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A highly convergent, enantioselective total synthesis of (+)-phyllanthocin (l), the aglycon of the novel an- 
tineoplastic agent phyllanthoside (2), has been accomplished. The key feature of the approach entailed the dipolar 
cycloaddition of the nitrile oxide 7 with the optically active, bicyclic lactone 6, a substance that presented a sterically 
and electronically biased framework to ensure that this reaction proceeded with reasonable levels of regio- and 
stereoselectivity to afford 11 as the major product. The dispensible oxygen function at  C(1) was removed from 
11 in three straightforward operations to afford 18, which underwent a directed aldol reaction with the protected 
aldehyde 8c to give a mixture (1.2:l) of the two adducts 21c and 22c. Treatment of 21c with hydrofluoric acid 
in methanol gave a mixture of methyl glycosides 23 and 24. Similar treatment of 22c afforded a single methyl 
glycoside 25, which was transformed into 24 by oxidation and reduction. Unveiling of the latent @-hydroxy ketone 
array at  C(5) and C(7) was achieved by hydrogenolysis and hydrolysis of the isoxazoline ring of 23 and 24 to 
give intermediates that underwent smooth acid-catalyzed, kinetic spiroketalization to furnish 3 as the major product. 
The spiroketal3 was then converted into (+)-phyllanthocin (1) according to protocols previously developed by 
Williams. 

Introduction 
During the course of routine screening of a variety of 

plants for potential anticancer agents, in 1977 Kupchan 
isolated and characterized (+)-phyllanthocin (1) from the 
ethanol extract of the roots of Phyllanthus acuminatus 
Vahl.2 Although 1 itself did not exhibit antineoplastic 
activity, the structure of the biologically active component 
was identified in 1982 by Pettit as being the bisabolane 
glycoside phyllanthoside (2): which exhibited significant 
activity against murine P388 leukemia and B16 melanoma 
and is currently undergoing clinical trials?" In subsequent 
explorations, Pettit isolated a number of closely related 
antineoplastic glycosides known as phyllantho~tatins.~ 
Owing to its considerable promise as a therapeutically 
useful antitumor agent, phyllanthoside (2) as well as the 
corresponding aglycon 1 emerged as highly attractive 
targets for total synthesis."1° These synthetic investi- 
gations have culminated in five accounts of the asymmetric 
total synthesis of l,H and the naturally occurring glycoside 
2 itself has succumbed to total synthesis.l0 We recently 
completed a highly convergent, enantioselective synthesis 
of 1,9 and we now disclose the details of those endeavors. 

The essential features of the strategy that eventuated 
in the asymmetric synthesis of 1 are outlined in Scheme 
I. Relatively straightforward modification of 1 in a re- 
trosynthetic direction leads to the tricyclic spiroketal 3, 
which also served as a key intermediate in Williams' ap- 
proach to 1.6 Further dismantling of the spiroketal array 
present in 3 then unveils the highly functionalized cyclo- 
hexane 4. The conversion of 4 into 3 by a synthetic path 
presumes that spiroketalization of 4 will proceed with a 
high degree of selectivity under either conditions of kinetic 
or thermodynamic control to provide the desired 3 as the 
major product. An examination of the literature provided 
sufficient precedent that such a transformation was likely 
to proceed in the requisite sense." Closer inspection of 
the polyfunctionalized intermediate 4 reveals two different 
@-hydroxy keto arrays, one at C(5) and C(7) and the other 
at C(l0) and C(8). The cis stereochemical relationship 
between the acyl and hydroxyl functions resident on the 
cyclohexane ring at C(5) and C(6) suggests that compound 
4 might be derived from isoxazoline 5. This analysis owes 
its genesis to the recognition of the synthetic equivalency 
of a @-hydroxy ketone moiety with an isoxazoline ring,12 
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A. H. J. Chem. SOC. Chem. Commun. 1982, 601. (i) Williams, D. R.; 
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a ring system that is conveniently accessible from the [3 + 21 dipolar cycloaddition of a nitrile oxide with an al- 
kene.13 

Analysis of the challenges posed by the synthesis of the 
fused isoxazoline 5 suggested a convergent approach that 
would involve the combination of the enantiomerically 
pure bicyclic, unsaturated lactone 6,  the nitrile oxide 7, 
and an enantiomerically pure, protected P-hydroxy al- 
dehyde such as 8a-c. The selection of 6 as the dipolaro- 
phile was predicated on several considerations. First, the 
candidacy of methyl cyclohex-3-enecarboxylate as a 
partner for the dipolar cycloaddition was rejected on the 
basis of the reasonable hypothesis that its cycloaddition 
with 7 would not be expected to proceed with a significant 
level of either stereo- or regioselectivity. This conjecture 
was convincingly verified in a preliminary experiment by 
the finding that reaction of methyl cyclohex-3-ene- 
carboxylate with 7 gave a mixture of four diastereomeric 
cycloadducts in approximately equal amounts. In contrast, 
the bicyclic lactone 6 presents a sterically and electronically 
biased molecular framework to ensure that the nitrile oxide 
7 will attack preferentially from the less encumbered exo 
face of the alkene with a predisposition for attachment of 
the oxygen of the nitrile oxide function to the terminus 
of the double bond distal to the allylic oxygen.14 A second 

