexane) to yield 40 mg (86%) of 59 as a colorless oil: IR

(neat) 2900 and 1450 cm 1; NMR (CC14) S 7.03 (s, 2H), 5.76 (m, IH), 3.11

(m, 2H), 1.32 ( , 3H), 1.20 (s, 3H), 1.12 (s, 3H); MS m/e (rel. int.)

216 (65, M
+
), 202 (14), 201 (100), 184 (16), 183 (99), 159 (19), 155

(45), 145 (62), 131 (67).

(5c4,5act,9af3)-4,5,5a,6,7,8,9,9a-Octahydro-6,6,9a-

trimethy1-5,5a-epoxynaphtho[1,2-c]furan (60)

To a stirred solution of 120 mg (0.79 mmol) of 59 in 5 mL of
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methylene chloride was added 190 mg (20% excess) of 85% m-chloroper-

benzoic acid. After 1 h, 15 mL of 10% aqueous sodium sulfite was added

and the mixture was extracted with ether. The combined ether extracts

were dried and concentrated to a residue which was chromatographed (10%

ether/n-hexane-+ether) to yield 24 mg (10%) of 60 as an oil: IR (neat)

2900 and 1460 cm
-1

; NMR (CC14) d 6.99 (bs, 1H), 6.95 (s, 1H), 3.21 (n,

1H), 3.15 (dd, 1H, J=18,3.5Hz), 2.76 (dm, 1H, J=18Hz), 1.34 (s, 3H),

1.21 (s, 3H) and 0.80 (s, 3H); MS m/e (rel. int.) 232 (100, M+), 217

(31), 199 (25), 189 (34), 176 (20), 163 (24), 161 (22), 147 (24), 133

(25), 119 (26), 91 (37); exact mass 232.146 t 0.010 (calcd. for C
15
H
20

0
2

232.146).

Dimethyl (4a,4aa,8a6)-5,5,8a-Trimethy1-4-hydroxy-3,4,4a,5,6,7,8,8a-

octahydronaphthalene-1,2-dicarboxylate (61)

To a stirred solution of 1.0 g (3.4 mmol) of 49 in 0.5 mL of dry

THF, cooled in an ice bath, was added 4.5 mL 1M diborane/THF (4.5 mmol)

over 0.5 h. The solution was allowed to warm to room temperature and

stirred for 1.5 h. Carefully, 0.2 mL of water was added. When the

effervescence had subsided, the solution was again cooled in an ice

bath. A 0.6 mL portion of 3M sodium hydroxide was added rapidly, fol-

lowed by dropwise addition of 0.4 mL of 30% hydrogen peroxide. Again

the solution was allowed to warm to room temperature and stirred. When

3 h had elapsed, the solution was diluted with distilled water and ex-

tracted with ether. The combined organic layers were dried, concen-

trated and chromatographed (15% ethyl acetate/n-hexane) to yield 660 mg

(62%; 75% including recovered starting material) of 61 as an oil: IR
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(neat) 3500 and 1710 cm 1; NNR (CDC1
3
) S 4.24 (m, 1H), 3.79 (s, 3H),

3.73 (s,

(s, 3H),

3H),

1.18

2.90

(s,

(dd, 1H,:J=6.5,18Hz),2.38

3H), 1.08 (s, 3H); MS m/

(dd, 1H,.J=8,18Hz),

(rel. int.) 310 (0.9,

1.28

M+),

41 (100).

Dimethyl Trans-5,5,8a-trimethy1-4a,5,6,7,8,8a-

hexahydronaphthalene-1,2-dicarboxylate (65)

To a stirred solution of 550 mg (1.77 mmol) of 61 in 9 mL of

pyridine, was added dropwise 405 mg (3.5 mmol) of mesyl chloride. After

4.5 h, the solution was poured into 100 mL of ether, washed with 100 mL

of saturated aqueous copper sulfate and with 50 mL of saturated aqueous

sodium chloride, and then was dried and concentrated to an oil which

was chromatographed (8% ethyl acetate/benzene) to yield 550 mg (80%) of

64 as an oil: IR (neat) 1710, 1325, and 1160 cm 1; NMR (CDC13) 8 5.23

(m, 1H), 3.82 (s, 3H), 3.75 (s, 3H), 1.30 (s, 1.10 (s, 6H); MS

m/e (rel. int.) 388 (0.5, Mt), 357 (6.6), 233 (100).

The crude mesylate 64, 229 mg (1.50 mmol) of 1,5-diazabi-

cyclo[5.4.0]undec-5-ene and 20 mL of dry benzene were combined and re-

fluxed for 22 h. The cooled solution was combined with 50 mL of ether,

washed with water and with saturated aqueous sodium chloride, dried

over sodium sulfate, concentrated to yield 413 mg (98%) of a mixture of

65 and 49 in a ratio of 8:2 (in favor of desired isomer). These were

separated by chromatography (10% ethyl acetate/benzene) to give pure

65: IR (neat) 1710 cm
-1

; NMR (CDC1
3
) 5 6.45 (dd, 1H, J=3,10Hz), col-

lapses to a d on irradiation at 2.18 ppm), 6.04 (dd, 1H, J=2.5,10Hz,

collapses to a d on irradiation at 2.18 ppm), 3.82 (s, 3H), 3.75



51

(s, 3H), 2.18 (m, 3H), 1.13 (s, 3H), 0.99 (s, 3H), 0.96 (s, 3H); MS

m/ (rel. int.) 292 (6.8, M+), 2.61 (15), 233 (70), 162 (100); exact

mass 292.170 ± 0.010 (calcd. for CI7H2404 292.167).

6,7-Dehydroisodrimenin (66)

To a stirred solution of 111 mg (0.38 mmol) of 65 in 5 mL of dry

THE was added 76 mg of 95% lithium tetrahydridoaluminate. After 2 h,

the reaction was quenched with water and extracted with ethyl acetate.

The organic layers were dried and concentrated to a residue which was

chromatographed (10% ethyl acetate/n-hexane) to give 71 mg (80%, yield

quite variable) of 66 as a colorless solid: m.p. 102-104 °C; IR (Nujol)

1740 cm 1; NMR (CDC1
3
) 8 6.92 (dd, 1H, J=2.5,10Hz), 6.24 (dd, 1H, J=3,

10Hz), 4.73 (s, 2H), 2.52 (dm, 1H, J=10Hz, collapses to a m on irradia-

tion at 1.48), 2.24 (dd, 1H, J=3,2.5Hz), 1.04 (s, 3H), 0.99 (s, 6H);

MS m/e (rel. int.) 232 (15, Mt), 161 (18), 149 (35), 91 (16), 61 (25),

59 (21), 43 (100), 29 (77); exact mass 232.145 t 0.010 (calcd. for

C
15
H
20

0
2

232.146).

.(t)7Isodrimenin (67)

To a stirred slurry of 4.0 mg of prehydrogenated 5% palladium over

carbon in 5 mL ethyl acetate under hydrogen, was added 20 mg (0.086

mmol) of 66. After 1 h, the slurry was filtered (Celite). Concentra-

tion of the filtrate yielded an oil which crystallized upon addition

of n-hexane to give 20 mg (100%) of isodrimenin: m.p. 89-90 °C (sub-

limed sample m.p. 91-92 °C); IR (Nujol) 1740 cm 1; NMR (CDC1
3
) 8 4.57

(s, 2H), 2.57 (dm, 1H), 2.37 (m, 2H), 1.15 (s, 3H), 0.93 (s, 3H), 0.90
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(s, 3H); MS m/e (rel. int.) 234 (33, M+), 220 (15), 219 (100), 153 (19),

151 (48), 123 (26); exact mass 234.161 t 0.010 (calcd. for C
15
H 0
22 2

234.162).

Trans-6,7a-oxyisodrimenin (68)

To a stirred solution of 340 mg (1.5 mmol) of 66 in 15 mL of

methylene chloride, were added 500 mg (2.5 mmol) of 85% m-chloroper-

benzoic acid and 4 mg of 2,6-di-t-butyl-p-cresol. The solution was

heated to 90 °C. After 2 h, 100 mL of ether was added to the cooled

solution. The organic layer was washed with 10% aqueous sodium sulfite

and saturated aqueous sodium bicarbonate, and was dried and concentra-

ted to an oil, which was chromatographed (40% n-hexane/ether) to yield

260 mg (72%) of 08: IR (neat) 1750 cm-1; NMR (CDC13) (5 4.85 (s, 2H),

3.46 (m, 2H), 2.48 (dm, 1H), 1.20 (s, 3H), 1.11 (s, 6H); MS m/e (rel.

int.) 248 (11, M
t
), 233 (10), 91 (36), 41 (66), 28 (41), 18 (100),

17 (55); exact mass 248.141 t 0.010 (calcd. for C
15
H
20

0
3

248.141).

6a-Hydroxyisodrimenin (69)

(a) From 61

To a stirred solution of 1.0 g (3.2 mmol) of 61 in 19 mL

of dry toluene, cooled in a Dry Ice acetone bath, was added dropwise

9.6 mL of 1N DIBAL in n-hexane. After 1.5 h, the reaction was quenched

with water and allowed to warm to room temperature before adding 50 mL

of 30% aqueous potassium sodium tartrate. The mixture was extracted

with ethyl acetate and the organic layers were dried and concentrated

to a residue which was chromatographed (15% ethyl acetate/benzene) to
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yield 680 mg (85%) of 69 as an oil: IR (neat) 3300, 1730 cm 1; NMR

(CDC1
3
) 8 4.58 (s, 2H), 4.32 (m, 1H), 2.78 (dd, 1H, J=18,5Hz), 2.36

(bdd, J=18,8Hz), 1.95 (bs, 1H), 1.20 (s, 6H), 1.10 (s, 3H); exact mass

250.156 ± 0.010 (calcd. for C
15H2003

250.157).

(b) From 68

To a stirred yellow solution of 37 mg (0.12 mmol) of

diphenyldiselenide in 0.5 mL of absolute ethanol was added carefully

9.5 mg (0.25 mmol) of sodium borohydride. To the now colorless solu-

tion was added 50 mg (0.2 mmol) of 68 in 0.5 mL of ethanol. After 3 h,

the yellow solution was treated with 0.5 mL of THF and 0.2 mL of 30%

hydrogen peroxide which caused the reaction mixture to turn and form

a colorless precipitate. After 6.5 h, 15 mL water was added and the

mixture was extracted with ether. The organic layers were washed with

saturated aqueous sodium bicarbonate, dried and concentrated to give

50 mg of 69, identical with material isolated in procedure (a).

(±)-Fragrolide (72)

(a) From 49

To a stirred solution of 600 mg (2.4 mmol) of 49 in 15 mL

of dry THF, cooled in a salt-ice bath was added dropwise 15 mL of 1N

DIBAL in n-hexane. After 2 h, the mixture was quenched with water and

50 mL of 10% aqueous potassium sodium tartrate was added. Extraction

with ethyl acetate, followed by drying and concentration of the organic

layers, gave 440 mg of triol 70. Without purification, a 315 mg por-

tion of this material was redissolved in 15 mL of ether and stirred

with 2.5 g of activated manganese dioxide over 4 days. The slurry was
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filtered (Celite) and concentrated to give 170 mg of an oil which, with-

out purification, was redissolved in 2.5 mL of methylene chloride and

added to a stirred slurry of 1.0 g of pyridinium chlorochromate in 25 mL

of methylene chloride. After 1 h, the slurry was poured into 50 mL of

ether and filtered (Florisil). The filtrate was concentrated to a resi-

due which was chromatographed (25% ether/n-hexane) to provide 163 mg

(47%) of (t)-fragrolide (72): m.p. 136-138 °C; IR (Nujol) 1760, 1740,

1720 cm 1; NMR (CDC1
3
) S 5,84 (bt, 2H, J=2Hz), 3.06 (m, 2H), 2.44 (s,

1H), 1.30 (s, 3H), 1.18 (s, 3H), 1.03 (s, 3H); MS m/e (rel. int.) 248

(M-4", 100), 233 (64), 205 (23), 165 (32), 123 (24), 121 (32), 105 (26),

91 (32), 83 (48), 55 (34), 41 (50); exact mass 248.140 ± 0.010 (calcd.

for C
15
H
20
0
3

248.141).

(b) From 102

To a stirred solution of 50 mg (0.14 mmol) of 102 in 1 mL

of THE was added 85 mg (4 equiv) of 1,5-diazabicyclo[5.4.0]undec-5-ene.

After 3 h, the solution was filtered through silica gel and the filtrate

was concentrated to give 30 mg (72%) of (±)-72.

6-0xo-7-acetoxyisodrimenin (75a)

and 6-Acetoxy-7-oxoisodrimenin (76)

A 30 mg (0.12 mmol) sample of 68 was stirred in 1 mL of glacial

acetic acid at 80 °C for 24 h. The cooled solution was neutralized

with saturated aqueous sodium bicarbonate and extracted with ethyl

acetate. The extract was dried and concentrated to an oil. Prepara-

tive layer chromatography (25% ethyl acetate/n-hexane) of this residue

provided 20 mg of a mixture of products. The mixture was treated with
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a slurry of 100 mg of pyridinium chlorochromate in 2 mL of methylene

chloride for 3 h. The slurry was poured into 20 mL of ether, filtered

(Celite) and concentrated. The resulting oil was chromatographed (25%

ethyl acetate/benzene) to yield 75a and 76 (6 mg of each). 75a: Rf

0.24 in 10% ethyl acetate/benzene; NMR (CDC13) 6 5.78 (d, J=1Hz, 1H),

4.71 (bs, 2H), 2.63 (s, 1H), 2.22 (s, 3H), 1.32 (s, 3H), 1.20 (s, 1H),

0.96 (s, 3H); IR (neat) 1750 cm-1; MS m/e (rel. int.) 306 (M+, 42),

264 (46), 235 (13), 96 (13), 91 (13), 83 (19), 69 (15), 55 (19), 43

(100), 41 (25); exact mass 306.149 ± 0.010 (calcd. for C17H2205

306.147). 76: Rf 0.37 in 10% ethyl acetate/benzene; NMR (CDC13)

5.78 (d, J=13Hz, 1H), 4.86 (s, 2H), 2.27 (d, J=13Hz, 1H), 2.12 (bs, 3H),

1.45 (s, 3H), 1.08 (s, 3H), 1.03 (s, 3H); IR (neat) 1750 cm-1; MS m/e

(rel. int.) 306 (Mt, 9.4), 264 (28), 247 (34), 43 (100), 41 (28); exact

mass 306.146 ± 0.010 (calcd. for C
17
H
22

0
5

306.147).