(12) See inter alia: (a) Wollenberg, R. H.; Goldstein, J. E. Synthesis 
1980,757. (b) Kozikowski, A. P.; Adamczyk, M. Tetrahedron Lett .  1982, 
23,3123. (c) Torssell, K. B.; Andersen, S. H.; Das, N. B.; Jorgensen, R. 
D.; Kjeldsen, G.; Knudsen, J. S.; Sharma, S. C. Acta Chem. Scand. B 
1982,36,1. (d) Curran, D. P. J. Am. Chem. SOC. 1983, 105, 5826; 1982, 
104,4024. (e) Martin, S. F.; DuprB, B. Tetrahedron Lett. 1983,24,1337. 
(0 Kozikowski, A. P.; Ghosh, A. K. Ibid. 1983, 24,2623. (9) Kozikowski, 
A. P.; Adamczyk, M. J. Org. Chem. 1983,48, 366. (h) Kozikowski, A. P.; 
Stein, P. D. Ibid. 1984,49, 2301. (i) Curran, D. P.; Scanga, S. A.; Fenk, 
C. J. Ibid. 1984,49,3474. (j) Torssell, K. B. G.; Hazell, A. C.; Hazell, R. 
G. Tetrahedron 1985,41, 5569. 

(13) For excellent reviews of nitrile oxide chemistry, see: (a) Grund- 
man, C.; Grunanger, P. The Nitrile Oxides; Springer-Verlag: Berlin, 1971. 
(b) Kozikowski, A. P. Acc. Chem. Res. 1984,17,410. (c) Torssell, K. B. 
G. Nitrile Oxides, Nitrones, and Nitronates in Organic Synthesis. Novel 
Strategies on Synthesis; VCH Publishers, Inc.: New York, 1988. 

(14) (a) Caramella, P.; Cellerino, G. Tetrahedron Lett .  1974,229. (b) 
McAlduff, E. J.; Caramella, P.; Houk, K. N. J. Am. Chem. Soc. 1978,100, 
105. (c) Taniguchi, H.; Ikeda, T.; Imoto, E. Bull. Chem. SOC. Jpn. 1978, 
51,  1859. (d) Kozikowksi, A. P.; Ghosh, A. K. J. Org. Chem. 1984,49, 
2762. (e) Houk, K. N.; Moses, S. R.; Wu, Y.-D.; Rondan, N. G.; Jager, 
V.; Schohe, R.; Fronczek, F. R. J. Am. Chem. SOC. 1984, 106, 3880. 
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consideration that weighed in the selection of 6 as the 
dipolarophile was that known reactions could be easily 
marshalled to prepare 6 in optically pure form. Finally, 
we envisaged that the stereoselective construction of the 
bond between C(9) and C(10) could be achieved a t  an 
appropriate stage by chelation-controlled addition15 of an 
enol derivative of the C(8) ketone moiety to a protected 
aldehyde of type 8a-c. 

Discussion 
Having established the essential features of the synthetic 

approach, preparation of the requisite starting materials 
6 , 7 ,  and 8a-c was undertaken. Since the racemic lactone 
6 had been previously reported,16 it was a simple task to 
modify these original procedures to provide optically pure 
6. Thus, known17 (R)-3-cyclohexene-l-methanol (9) was 
prepared in two steps via the asymmetric [4 + 21 cyclo- 
addition between the acrylate ester of 8-phenylmenthol 
and 1,3-butadiene and reduction of the crude cycloadduct 
with lithium aluminum hydride.'* Despite the observation 
that less than 2% of a diastereomeric substance could be 
detected by GC-MS after the asymmetric Diels-Alder 
reaction, the 9 thus obtained exhibited an optical purity 
of about 85% based upon its optical rotation ([.l2*D = 
+81.8' (c 3.06, MeOH); lit.i7a [.IzD = +96' (c  3.0, MeOH)). 
Oxidation of 9 with pyridinium dichromate in dimethyl- 
formamide afforded the acid 10, which was estimated to 
be only approximately 73 % enantiomerically pure ([.]23D 
= +69.2' (c 7.36, MeOH); lit.i7a [.]22D = +94.5' (c 7.0, 
MeOH)), indicating that further racemization occurred 
during the oxidation. Consequently, a partial resolution 

(15) For an excellent review of "chelation" vs 'nonchelation" control, 
see: (a) Reetz, M. T. Angew. Chem., Int. Ed. Engl. 1984,23, 556. See 
also: (b) Reetz, M. T.; Jung, A. J. Am. Chem. Soc. 1983,105, 4833. (c) 
Reetz, M. T.; Kesseler, K.; Jung, A. Tetrahedron 1984, 40, 4327. (d) 
Reetz, M. T.; Kesseler, K.; Jung, A. Tetrahedron Lett. 1984,25, 729. (e) 
Keck, G. E.; Castellino, S. J .  Am. Chem. SOC. 1986,108, 3847. (0 Frye, 
S. V.; Eliel, E. L. Tetrahedron Lett. 1986,27, 3223. (9) Kahn, S. D.; Keck, 
G. E.; Hehre, W. J. Ibid. 1987,28,279. (h) Keck, G. E.; Castellino, S. Ibid. 
1987, 28, 281. 
(16) (a) Bartlett, P. A.; McQuaid, L. A. J. Am. Chem. SOC. 1984,106, 

7854. (b) Grewe, R.; Heinke, A.; Sommer, C. Chem. Ber. 1956,89,1978. 
(17) (a) Ceder, 0.; Hansson, B. Acta Chem. Scand. 1970,24,2693. (b) 

Schwartz, H. M.; Wu. W.-S.; Marr, P. W.; Jones, J. B. J. Am. Chem. SOC. 
1978, 100, 5199. 

(18) (a) Corey, E. J.; Ensley, H. E. J. Am. Chem. SOC. 1975,97,6908. 
(b) Ensley, H. E.; Parnell, C. A.; Corey, E. J. J. Org. Chem. 1978,43,1610. 
(c) Boeckman. R. K.. Jr.: Naeeelv. P. C.: Arthur. S. D. J. Ora. Chem. 1980. 
45,754. For a preparation 2 the enanatiomer of 9 see: Masamune, S.; 
Reed, L. A,, 111; Davis, J. T.; Choy, W. J. Org. Chem. 1983, 48, 4441. 



Synthesis of (+)-Phyllanthocin 

of 10 was performed by one recrystallization of its brucine 
salt to provide 10 whose optical purity was typically in the 
90-95% range. With the optically active acid 10 thus 
secured, the dipolarophile 6 was prepared in 96% overall 
yield by treatment of 10 with iodine in aqueous sodium 
bicarbonate followed by dehydroiodination of the inter- 
mediate iodolactone upon reaction with 1,8-diazabicyclo- 
[5.4.0]undec-7-ene (DBU) in refluxing benzene.16 

The next stage of the synthesis required the develop- 
ment of a suitable protocol to achieve the crucial dipolar 
cycloaddition. After considerable experimentation, it was 
discovered that the optimal conditions for effecting this 
process involved the slow, thermal generation of the highly 
reactive nitrile oxide 7 from acetohydroximoyl chloride in 
refluxing toluene in the presence of 6. When the reaction 
was executed in this fashion, the desired cycloadduct 11 
was isolated in 45% yield together with two other dia- 
stereomeric adducts 12 (19%) and 13 (15%), (Scheme 11). 
None of the isomeric cycloadduct 14 was isolated, but it 
could have been present in small amounts. I t  should be 
noted that use of other methods to generate the requisite 
nitrile oxide 7 from hydroximoyl chloride (e.g., AgN0319 
or Et3Nao) typically afforded more complicated reaction 
mixtures with the desired product 11 being isolated in 
lower yield. However, the ratio of 11, 12, and 13 remained 
essentially constant irrespective of the precise experimental 
conditions that were employed to effect the dipolar cy- 
cloaddition. Thus, the bicyclic lactone served its intended 
purpose as a regio- and stereochemical control element in 
the dipolar cycloaddition, although the induced selectivity 
was less than we had hoped. 

The cycloadducts 11,12, and 13 could be separated by 
preparative HPLC, and the structural assignments were 
based upon extensive 'H NMR experiments. Clearly ev- 
ident of the expected cis ring fusion were the coupling 
constants observed between the protons at  the ring fusion; 
these values ranged from J = 9 to 10.3 Hz. Furthermore, 
the proton a to the oxygen on the isoxazoline ring of 11 
appeared as a ddd (6 5.04), and the coupling constants to 
the two adjacent methylene protons on the cyclohexane 
ring were J = 8.0 and 3.2 Hz. The other proton (6 3.86) 
on the isoxazoline ring exhibited only a small (<1 Hz) 
coupling with the vicinal proton (6 5.09) at the bridgehead 
of the bicyclic lactone ring and a to the lactone oxygen. 
This tentative assignment of the structure of 11 was con- 
firmed at  a subsequent stage by a single-crystal X-ray 
analysis of 18 (vide infra). The regioisomer 12 was simi- 
larly characterized by an observed vicinal coupling of J = 
3.7 Hz between the proton (6 4.78) a to the oxygen of the 
isoxazoline ring and the bridgehead proton (6 5.01) adja- 
cent to the ring oxygen of the bicyclic lactone; the re- 
maining proton (6 3.66) on the isoxazoline ring exhibited 
large coupling constants (J = 8.1,lO.O Hz) with each of 
the two adjacent methylene protons. Each of the 
bridgehead protons on the isoxazoline ring of 13 were 
coupled to only one other vicinal proton. The proton (6 
4.82) a to the oxygen of the isoxazoline ring of 13 was 
coupled to only one of the adjacent methylene protons (J 
= 6.3 Hz), whereas the other proton (6 3.51) on the isox- 
azoline ring was coupled (J = 2.5 Hz) with the downfield 
bridgehead proton (6 4.86) on the lactone array. 