1,7,7-Trimethy1-2,3-di(methoxycarbony1)-

1,3,5-cyclodecatriene (82)

A solution of 23 mg (0.079 mmol) of 65, 2.5 mg of hydroquinone,

and a pinch of Bengal Red B in 10 mL of methanol (dried over molecular

sieves), was irradiated with a General Electric 250 Watt sunlamp for

2 h while oxygen was bubbled through the solution. Additional Bengal

Red B was added at intervals to maintain the pink color of the solution

for 8 h. Concentration of the solution, followed by chromatography

(10% ethyl acetate/benzene), produced 11 mg (48% yield) of 82: IR

(neat) 1708 and 1695 (shoulder) cm 1; NMR (CDC1
3
) 6 7.15 (dd, 1H,

J=4Hz), 5.70 (dd, 1H, J=15,4Hz), 5.46 (d, 1H, J=15Hz), 3.75 (s, 3H),
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3.70 (s, 3H), 1.83 (s, 3H), 1.02. (s, 3H), 0.98 (s, 3H); MS m/e (rel.

int.) 292 (12, M ), 260 (88), 177 (96), 41 (100); exact mass 292.168

± 0.010 (calcd. for C H
4
0
4

292.167).

2-Hydroxymethy1-6,6-dimethy1-10-methylidene-

1,3-cyclodecadien-l-oic Acid y-Lactone (83)

A solution of 31 mg (0.13 mmol) of 66, 0.5 mg of hydroquinone and

1 mg of Rose Bengal in 10 mL of methanol was irradiated in a Pyrex test

tube with a General Electric 250 Watt sunlamp for 1.75 h while main-

taining a slow flow of oxygen through the solution. The reactive mix-

ture was concentrated and purified by preparative TLC (10% ethyl

acetate/n-hexane) to provide 27 mg (87%) of 83: IR (neat) 1740 cm 1;

NMR (CDC13) 8 5.90 (m, 2H, collapses to a bdd, J=12Hz, on irradiation

at 2.04), 5.22 (bs, 1H), 5.04 (bs, 1H), 4.70 (s, 2H), 2.65 (bm, 1H),

2.04 (bs, 2H), 0.88 (bs, 6H); MS m/e (rel. int.) 232 (60, M+), 217

(45), 189 (30), 91 (55), 77 (40), 69 (52), 41 (100), 39 (55); exact

mass 232.146 ± 0.010 (calcd. for C 002 232.146).

Trans-1,2-hydroxymethy1-5,5,8a-trimethyl-

4a,5,6,70,8a7hexahydronaphthalenej84)

To a stirred solution of 105 mg (0.36 mmol) of 65 in 8 mL dry ether

was added 29 mg of 95% lithium tetrahydridoaluminate. The slurry was

refluxed for 2 h and, after cooling, was quenched with water and then

with 25 mL of 5% hydrochloric acid. Extraction with ether, followed by

concentration of the organic layers, gave an oil which was chromato-

graphed (Alumina, Activity V, 10% ethyl acetate/benzene) to yield 19 mg
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(22%) of 84: IR 3300 cm 1; NMR (CC14) 8 4.05 (dd, 1H, J=3,10Hz), 5.85

(dd, IH, J=3,10Hz), 4.17 (s, 2H), 4.13 (bs, 2H), 3.80 (broad peak, 2H),

2.01 (bt, IH, J=3Hz), 1.00 (s, 3H), 0.96 (s, 3H), 0.94 (s, 3H); MS m/e

(rel. int.) 236 (3.4, MI), 218 (21.7), 175 (41), 105 (100); exact mass

236.177 t 0.010 (calcd. for C
15
H
24

0
2

236.178).

670xoisodrimenin (85)

To a slurry of 290 mg (0.9 mmol) of pyridinium chlorochromate in

10 mL methylene chloride was added a solution of 50 mg (0.23 mmol) of

69 in 1 mL of methylene chloride. After 0.5 h, the slurry was poured

into 50 mL of ether and filtered(Celite). The filtrate was concentra-

ted to give an oil which was chromatographed to yield 44 mg (89%) of

85 as a waxy solid: IR (neat) 1710, 1750 cm 1; NMR (CDC13) .3 4.66 (bs,

2H), 3.25 (bd, 1H, J=22Hz), 3.00 (bd, 1H, J=22Hz), 2.64 (dm, 1H,

J=11Hz), 2.46 (s, 111), 1.27 (s, 3H), 1.14 (s, 3H), 0.99 (s, 3H); MS

m/e (rel. int.) 248 (100, M+), 233 (32), 205 (39), 138 (25), 64 (25),

41 (31); exact mass 248.140 t 0.010 (calcd. for C
15

1120 0
3

248.141).

(5a,5aa,9aa)-4,5,5a,6,7,8,9,9a-Octahydro-5-hydroxy-

6,6,9a-trimethylnaptho[1,2-c]furan (97)

To a stirred solution of 650 mg (2.6 mmol) of 69 in 60 mL dry

toluene, cooled in a Dry Ice/acetone bath, was added 6 mL of 1N DIBAL

in n-hexane. The reaction mixture was allowed to warm to -20 °C. After

1 h, the solution was quenched with 100 mL of 15% aqueous potassium

sodium tartrate and extracted with ethyl acetate. The organic layer was

dried and concentrated to an oil which was chromatographed (70% ether/
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n-hexane) to yield 306 mg (43%) of 97 as a pale yellow oil: IR (neat)

3350 cm
1
; NMR (CC1

4
) S 7.01 (d, 1H, J=1.5Hz, collapses to a s on

irradiation at 2.48), 6.95 (s, 1H), 4.25 (m, 1H), 3.04 (dd, 1H, J=16,

7Hz), 2.48 (dd, 1H, J=16,7Hz), 1.18 (s, 3H), 1.11 (s, 3H), 1.09 (s, 3H);

MS m/e (rel. int.) 234 (80, M
+
), 219 (43), 206 (14), 201 (100), 183

(21); exact mass 234.161 t 0.010 (calcd. for C15H2202 234.162).

Trans74,5,5a,6,7,8,9,9a-6ctabydro-

5-oxo-6,6,9a-trimethylnaphtho[1,2-clfuran (100)

(a) From 61

To a stirred solution of 8.4 g (27 mmol) of 61 in 10 mL

of dry THE and 200 mL of toluene, cooled to below -30 °C, was added

140 mL of 1N DIBAL in n-hexane. The reaction mixture was allowed to

warm to 0 °C and was stirred for 1 h before quenching with 300 mL of

10% aqueous sodium potassium tartrate. The mixture was extracted with

ethyl acetate and the organic layer was dried and concentrated to a

residue which was redissolved in 200 mL of methylene chloride and

treated with 25 g of pyridinium chlorochromate for 1.5 h. The filtrate

was concentrated to a residue which was chromatographed (5% ether/n-

hexane) to afford 4.0 g (63%) of 100 as an oil: IR (neat) 1705 cm 1;

NMR (CC14) S 7.09 (s, 2H), 3.21 (s, 2H), 2.27 (s, 1H), 1.26 (s, 3H),

1.16 (s, 3H), 1.01 (s, 3H); MS m/e (rel. int.) 232 (62, M+), 218 (14),

217 (100), 189 (17), 161 (14), 149 (19), 105 (16), 91 (27), 77 (18);

exact mass 232.145 t 0.010 (calcd. for C15H2002 232.146).

(b) From 104

To a stirred solution of 70 mg (0.24 mmol) of 104 in
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1.5 mL of dry THF, cooled in a Dry Ice-acetone bath, was added 0.25 mL

of 1N L-Selectride in THF. After 1 h, the reaction was quenched with

saturated aqueous sodium chloride and extracted with ether. The organic

layer was dried and concentrated to a residue which was chromatographed

(30% ethyl acetate/benzene) to yield 30 mg (54%) of 100, identical with

material prepared by procedure (a).