Several preliminary attempts to construct the C(9)-C- 
(10) bond via an aldol reaction using the cycloadduct 11 
itself were unsuccessful, apparently owing to base-induced 
decomposition of the lactone array. However, the lactone 

J. Org. Chem., Vol. 54, No. 9, 1989 2211 

Scheme I11 

(19) Wade, P. A.; Pillay, M. K.; Singh, S. M. Tetrahedron Lett. 1982, 

(20) Christl, M.; Huisgen, R. Chem. Ber. 1973,103, 3345. 
23, 4563. 

15: X OH 
PhOCSCVDMAP c 16: X = O C q k  

C Y 4  17: X I OCSOPh 

TMSQ 

18 

1s  20 

moiety of 11 had already fulfilled its important role as a 
control element, and it was thus an appropriate time to 
modify the substitution pattern on the cyclohexane ring 
to correspond with that found in 1. Straightforward 
processing of 11 by methanolysis in the presence of po- 
tassium carbonate afforded the hydroxy ester 15 in 85% 
yield (Scheme 111). The optical purity of the 15 obtained 
was established to be approximately 95 % based upon an 
analysis of the derived Mosher ester.21 

The next task involved the replacement of the hydroxyl 
group at C(1) with a proton, and a variety of options were 
explored. Initial experiments to convert the hydroxyl 
group in 15 into the corresponding chloride by standard 
methods proceeded in only low yields. The mesylate de- 
rived from 15 could be prepared, but several attempts to 
effect its smooth reduction to give 18 were equally una- 
vailing. Consequently, we examined techniques to remove 
the hydroxyl group via a process entailing radical deoxy- 
genation.,, Although the xanthate 16 could be prepared 
(But-OK; CS,; MeI) and reduced with tri-n-butyltin hy- 
dride, the overall yields for the transformation to 18 were 
only modest, and the experimental conditions for the 
formation of 16 proved somewhat capricious. On the other 
hand, the related phenoxythionocarbonate 17 could be 
readily accessed from 15 by the action of chloro phen- 
oxythionocarbonate in the presence of a slight excess of 
4-(N,N-dimethylamino)pyridine (DMAP) in 83 % yield. 
Interestingly, this reaction proceeded rather sluggishly in 
the absence of an excess of DMAP; alternative procedures 
using catalytic amounts of DMAP in the presence of dif- 
ferent bases were completely ineffective. Subsequent 
treatment of 17 with tri-n-butyltin hydride completed the 
sequence to give 18 in 65% yield (74% based on consumed 
starting material, 17) together with 17 (ca. 12%). I t  was 
necessary to carry this reaction to only partial completion 
in order to avoid attack by tin hydride upon the isoxazoline 
ring system itself, a process that led to the formation of 
variable quantities of the hydroxy nitrile 19. However, 
under the optimized reaction conditions described, pro- 
duction of 19 was not observed. As mentioned previously, 
the relative stereochemistry of 18 was confirmed by a 
single-crystal X-ray analysis (Figure l).23 

The coupling of the two optically active subunits 18 and 
8a-cZ4 would require a chelation-controlled aldol reaction 

(21) Dale, J. A.; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 
2543. 

(22) (a) Barton, D. H. R.; McCombie, S. W. J. Chem. Soc., Perkin 
Trans. 1 1975,1574. (b) Robins, M. J.; Wilson, J. S.; Hansske, F. J. Am. 
Chem. SOC. 1983,105,4059. (c) Ogilvie, K. K.; Hakimelahi, G .  H.; Proba, 
Z. A.; Usman, N. Tetrahedron Lett. 1983, 24, 865. (d) For a review of 
other methods, see: Hartwig, W. Tetrahedron 1983,39, 2609. 

(23) The single-crystal X-ray analysis was performed by Dr. Steven 
Larson at the University of Texas at Austin. 