Trans-1,3,4,5,5a,6,7,8,9,9a-decahydro-5-oxo-6,6,9a-trimethyl-

1,3-dimethoxynaphtho[1,27c]furan (101)

To a stirred solution of 140 mg (0.60 mmol) of 100 and 20 mg of

sodium carbonate in 6 mL of dry methanol cooled to -25 °C was added

31 mL (0.60 mmol) of bromine. The solution was allowed to warm to 0 °C

and then, after 1 h, the solution was allowed to warm to room tempera-

ture and 20 rriL of benzene and 20 mg MgSO4 were added. After 0.5 h, the

slurry was filtered and concentrated to a residue which was redissolved

in ether, refiltered and concentrated to give 167 mg (94%) of 101 as a

mixture of epimers. A small sample was purified by preparative TLC

(50% ether/n-hexane): IR (neat) 1708 cm 1; NMR (CC14) cS 5.15-5.66 (m,

2H), 3.22 (m, 6H), 2.76 (bs, 2H), 2.22-3.02 (m, 1H); MS m/e (rel. int.)

294 (100, M
+
), 263 (45), 262 (24), 247 (14), 231 (13); exact mass

294.184 ± 0.010 (calcd. for C
171126

0
4

294.183).

Trans71 3,4,5,5a,6,7,8,9,9a7decahydro-5-oxo-6,6,9a7trimethyl-

1,3-diacetoxynaphtho[1,2-c]furan (102)

Lead tetraacetate was prepared in situ by warming to 50 °C a

stirred slurry of 150 mg (0.21 mmol) of red lead oxide in 0.31 mL of
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acetic acid and 0.12 mL of acetic anhydride for 1 h. To the cooled

slurry was added a solution of 50 mg (0.21 mmol) of 100 in 1 mL of ben-

zene, and the mixture was stirred for 2 h and filtered. The filtrate

was treated with saturated aqueous sodium bicarbonate, dried and concen-

trated to a residue which was chromatographed (10% ethyl acetate/ben-

zene) to yield 68 mg (90%) of 102 as a thick oil (mixture of epimers):

IR 1765, 1755, 1715 cm
1
; NMR (CDC13) 6 6.5-6.9 (m, 2H), 2.85-3.00 (m,

2H), 2.3-2.6 (m, 1H), 2.12 (bs, 6H); MS m/e (rel. int.) 350 (1.7, M+),

290 (73), 248 (49), 83 (14), 55 (13), 43 (100), 41 (15); exact mass

290.151 t 0.010 (calcd. for C MI--AcOH, 290.152).
17H2204'

Trans-3,5,5a,6,7,8,9,9a-octahydro73-acetoxy-57oxo7-6,6,9a-

trimethylnaphtho[1,2-0)furan (104)

To a stirred solution of 120 mg (0.34 mmol) of 102 in 2 mL of THE

was added 50 pL (0.33 mmol) of 1,5-diazabicyclo[5.4.0]undec-5-ene.

After 15 min the solution was poured over 20 mL of ether and filtered

through a short column of silica gel. The filtrate was concentrated to

a residue which was chromatographed (10% ethyl acetate/benzene) to

afford 70 mg (70%) of 104 as an oily mixture of C-3 epimers: IR (neat)

1780, 1660, 1600 cm 1; NMR (CDC1
3

) 6 7.00 (d, 0.5H, J=2Hz), collapses

to a s on irradiation at 5.81), 6.87 (d, 0.5H, J=2Hz, collapses to a

s on irradiation at 5.81), 6.67 (bs, 1H, collapses to a sharp s on

irradiation at 5.81), 5.81 (m, 1H), 2.30 and 2.32 (both s, 1H), 2.16

and 2.14 (both s, 3H), 1.21 ( , 6H), 1.10 (s, 3H); MS m/e (rel. int.)

290 (8.1, M ), 248 (26), 165 (13), 149 (15), 91 (11), 77 (11), 55 (13),

43 (100), 41 (23); exact mass 290.148 t 0.010 (calcd. for C
17H2204
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290.152).

(1a,5aa,9849,9ba)71,3,5,5a,b,7,8,9,9a,967Decahydro-3.7acetoxy-

5-oxo-6,6,9a-trimethyl-1,9b-oxirenonaphtho[1,2-clfuran (106)

A mixture of 103 mg (0.35 mmol) of 104, 75 mg (0.7 mmol) of sodium

carbonate, and 123 mg (0.65 mmol) of 85% m-chloroperbenzoic acid in

15 mL of methylene chloride was stirred for 18 h. To this was added

40 mL of ether and the mixture was washed with 10% aqueous sodium sul-

fite, and concentrated to a residue. This was chromatographed (10%

ethyl acetate/benzene) to yield 99 mg (91%) of 106 as an oily mixture

of C-3 epimers: NMR (CDC13) 5 6.92 (bs, 0.5H), 6.48 (bs, 0.5H), 6.30

(bs, 0.5H), 6.28 (bs, 0.5H), 5.47 (s, 1H), 2.61 (s, 1H), 2.13 (s, 3H).

The isomer of lower R
f
was isolated by chromatography (35% ether/cyclo-

hexane) to obtain the following spectra: NMR (CDC13) cS 6.92 (d, J=1.5Hz,

1H), 6.28 (d, J=1.5Hz, 1H), 5.47 (s, 1H), 2.61 (s, 1H), 2.13 (s, 3H),

1.23 (s, 3H), 1.19 (s, 3H), 1.14 (s, 3H); IR (neat) 1750, 1670 cm 1;

MS m/e (rel. int.) 306 (Mt, 2.5), 264 (20), 236 (100), 43 (84), 41 (20).

6- Oxowarburganal (107)

A solution of epoxide 106 (68 mg, 0.22 mmol) in 1 mL of THE was

acidified with 0.25 mL of 5% hydrochloric acid and stirred for 1.5 h.

The solution was then poured into aqueous saturated sodium bicarbonate

(5 mL). The organic material was then extracted with ethyl acetate and

the extract was dried and concentrated to a residue which was chromato-

graphed (15% ethyl acetate/benzene) to yield starting material (10 mg)

and 22 mg (35%) of 107: IR (neat) 3420, 2920, 1960, 1720, 1680 cm 1;
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NMR (CDC1
3)

S 9.81 ( , 1H), 9.72 (s, 1H), 6.66 (s, 1H), 4.72 (bs, 1H),

2.99 (s, 1H), 1.27 (s, 3H), 1.22 ( , 3H), 1.19 (s, 3H); MS m/e (rel.

int.) 264 (M , 5.3), 235 (47), 217 (11), 189 (20), 147 (24), 140 (26),

121 (38), 109 (68), 91 (20), 86 (63), 84 (100), 69 (32), 67 (23), 55

(57), 43 (54), 29 (43).

(5aa,9a13,9ba)-1,3,5,5a,6,7,8,9,9a,9b-Decahydro-6,6,9a-trimethyl-

5-oxo-9b-hydroxy3-racetoxynaphtho[1,27c]furan1(111)

To a stirred solution of 53 mg (0.17 mmol) of 106 in 3 mL of dry

THF was added 0.8 mL of 0.5 N lithium tri-t-butoxyaluminohydride in

THF. After 44 h, 0.2 mL of acetic anhydride was added and, after a

further 5 h, the mixture was quenched with saturated aqueous sodium

bicarbonate and extracted with ether. The organic extract was dried

and concentrated to a residue which was purified by preparative TLC

(15% ethyl acetate/benzene) to afford 13 mg of starting material and

23 mg (57%, based on reacted starting material) of 111 as an oily

mixture of epimers: IR (CHC13 film) 3450, 1750, 1670 cm I; NMR (CDC13)

(5 6.36 (s, 1H), 5.79 (bs, 1H), 4.81 (bd, 1H, J=14Hz), 4.44 (bd, IH,

J=14Hz), 2.98 (s, 1H), 2.20 (s, 3H), 1.20 (s, 3H), 1.17 ( , 3H), 1.08

(s, 3H); exact mass 308.164 ± 0.010 (calcd. for C17
H
24
0
5

308.162).

(5sa,9af3,9ba)-1,3,5,5a,6,7,8,9,9a,9b-Decahydro-57oxo-6,6,9a-

trimethy1-9b-hydroxy-1,3-dimethoxynaphtho[1,2-c]furan (112)

A stirred solution of 175 mg (0.57 mmol) of 106 and a catalytic

amount of p-toluenesulfonic acid in 15 mL of dry methanol was refluxed

overnight. The reaction mixture was poured into 25 mL of ether contain-
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ing 20 mg of anhydrous sodium.carbonate and was filtered (Celite). The

filtrate was concentrated to a residue which was purified by prepara-

tive TLC (12% ethyl acetate/benzene) to yield 129 mg (73%) of 112 as an

oily mixture of epimers: IR (neat) 3500, 1670 cm 1; NMR (CDC13) 6 5.84,

5.77, 5.63, 5.24, 5.14, 4.94 (each a bs, IH), 3.35-3.65 (m, 6H), 3.03,

2.88 (each a bs, 1H); MS m/e (rel. int.) 279 (7.4, M+-OCH3) 250 (100),

235 (43), 217 (37), 181 (49), 167 (56), 140 (48).

6$7Hydroxywarburganal (114)

To a stirred solution of 75 mg (0.24 mmol) 112 in dry THF, cooled

in a salt/ice bath, was added 0.6 mL 1N DIBAL in n-hexane. After 1 h,

the mixture was quenched with 25 mL of 10% hydrochloric acid and ex-

tracted with ethyl acetate. The organic extract was washed with satu-

rated aqueous sodium bicarbonate, dried, and concentrated to yield an

oil. The NMR spectrum of the crude mixture revealed partial hydrolysis

to an aldehyde (= 10%, 9.52 and 9.80 ppm, both s) and a mixture of

methyl acetals (s between 6 3.3 and 3.7) which were devoid of signals

at 6 2.88 and 3.03 ppm present in 112. The crude product was redis-

solved in 1.5 mL of acetone and 0.25 mL of 10% hydrochloric acid. After

15 min, the reaction mixture was poured into 25 mL of ethyl acetate and

was washed with saturated aqueous sodium bicarbonate. The organic layer

was dried and concentrated to give 73 mg of an oil which crystallized

from ether/n-hexane to yield 59 mg (92%) of a colorless solid: m.p.

154-155 °C; IR 3400, 1710, 1670 cm 1; NMR (CDC1
3
) 6 9.82 (s, IH), 9.53

(s, 1H), 7.09 (d, J=4.5Hz), 4.90 (m, 1H), 1.35 (s, 6H), 1.12 (s, 3H);

MS m/e (rel. int.) 266 (M }, 0.9), 237 (48), 219 (18), 177 (17), 151
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(21), 149 (21), 123 (31), 121. (29), 113 (50), 109 (100).; exact mass

266.152 t 0.010 (calcd. for C
15
H
22 4

266.152).

(t)7-Cinnamodial.

To a stirred solution of 10.6 mg (0.039 mmol) of 114 in 0.2 mL of

benzene was added 11 pL of triethylamine, 11 pL of acetic anhydride,

and a catalytic amount of 4-dimethylaminopyridine. After 18 h, 25 mL

of ethyl acetate was added. The organic solution was washed with 5%

hydrochloric acid and saturated aqueous sodium bicarbonate, and was

dried and concentrated to a residue which was chromatographed on a

small column (25% ether/n-hexane) to yield 10.0 mg (81%) of (t)-Cinnamo-

dial (1): m.p. 127-128 °C (lit
30

128-130 °C); IR (film) 3450, 1740,

1720, 1690 cm 1; NMR (CDC1
3
) S 9.75 (s, 1H), 9.46 (s, 1H), 6.98 (d,

J=5Hz, 1H), 5.91 (t, J=5Hz, 1H), 4.10 (bs, 1H), 2.18 (s, 3H), 2.09 (d,

J=5Hz, 1H), 1.38 (s, 3H), 1.20 (s, 3H), 1.06 (s, 3H); MS m/e (rel. int.)

279 (i+i4-, 19), 248 (13), 237 (33), 343 (27), 219 (22), 109 (29), 105

(21), 69 (28), 55 (26), 43 (100), 41 (35), 29 (16).
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PART 2

PHOTOCHEMICAL ACTIVATION OF THE CARBOXYL'

GROUP VIA N-ACYL-2-THIONOTHIAZOLIDINES
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I. INTRODUCTION

Conventional methodology for activation of the carboxyl group has

invariably relied upon conversion of a carboxylic acid to a species

(acyl halide, mixed anhydride, active ester, etc.) in which the

carboxyl moiety possesses enhanced reactivity towards nucleophilic

attack. In recent years considerable chemical sophistication has been

introduced into this technique.

Thus, in the field of peptide coupling,
2

there now exists a

plethora of carboxyl activating methods. For example, the nitroso-

pyrazole 2 can be coupled in the presence of dicyclohexyl carbodiimide

with N-protected amino acids to form acyloxime-acylimines 3.
2

These

derivatives of 1-phenyl -3-methyl -4-nitroso-5-amino-pyrazole (1) are

crystalline, stable compounds which display powerful acylating pro-

perties towards amino esters and other nucleophiles. The yields of

NO

N

N
NH2

C6H5

1

2 (Green) + RiCONHCH1602 e H
2
NCHAO

2
k1/4

4

,bNO

C"---tt"NHCOR

C6H5
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DCC

NOCOR'
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coupled product 4 are very high, the reactions occur rapidly at room

temperature, and the coupling reactions are easily followed by observing

the change in color (see above equation). Another interesting method

for peptide synthesis utilizes hexachlorocyclotriphosphatriazine 5, 3

which reacts with two equivalents of acylaminoacid to form a mixed

anhydride 6. The reaction of 6 with amines or amino acids is fairly

(n, a a
f4 / CI

\ ..,,,11 /
Cip "....,-"pC1 0---p s'..p---OCOR

II I

RCO
2
H

----to-
I I I

2 6TH,
') 2 RCONHR'

N ./N N ./INI",, /'P ".. ./."P/ \ / \
CA CI CI CON

5 6

rapid at ice-bath temperatures and occurs without racemization.

The realm of macrolide4 synthesis has also generated numerous

procedures for activating the carboxyl group for lactone formation.

In this case, activation is used to overcome unfavorable entropy and

polymerization factors. For example, a highly efficient lactonization

method has been developed by Corey and Nicolaou
5
through the use of a

"double activation" approach, which requires the formation of a 2-

pyridinethiol ester 8a or an imidazolthiol ester 8b. Upon heating,

the thiol esters 8 were transformed into lactones 9. An important

modification of this protocol was reported by Gerlach and Thalman,
6

who demonstrated that, in the presence of silver ions, lactonization

of 8b could he induced at room temperature. Mukaiyama et a17 have



HO(CH ) CO H
RSSR

2 n 2
w HO(CH2)nCOSR

a) R

7 8

,-N
b) R =

I >4
,\C-N

0
\N
C-sN.