2212 J .  Org. Chem., Val. 54, No. 9, 1989 Martin et  al. 

(O-Pr')31se~2s afforded no discernible improvement in the 
diastereoselection in these processes.= Although the aldol 
reaction of the enolate derived from 18 with Sa and 8b 
afforded slightly better anti/syn ratios of adducts 
(1.4-1.81), the hydroxyl protecting groups proved diffichlt 
to remove selectively by standard procedures from 21a,b 
and 22a,b and substances derived therefrom. Conse- 
quently attention was focused upon the further transfor- 
mations of 21c and 22c into 1. Inasmuch as the configu- 
ration a t  C(10) of 22c was epimeric to that required, it 
would be necessary to devise suitable tactics to effect the 
inversion at this center. 

The stereochemical assignments for the anti adducts 
21a-e and the syn  adducts 22a-c were initially based upon 
previously observed trends in the 13C NMR spectra for 
related anti and syn dia~tereomers.3~J' Namely, in the 

NMR spectra for such substances, the relative position 
of the signal for the methyl group vicinal to the new hy- 
droxyl function is a reliable diagnostic tool; it consistently 
appears at lower fields in the anti isomer compared to the 
syn isomer. Thus, the methyl group at C(11) of 21c ap- 
pears a t  6 = 13.0 ppm, whereas in 22c it is found at 6 = 
10.8 ppm. Generally, the different chemical shifts of the 
relevant proton signals are of little use in assigning ster- 
eochemistry in systems related to 21a-c and 22a-c.3°.31 
Further confirmation of these preliminary assignments is 
provided by the chemical conversion of 21c and 22c into 
1 (vide infra). 

During the course of preliminary experiments, we de- 
veloped several methods for effecting the reduction and 
hydrolysis of isoxazolines to unveil @-hydroxy ketones.lzc 
Somewhat surprisingly the isoxazoline ring of 21c proved 
to be resistant not only to those conditions but also to a 
variety of others that had been previously reported to 
effect the crucial unmasking. We reasoned that conjuga- 
tion of the isoxazoline ring with the ketone function at C(8) 
of 21c lowered the reactivity of the isoxazoline array to- 
ward hydrogenolysis of the N-0 bond, and we therefore 
turned to alternative tactics that involved the prior pro- 
tection of the ketone function. This end was most expe- 
ditiously achieved by an internal ketalization process that 
was induced by reaction of the anti aldol 21c with 5% 
aqueous hydrofluoric acid in methanol to provide a mixture 
(2.3-2.81) of the methyl glycosides 23 and 24 in 70-75% 
yield (eq 2) 

HFiS%aq MeOH 

RT 
21c 

Figure 1. View (ORTEP plot) of 18 showing atom numhering 
scheme and non-hydrogen atoms as 50% thermal elipsoids. 

or related proces~'~ to achieve high levels of stereochemical 
efficiency. To this end, the trimethylsilylenol ether 20 was 
prepared in 87% yield upon reaction of 18 with tri- 
methylsilyl trifluoromethanesulfonate in 1,2-dichloro- 
ethane in the presence of triethylamine. The subsequent 
reactions of 20 with the protected @-hydroxy aldehydes 
8a-c in the presence of SnCI, (CH,CI,, -78 - -20 "C) 
provided mixtures of the corresponding adducts 21a-i: and 
22a-e in which the desired anti adducts 21a-c dominated 
by ratios of as much as 9-121; however, the yields of 
products obtained from these transformations were uni- 
formly unacceptable, being generally less than 20%. Nu- 
merous variations of the experimental method and con- 
ditions were explored, including a survey of other Lewis 
acids, but no further improvement could be achieved. A 
major difficulty mose from the necessity of conducting the 
additions a t  -20 - -0 "C, whereupon various decompo- 
sition pathways intervened. Alternatively, when the lith- 
ium enolate generated from 18 was allowed to react with 
the aldehydes Sa-c, readily separable mixtures, which 
ranged from approximately 1.2 to 1.81 depending upon 
the nature of the hydroxyl protecting group R, of the anti 
and syn adducts 21a-c and 22a-c, respectively, were 
consistently obtained in very good yield (75-85%) (eq 1). 

a) LDA 
i s  

bl +CHO 
OR 

9a.c 

p+ OH OR p OH OR 

11 1 
0 

H 0' MeO,C 
H 

MeO, 

21a: R i B" 228: R i Bn 
b: R i CH,OBn 
c: R i TBDMS 

b R i CH,OBn 
c: R i TBDMS 

The anti/syn ratio obtained in these aldol reactions was 
slightly higher (1.4-1.81 vs 1.2:l) when 8a and 8b rather 
than 8c were employed as the aldehydic partners.ls"h The 
presence of various Lewis acid additives including Zn- 
C1,,'5d~25 SnC1,,'5e,25 Bu3SnC1,26 C U I , ~ ~  MgBr,,25 and TiCI- 

(24) We thank Dr. Noal Cohen (Hoffmann-LaRoehe, Inc.) for a gen- 
erous sample of (S)-(+)-3-hydrory-Z-methylpropanoic acid that was used 
for the preparation of 8a,b. The aldehydes 8a-e were prepared by se- 
quential protection of the hydroxyl group of either the corresponding 
methyl or ethyl ester, overreduetion with DIBALH, and Swern oxidation 
fez.. see in ref 7al. " .  

(25) Uenishi, &I.; Tomozane, H.; Ymato, M. Tetrahedron Lett. 1985, 
% ?LE, _", " . 

(26) (a) Shenvi, S.; Stille, J. K. Tetrahedron Lett. 1982,23, 627. (b) 
Labadie, S. S.; Stille, J. K. Tetrohedron 1984, 40. 2329. (c) Kobayashi, 
K.; Kawanisi, M.; Hitomi, T.; Kozima, S. Chem. Let t .  1983, 851. 

(27) For use of organocuprates in chelation-controlled additions to 
8-hydroxy aldehydes. see: Still, W. C.; Sehneider, J. A. Tetrahedron Lett. 
1980, 21, 1035. 

OM0 
Me0,C ĵ tJ; H 0' OMe MsO*C &p-- H 0 121 

24  23 

In a similar fashion, when 22c was treated with 5% 
aqueous hydrofluoric acid/methanol, a single methyl gly- 
coside 25 was obtained (79%) in which both the methyl 
and the hydroxyl group reside in an equatorial orientation 

(28) (a) Reetz, M. T.; Peter. R. Tetrahedron Lett. 1981,22.4691. (b) 

(29) Burke reoorted a 3.61 mixture of Cram/anti-Cram diastereomers 
Siegel, C.; Thorton, E. R. Tetrahedron Lett. 1986, 27, 457. 

in an aldol ieseiion using aldehyde 8e.' 
(30) Professor M. T. Reetz (Philipps-Universitst Marburg), personal 

communication. 
(31) (a) Heathcock. C. H.; Pirrung, M. C.; Sohn, J. E. J.  Oig. Chem. 

1979,44,4294. (b) Heathcock, C. H.; Kiyooka, S.-I.; Blumenkopf, T. A. 
Ibid. 1984,49, 4214. 
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(eq 3). Inasmuch as the hydropyran ring in 25 offered a 
conformationally biased framework for stereoselective 
manipulations, it was an appropriate moment to effect the 
required inversion of configuration of the hydroxyl group 
at C(l0). Oxidation of 25 with pyridine-sulfur trioxide in 
DMSO in the presence of t r i e t h ~ l a m i n e ~ ~  yielded an in- 
termediate ketone 26 that was reduced with a high level 
of stereoselectivity from the more accessible equatorial face 
using L-selectride to give 24 as the exclusive product (73% 
overall yield). Alternatively, reduction of 26 with sodium 
borohydride gave a mixture (9:l) of 24 and 25. 
22c HFb%aq MeOH 

RT 
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& 0 1 2  

25: X = a-H; p -OH 
26: X = 0 

The structural assignments of the methyl glycosides 
23-25 were based upon 'H NMR analyses, and several key 
observations may be made. For example, in 23 the gauche 
relationship of each of the protons at  C(12) with the 
equatorial proton at  C(l1) is evidenced by the small cou- 
pling constant of J = 2.6 Hz. Moreover, the axial proton 
of the methylene group at  C(9) exhibits two Iarge cou- 
plings, one geminal ( J  = 13.1 Hz) and one vicinal to the 
axial proton at C(l0) ( J  = 10.6 Hz). In compound 24, the 
axial nature of the hydrogen at  C(l1) is clearly suggested 
by the vicinal coupling constants observed with the two 
protons at  C(12) of J = 5.6 and 11.4 Hz. Furthermore the 
equatorial disposition of the proton at  C(l0) (WlIz  = 10.6 
Hz) is suggested by a coupling constant of approximately 
3.0 Hz with each of the vicinal protons on C(9) and C(l1). 
Interestingly, the proton on the axial hydroxyl group of 
24, which is presumably hydrogen bonded to the axial 
methoxy group, appears as a sharp doublet (6 3.43, J = 9.6 
Hz) coupled to the adjacent equatorial proton at  C(l0).  
Finally, the axial orientation of the proton at  C(10) of 25 
was evident from its observed trans-diaxial relationship 
with the axial proton at C(9) ( J  = 11.0 Hz). Furthermore, 
the axial proton on the C(12) methylene group is a triplet 
(J = 11.5 Hz), verifying its trans-diaxial relationship with 
the adjacent axial proton at  C(l1). 