I(CH2)n

0

9
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presented a closely related lactonization method utilizing 1- methyl -2-

chloropyridinium iodide 10 as an'effeCtive:cyClizing agent. In refluxing

HO(CH2)nCO2H
0

0 ---0- 1

A
(CH )2 n

Et
3N

/-
N, CI (CH2) 0

I

OH

i I

10 9

methylene chloride and triethylamine, 10 reacted with hydroxy acids

to form lactones via the reactive ester 11. Masamune et a18 have also

developed a new method for the preparation of macrocyclic lactones.

They prepared t-butyl thiolesters 14 from the corresponding hydroxy

acids and thallous 2-methylpropane-2-thioate (13) via the mixed phos-

phoric anhydrides 12. The lactones 9 were generated from the thiolester

14 with mercuric trifluoroacetate at room temperature in high yield.

Ideally, activation of the carboxyl function should occur under

mild, neutral conditions using stable, easily accesible precursors.
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I (CH2)n

9

From this viewpoint, photochemical activation has many desirable attri-

butes. Of course, the advantages must be balanced against the possi-

bility of photochemically induced side reactions (such as a or S--

cleavage, cyclization, hydrogen abstraction, or cycloaddition) occuring

at remote sites in the substrate. The literature pertaining to the

photochemistry of carboxylic acid derivatives is extensive. A recent

review by Coyle9 brings out the similarities and differences between

the photochemical reactions of these compounds on the one hand and of

aldehydes and ketones on the other. In this context, photochemistry

has been exploited to particular advantage in the area of photo-

removable protecting groups from carboxylates. In the examples that

follow, the photolabile groups were developed for protection rather

than activation; nevertheless, some insight into the design of a

photochemical carboxyl-activating group may be gleaned.

Barltrop and Schofield
10

appear to have reported the first example

of a protecting group which can be removed upon. irradiation. They

observed that benzyloxycarbonylglycine could readily be converted to

11
the free amino acid by irradiation with ultraviolet light. Pillai,
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in a review of photolabile protecting groups, describes an especially

interesting illustration involving a rearrangement, which results from

a light-induced internal oxidation of aromatic nitro compounds. Thus,

carboxyl functions in aliphatic and aromatic acids, protected as 2-

nitrobenzyl esters 15, undergo photolysis initiated by the excited

nitro group which abstracts the intramolecular benzyl hydrogen. 12
Re-

arrangement to the unstable nitroso derivative 16 is followed by

R"

hv

17

NO

16

AO
2
H

18

decomposition to the corresponding acid 18 and the ortho acylnitroso

benzene 17. This o-nitrobenzyl protecting group has been found useful

for the imidazole nitrogen of histidine,
13

the phenolic hydroxy group

of tyrosine,
14

and also for the hydroxyl function in the synthesis of

glycosides and nucleosides.11 A further modification of this protect-

ing group allows the protection of amino groups. In this case, the

oxycarbonyl chloride 19 reacts with amines to form light sensitive

urethanes 20. Photolysis results in deprotection of the amine via the



NO2

19 R` H

0
23

NH CHRCO
2
H

CI

+ NH
2
CHRCO

2
H

22

+ CO
2

thy

21

the nitroso derivative 21. When these groups were employed to protect

optically active amino acids, the photolysis had no effect on the

chiral center.

The phenacyl moiety has been shown to be another useful photolabile

NHCHRCO
2
H

NHCHRCO
2
H
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group for protecting the carboxyl function.
15

In this instance, advan-

tage is taken of a low lying excited state resulting from the inter-

24

RCO
2
H

25

RCO
2
H +

25

R

26

hv

27
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action between the electrons of the carbonyl group and the phenyl ring.

The protection process is initiated by combining a phenacyl bromide 24

and an acid 25 in the presence of triethylamine to yield a photosen-

sitive ester 26. The acid 25 is recovered upon irradiation by a postu-

lated radical scission mechanism. The photochemical behavior of

benzoin esters has also been exploited as a means of protecting car-

boxyl groups.
16

Photolysis of these esters 28 results in recovery of

the acid 30 and formation of a benzofuran 29.

Me0 OMe

OCOR

Me0

28

OMe

Me0

OMe

RCO
2
H 30

The use of certain light-sensitive aromatic azides as protecting

groups has also been demonstrated.
17

The photolysis of azido-ester

31 yielded indole 33 and the corresponding carboxylic acid 34, through

the intermediacy of a nitrene 32.

From these examples, it is clear that the design of a superior,

photolabile activating group requires that several conditions must be

met. First, the photosensitive chromophore should be stable to a wide

variety of chemical reagents. Second, the absorption of light and the

subsequent photoreaction should be an exclusive property of the acti-

vating chromophore and should not affect the remainder of the molecule.
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Third, the photolysis should occur in high yield in a manner which

permits a facile separation of the desired compounds from other photo-

products. Fourth, the excited state responsible for activation should

have a short lifetime so that the probability of undesirable quenching

processes or changes in the substrate will be diminished with respect

to cleavage.

The investigation of light-induced transformations of thioates

by Barton and coworkers
18

suggested that a thiono derivative might be

useful in photochemical activation. The choice of 2-thionothiazolidine

35 as a potential photolabile moiety developed from observations of the

35



photochemical behavior of 4-carbomethoxy-5,5-dimethyl-N-phthalimido-

acety1-2-thionothiazolidine (36a).
19

When irradiated with a Hanovia

450-W lamp, fitted with a Pyrex filter and kept at 5-8 °C in a dry

t-butanol-benzene mixture under nitrogen, 36a disassociated to form

36a X = S

b X=0

by 38

A
N S

CO2Me

37

+ 36b
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2-thiazolidone 37, N-methylphthalimide 38 and 36b. (The appearance of

36b and 37 was rationalized by postulating that exchange of the sulfur

with oxygen present in the nitrogen used to agitate the reaction mix-

ture occurred.) Thus, N-acy1-2-thionothiazolidines were investigated

as carboxyl activating group. A preliminary report of this work has

been published.
20
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II. PREPARATION AND PHOTOLYSIS OF

N-ACYL-2-THIONOTHIAZOLIDINE

The heterocycle 2-thionothiazolidine (35)
21

and its derivatives

can be prepared by a variety of methods. Currently, 2-thionothiazo-

lidine (35) is available from Aldrich Chemical Company. Fujita and

coworkers
22

obtained N- acyl- 2- thionothiazolidines 40 utilizing the

thallium(I) salt of 35 in a reaction with acyl chlorides. They also

accomplished the same end by combining carboxylic acids with 2-thiono-

thiazolidine (35) in the presence of dicyclohexylcarbodiimide (some-

times together with a catalytic amount of 4-dimethylaminopyridine).

Although the thioester 39 was initially postulated by Fujita and co-

35

39

S

J/

40

workers as the product of these reactions, an X-ray crystallographic

analysis of the p-bromobenzoyl derivative of 35 revealed an amide as

shown in 40.23 Mukaiyama
24

has also prepared N-acy1-2-thionothiazo-

lidines 40 by treatment of 35 with acid chlorides in the presence of

triethylamine. In our work, N-acyl derivatives 40 were conveniently

obtained by reaction of 2-chionothiazolidine (35) with sodium hydride
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in tetrahydrofuran (THF), followed by treatment with the corresponding

acyl chloride in benzene. Regardless of the method of preparation,

the kinetic product from these reactions is probably the S-acyl deriva-

tive 39 proposed by Fujita (the s-isobutyryl intermediate was detected

by NMR in our work), but these thioesters apparently undergo a facile,

S N acyl transfer
25

to yield the 3-acylated product 40. The latter

were yellow, usually crystalline substances which exhibited a charac-

teristic iteristic carbonyl frequency at 1690-1700 cm in their infrared spectra

and a pair of two proton triplets in their NMR spectra at approximately

S 3.2 and 4.5.