At this juncture, we were again confronted with the 
seemingly straightforward task of effecting the reductive 
and hydrolytic processing of 23 and 24 to provide inter- 
mediate @-hydroxy ketones that would undergo spiro- 
ketalization to deliver the desired spiroketal3 (Scheme IV). 
Although some difficulties were initially encountered in 
achieving this conversion, we soon discovered that the 
latent @-hydroxy ketone array at  C(5)-C(7) of the isoxa- 
zolines 23 and 24 were readily liberated upon treatment 
with W-2 Raney nickel in 15% aqueous methanol con- 
taining boric acid under an atmosphere of hydrogen (60 
psi). The intermediate hydroxy keto glycosides were not 
characterized, but they were subjected directly to acid- 
catalyzed spiroketalization with trifluoromethanesulfonic 
acid in methylene chloride to give 3 in 68% overall yield 
together with another spiroketal, which has been tenta- 

(32) (a) Parikh, J. R.; Doering, W. E. J. Am. Chem. SOC. 1967,89,5505. 
(b) Mackie, D. M.; Perlin, A. S. Carbohydr. Res. 1972,24,67. (c) Varkey, 
T. E.; Whitfield, G. F.; Swern, D. J. Org. Chem. 1974,39,3365. (d) For 
a review, see: Mancuso, A. J.; Swern, D. Synthesis 1981, 165. (e) Evans, 
D. A.; Bartroli, J. Tetrahedron Lett .  1982, 23, 807. 

Scheme IV 

3 I 

PhCHkHCOCl 28: 
DMAP'CH&A c 1: R = C O C H h i P h  

OH 
27 

tively identified as 27 (18:l). The spiroketal3, which was 
thus obtained was spectroscopically identical with Wil- 
liams' intermediate.33 The use of camphorsulfonic acid 
as the catalyst for inducing the spiroketalization afforded 
3 in only moderate yield together with compounds that 
appeared to be various dehydration products. When either 
3 or 27 was resubjected to the reaction conditions required 
for the initial spiroketalization, no equilibration could be 
detected, but prolonged exposure of 3 or 27 to these con- 
ditions led to eventual decomposition. These observations 
suggest that the spiroketalization of the intermediate hy- 
droxy keto glycosides derived from both 23 and 24 is a 
kinetically controlled process. 

The synthesis of phyllanthocin (1) was then completed 
according to protocols previously developed by Williams.6 
Namely, reaction of 3 with dimethylsulfoxonium methylide 
afforded in 89% yield an intermediate epoxide 28 as a 
single stereoisomer. When 28 was acylated with cinnamoyl 
chloride in methylene chloride in the presence of DMAP, 
synthetic (+)-phyllanthocin (l), which was spectroscopi- 
cally identical ('H and I3C NMR, IR, mass spectrum, and 
TLC) with an authentic sample,34 was obtained in good 
yield. 

Thus, a concise and highly convergent, enantioselective 
synthesis of (+)-phyllanthocin (1) has been completed. 
The overall strategy features the regio- and stereoselective 
[3 + 21 dipolar cycloaddition of a functionalized nitrile 
oxide to a bicyclic lactone to establish simultaneously the 
masked @-hydroxy keto array at  C(5) and C(7) and the 
relative stereochemistry at centers at C(3), C(5), and C(6). 
The plan requires only 12 steps from the known acid 10 
by a longest linear sequence that proceeded via the anti 
aldol adduct 21c. Although the aldol reaction that forms 
the new carbon-carbon bond between C(9) and C(l0) 
produced a mixture of the adducts 21c and 22c, the un- 
desired syn isomer 22c could be transformed to an inter- 
mediate along the main path in a simple three-step op- 
eration. The overall yield of 1 from 10 is thus 2.4%. The 
application of this general strategy to the asymmetric 
syntheses of related natural products is the subject of 

(33) We thank Professor D. R. Williams (Indiana University) for 
providing spectral data of 3 for comparison. 

(34) We thank Professor S. D. Burke (University of Wisconsin, Mad- 
ison) for providing the 'H NMR spectrum of 1 and Professor A. B. Smith, 
I11 (University of Pennsylvania), for generous quantities of an authentic 
sample of 1 for comparison purposes. 



2214 J .  Org. Chem., Vol. 54, No. 9, 1989 

current investigations in our laboratory, and  these results 
will be described in due  course. 