In the pursuit of a milder route to the N-acyl derivatives 40,

which would avoid the use of a strong base and the acyl chloride, N,N'-

carbonylbis(2- thionothiazolidine) 41 was synthesized from 35 and phos-

gene. It was hoped that a substance of structure 41 would exhibit

enhanced reactivity with carboxylic acids, as does the analogous N,NT-

As COC1
2

/ Is

35 41

carbonyldiimidazole.
26

Surprisingly, 41 proved to be a very stable,

yellow solid which failed to react with phenyl acetic acid in refluxing

glyme or xylene over a 24 hour period.

Having prepared several N-acy1-2-thionothiazolidines, attention

was turned to an investigation of their photochemistry. The chromophore
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associated with these systems (X
Et0H

270 and 308 nm, e 4400 and 3500)
max

lent support to the proposition that they would be photochemically

reactive under irradiation. It was expected, on the basis of studies

of related systems, 19 that the primary photochemical process in the

case of 40 would be cleavage of the N-acyl bond and, since the principal

purpose of this work was to develop a photochemically stimulated activa-

tion method for the carboxyl function, we chose a solvent for this

irradiation which would also serve as a trap for the liberated acyl

moiety. The N- acyl- 2- thionothiazolidines 40 were irradiated in ethanol

with a 450-W mercury lamp through a Pyrex filter. These systems were

found to undergo photolysis with an efficiency which was markedly de-

pendent on the nature of the R substituent to give the ethyl ester 42.

In each case, 2-thionothiazolidine 35 was recovered in high yield (70-

40

hv

EtOH
RCO

2
Et S NH

42

35

90%). From Table I, it is seen that arylacetyl derivatives 40a-e

afforded a generally good yield of the ethyl ester, whereas aliphatic

systems such as 40g-h gave poor yields. Irradiation of N-benzoy1-2-

thionothiazolidine (40f) resulted in a quantitative recovery of the

starting material. The optimum period of irradiation for each reaction

was determined by monitoring the formation of ester by gas chromato-

graphy. The addition of sensitizers, such as acetophenone or naphtha-



TABLE I. Irradiation of N- Acyl- 2- thionothiazolidines

40

Et0H

hv

35

NH + RCO
2
Et

42

82

R
Irradiation
Time (hr)

Isolated Yield
of Ester 42 (%)

40a C H CH 14 71

40b

6 5 2

(C
6
H )CH 12 84

40c

5

C H CH(CH ) 12 86

40d

6 5 3

a-Naphthyl 12 73

40e E-Naphthyl 12 59

40f C H 20 0

40g

6 5

(CH ) CH 12 17

40h

3 2

CH
3
(CH

2
)
7

23 24
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lene, to the mixture undergoing photolysis produced no significant

changes in yield. If a Corex or Vycor filter was substituted for

Pyrex glass, the yields were substantially decreased (Table II) indi-

cating that secondary photochemical processes leading to polymeric

deposits occur at shorter wavelength. It was further shown that

N-acyl-2-thionothiazolidines 40 are essentially unreactive in the ab-

sence of light. Solutions of 40 in ethanol were found to undergo

solvolysis to the extent of only 0 to 5% over a 24 hour period.

The failure of 40f to undergo photolysis, when taken with the

general absence of products characteristic of acyl radical interme-

diates in these irradiations, argues against a primary photodissociative

process
27

of the type shown in scheme I (path a). A plausible alterna-

tive appeared to be ^(-hydrogen abstraction by sulfur, analogous to the

pathway observed by Barton and coworkers in their study of the photo-

lysis of 0-phenethylthiobenzoates. 18
Thus, removal of a hydrogen from

the carbon a to the acyl function by the sulfur atom of the thione

leads to diradical 44; the latter can subsequently collapse to a ketene

45 with the regeneration of 2-thionothiazolidine (35). In ethanol, of

course, ketene 45 would be rapidly converted to 42. In an attempt to

detect a ketene intermediate either directly or as its dimer, the

phenylacetyl and diphenylacetyl derivatives 40a and 40b were irradiated

in benzene. However, it was not possible to ascertain the presence of

a ketene in these reactions.

A distinction between the mechanisms implicit in scheme I is

afforded when an N- acyl- 2- thionothiazolidine bearing an optically active

carbon a to the carbonyl group is subjected to photolysis. Mechanism



40

R
1

R
2

R
3

40a Me H Ph

Et H Ph

Et H Ph

Et H Ph

Et H Ph

40h Et H CH
3
(CH

2
)
7

Et H CH
3
(CH

2
)
7

Et H CH
3
(CH

2
)
7

TABLE II

RiOH

S

S NH + CH
2
R
3
CO2 RI

35 42

Filter Sensitizer (100mg) Time (hr) Yield

Pyrex None 12 64

Pyrex Acetophenone 12 57

Pyrex Naphthalene 12 65

Corex None 1.5 18

Corex Acetophenone 1.0 28

Pyrex Acetophenone 23 24

Vycor None 5 22

Corex Acetophenone 1 16

(%)
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SCHEME I

43

45

42

44

1,Et0H

SH

S N

35

85
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a predicts retention of chiralty, whereas in pathway b, racemization

would occur on formation of the ketene 45. For the purpose of distin-

guishing these two pathways, racemic hydrotropic acid (2-phenylpropanoic

acid) was resolved via its strychnine salt to give optically active

material ([a]21]

21
+ 46.6 °).28 This acid was converted to the correspon-

ding thionothiazolidine 40c ([a]
D
1

11.7°). Irradiation of this sub-_
stance in ethanol gave ethyl hydrotropate with [a]

D
1

0.18°; ethyl

hydrotropate prepared from hydrotropic acid [a]i)
1

27.0° by treatment

with phosphorus trichloride and then ethanol exhibited a rotation of

[a],231
43.0°. This finding is clearly inconsistent with homolytic

cleavage of the N-acyl group with direct trapping of the acyl radical,

but is in agreement with a mechanism proceeding through ketene 45. The

process thus bears a close resemblance mechanistically to the irradia-

tion of 0-phenylthiobenzoates derivatives 46 studied by Barton. A

significant difference however is that Barton observed appreciable

quantities of oxetane 48, whereas no 3-lactam (which might be antici-

Ph

46

Ph

hv
Ph

Ph

47
Ph

HS

48

Ph
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pated for diradical 44) was found in our case.

Although the photochemical activation of a carboxyl function

through N- acyl- 2- thionothiazolidines appears, for practical purposes,

restricted to cases where hydrogen abstraction and subsequent ketene

formation is favored by aryl substitution, the N-acy1-2-thionothiazo-

Udine nucleus has been found to afford a convenient device for masking

latent reactivity of the acyl group. For example, it has recently

been shown that N- acyl- 2- thionothiazolidines are reduced in excellent

yield to aldehydes with diisobutylaluminum hydride
24

and will undergo

rapid aminolysis29 to yield amides and peptides. N-acy1-2-thionothiazo-

lidines are thus complementary in certain respects to N-acyl imidazoles.

However, one can anticipate that, as the chemistry of this novel hetero-

cyclic system is explored, new and perhaps unique applications will

evolve.
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III. EXPERIMENTAL

3- Phenylacetyl-2- thionothiazolidine (40a)

To a stirred slurry of 0.44 g (9.2 mmol) of 50% sodium hydride

(pre-washed with n-hexane) in 10 mL of dry benzene was added 1.00 g

(8.4 mmol) of 2-thionothiazolidine and the mixture was brought to

reflux. After 1 h, a solution of 1.30 g (8.4 mmol) of phenylacetyl

chloride in 2 mL of benzene was slowly added to the refluxing mixture.

The mixture was quenched with 10 mL of water and extracted with ethyl

acetate. The organic layer was dried and concentrated to an oil which

was crystallized from ethyl acetate to yield 1.50 g (76%) of 40a as a

yellow solid: m.p. 81-83 °C; NMR (CDC13) 6 3.19 (t, J=8Hz, 2H), 4.59

(t, J=8Hz, 2H), 4.68 (s, 2H), 7.30 (m, 5H); IR (CHC1
3
film) 1690 cm 1;

MS m/e (rel. int.) 237 (20, Mt), 109 (19), 108 (100), 91 (63), 90 (27);

exact mass 237.029 t 0.010 (calcd. for C11H110NS2 237.028).

3-Diphenylacety1-2-thionothiazolidine (40b)

Prepared as described for 40a in 65% yield, 40b was obtained as a

yellow solid which crystallized as needles from ethanol: m.p. 133-4 °C;

IR (CHC1
3
film) 1695 cm 1; NMR (CDC13) 6 7.47 (s, 1H), 7.29 (s, 10H),

4.54 (t, J=8Hz, 2H), 3.12 (t, J=8Hz, 2H); MS m/e (rel. int.) 313 (7.5,

M+), 195 (16), 194 (100), 167 (39), 166 (73), 165 (90), 152 (16); exact

mass 313.060 t 0.010 (calcd. for C
1

H
15
ONS

2
313.060).

3-Hydratropoy1-2-thionothiazolidine (40c)

Prepared as described for 40a, but with tetrahydrofuran in place of
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benzene. Purification by chromatography (silica gel, Act n-

hexane-chloroform) gave an 80% yield of 40c as a yellow solid: m.p.

52-53 °C; IR (CHC1
3
film) 1690 cm 1; NMR (CDC1

3
) (5 7.30 (s, 5H), 5.91

(q, J=7Hz, 1H), 3.13 (t, J=8Hz, 2H), 1.52 (d, J=7Hz, 3H); exact mass

251.044 t 0.010 (calcd. for C12HI30NS2 251.044).

3-(a-Naphthylacety1)-2-thionothiazolidine (40d)

Prepared as described for 40a in 79% yield, 40d was obtained as a

yellow solid which was recrystallized from ethanol-chloroform (1:1):

m.p. 99-101 °C; IR (Nujol) 1690 cm 1; NMR (CDC1
3

) 6 7.2-8.0 (m, 7H),

5.06 (s, 2H), 4.56 (t, J=7Hz, 2H), 3.25 (t, J=7Hz, 2H); MS m/e (rel.

int.) 287 (10, M
+
), 169 (14), 168 (100), 141 (38), 140 (37), 139 (27),

115 (23); exact mass 287.043 t 0.010 (calcd. for C15H130NS2 287.044).

3-0-Naphthylacety1)-2-thionothiazolidine (40e)

Prepared as described for 40a in 90% yield, 40e was obtained as a

yellow solid which was recrystallized from ethanol-chloroform (1:1):

m.p. 124-5 °C; IR (Nujol) 1690 cm 1; NMR (CDC1
3

) 8 7.3-7.9 (m, 7H),

4.83 (s, 2H), 4.58 (t, J=7Hz, 2H), 3.23 (t, J=7Hz, 2H); exact mass

287.042 t 0.010 (calcd. for C1511130NS2 287.044).

3-Benzoy1-2-thionothiazolidine (40f)

Prepared as described for 40a in 90% yield, 40f was obtained as a

yellow solid which was recrystallized from n-hexane-ethanol: m.p. 108-

9 °C; IR (Nujol) 1680 cm 1; NMR (CDC13) S 7.3-7.8 (m, 5H), 4.57 (t,

J=7Hz, 2H), 3.47 (t, J=7Hz, 2H); MS m/e (rel. int.) 223 (18, M+), 105
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(100), 77 (79), 51 (35), 50 (10); exact mass 223.012 ± 0.010 (calcd.

for C
10
H
9
ONS

2
223.013).

3-Isopropyl -2-thionothiazolidine (40g)

Prepared as described for 40a in 50% yield, 40g was obtained as a

yellow oil which was purified by column chromatography (silica gel,

n-hexane): IR (neat) 1690 cm-1; NMR (CDC13) 6 4.56 (t, J=8Hz, 2H),

4.45 (m, 1H), 3.32 (t, J=8Hz, 2H), 1.19 (d, J=6Hz, 6H).

3- Propargyl- 2- thionothiazolidine (40h)

Prepared as described for 40a in 47% yield, 40h was purified by

dissolving the oil in n-hexane and filtering through a sintered glass

funnel: IR (neat) 1700 cm 1; NMR (CDC1
3

) 6 4.57 (t, J=8Hz, 2H), 3.27

(br t, J=8Hz, 4H); MS m/e (rel. int.) 259 (17, M+), 141 (12), 120 (37),

119 (100); exact mass 259.291 ± 0.010 (calcd. for C12H210NS2 259.294).

N,NI-Carbonylbis-(2-thionothiazolidine) (41)

A 4.8 g (0.04 mmol) portion of 2-thionothiazolidine and 2.1 g of

sodium hydride (0.44 mmol) were combined in THE and the mixture was

refluxed for 1 h. To the cooled slurry was added dropwise 2.0 g (0.02

mmol) of phosgene dissolved in 20 mL of benzene over 5 min. After

standing for 2 h, the precipitate was filtered off and recrystallized

from chloroform to yield 1.1 g (19%) of 41 as a yellow solid: m.p.

165-6 °C; IR (Nujol) 1690 cm 1; (d6 -DMSO) 6 4.50 (t, J=8Hz, 4H), 3.52

(t, J=8Hz, 4H); MS m/e (rel. int.) 265 (12), 264 (100, Mt), 200 (19),

199 (16), 86 (36), 70 (71); exact mass 263.943 ± 0.010 (calcd. for

C
7
H
8
ON

2
S
4

263.952).
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Photolysis of 3-Acy1-2-thionothiazolidine (General Procedure)

A 1.0 g sample of 3- acyl -2- thionothiazolidine was dissolved in

approximately 180 mL of ethanol (40 mL of benzene was added for the

phenylacetyl derivatives to ensure complete dissolution). In trials

in which sensitizers were utilized, a 100 mg portion was added to the

reaction mixture. The solution was irradiated with a 450-W Hanovia

medium pressure lamp through Pyrex glass or through a quartz well with

the desired filter (Vycor or Corex) inserted. The optimum reaction

time was determined by gas chromatography (20% OV 101 on Chromosorb W).

After irradiation, the mixture was concentrated under reduced pressure

and the ester was separated from the residue by bulb-to-bulb distilla-

tion or by silica gel chromatography. The esters were compared with

authentic samples where these were available by NMR.

Photolysis of 3- Hydratropoyl- 2- thionothiazolidine (40c)

A 450 mg (1.8 mmol) portion of 40c was photolysed in 180 mL of

ethanol-benzene (7:2) over a 14 h period. The solution was concen-

trated and the residue was chromatographed (silica gel, 10% ether/

n-hexane ether) to give 275 mg (86%) of ethyl hydrotropate and 200 mg

(94% recovery) of 2-thionothiazolidine (36).

When optically active 40c ([a]
D
1
- 11.7°), prepared from hydro

tropic acid ([a]
D

1 + 4.66) resolved via its strychnine salt,
28

was

irradiated, racemic ethyl hydrotropate
21

- 0.18°) was obtained.

As a control 50.0 mg of 40c was dissolved in 10 mL ethanol-

benzene (7:2) and stirred for 24 h. Starting material (49.9 mg) was

recovered.
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