Experimental Section 
General Procedures. Unless otherwise noted, all starting 

materials were obtained from commercial suppliers and were used 
without further purification. Melting points are uncorrected. 
Ether, tetrahydrofuran (THF), benzene, and toluene were distilled 
from either sodium or potassium/benzophenone ketyl immediately 
prior to use. Triethylamine, dimethyl sulfoxide (DMSO), and 
dimethylformamide (DMF) were distilled from calcium hydride. 
All reactions involving organometallic reagents or other air-sen- 
sitive reagents were executed under an atmosphere of dry nitrogen, 
using oven-dried glassware. IR spectra were determined as so- 
lutions in CHC13. The 'H and 13C NMR spectra were determined 
as solutions in CDCl,; splitting pattems are designated as s, singlet; 
d, doublet; t, triplet; q, quartet; p, pentuplet; m, multiplet; comp, 
complex multiplet; br, broad. Preparative HPLC was performed 
on either a Waters Prep LC 500 instrument (sample size >500 
mg), or on a semipreparative system using two Porasil A columns 
(0.6 m X 7.8 mm) (sample size < N O  mg). Bulbto-bulb distillations 
were executed on a Biichi GKR-50 Kugelrohr apparatus. 

(R)-3-Cyclohexene-l-carboxylic Acid (10). (R)-3-Cyclo- 
hexene-1-methanol (9)'& (6.67 g, 59.5 mmol) in dry dimethyl- 
formamide (DMF) (19 mL) was added via syringe drive pump 
to a solution of pyridinium dichromate (PDC) (80.5 g, 214 mmol) 
in DMF (200 mL) over 8 h at room temperature. After completion 
of the addition, stirring was continued for an additional 16 h, 
whereupon the reaction mixture was poured into ice/water (1 L). 
This aqueous mixture was then extracted with ether (6 X 200 mL), 
and the combined organic extracts were washed with 1N HCl(400 
mL) and then extracted with saturated aqueous NaHC03 solution 
(2 X 500 mL). (Evaporation of the ether layer afforded 0.7 g of 
the "dimeric ester", which was recycled by reduction with LiAlH, 
and oxidation). The combined NaHC03 extracts were carefully 
acidified with 6 N HC1 until pH = 1 and then extracted with ether 
(2 x 500 mL). The ether extracts were dried (MgS04) and 
evaporated in vacuo to give a crude oil, which was distilled (bp 
110 "C, 0.25 Torr, air bath) to yield 5.56 g (74%) of 10 that was 
determined to be 73% ee. ([(YIsD = +69.2" (c 7.36, MeOH); lit.'78 
[(Y]?D = +94.5" (C 7.0, MeOH)). In order to obtain acid of higher 
optical purity, brucine (46.8 g, 119 mmol) was added to a solution 
of acid 10 (14.9 g, 119 mmol) in dry acetone (300 mL). The 
mixture was heated a t  reflux for 35 min and then cooled to -25 
"C for 16 h. The resulting white crystals were collected, washed 
with acetone, and dried to give 52.8 g (85%) of crude salt, which 
was recrystallized from acetone to yield 35.4 g (67%) of pure salt. 
These crystals were dissolved in 1 N aqueous hydrochloric acid 
(250 mL), and the solution was extracted with ether (3 X 200 mL). 
The ether extracts were dried (MgS04) and concentrated to give 
a crude oil, which was distilled (bp 90 "C, 0.2 Torr, air bath) to 
yield 8.41g (56%) of resolved acid 10 of 91% ee ( [ (YIBD = +85.9' 
(c 5.37, MeOH)). The mother liquor from the first recrystallization 
was evaporated to yield a crude solid (17.1 g, 32%), which was 
processed in a similar manner to yield 4.43 g (30%) of acid 10 
of slightly lower (87%) optical purity ([(YIz3D = +82.1' (c 3.56, 
MeOH)). In other experiments the optical purity of the 10 thus 
purified ranged from 90 to 95% based upon rotations. 
(1 R ,2R ,5R )-2-Iodo-7-oxabicyclo[3.2.l]octan-6-one. Acid 

10 (4.40 g, 34.9 mmol) was added to a solution of NaHCO, (8.79 
g 105 mmol) in water (85 mL), and the resulting mixture was 
stirred until it became homogeneous. The flask was then protected 
from light, and the mixture was treated in one portion with a 
solution of KI (34.75 g, 209 mmol) and iodine (9.29 g, 36.6 mmol) 
in water (85 mL). The reaction mixture was stirred at  room 
temperature for 20 h and then extracted with CHCl, (5 X 75 mL). 
The organic extracts were combined, washed with 10% aqueous 
Na2S203 (200 mL), 10% aqueous NaHC0, (200 mL), and water 
(100 mL), and then dried (NaZSO4). Removal of the solvent in 
vacuo yielded 8.58 g (98%) of iodo lactone as a yellow solid: mp 
135-136 "C (from EtOH/ether, 1:3) (lit.'& mp 134 "C (racemic)). 
[(YIz4D = +37.6" (c 2.03, CHCl3); 'H NMR (90 MHz) 6 4.82 (br 
t, J = 5.2 Hz, 1 H), 4.51 (br t, J = 4.6 Hz, 1 H), 2.80 (d, J = 12.3 
Hz, 1 H), 2.68-2.64 (m, 1 H), 2.50-2.33 (comp, 3 H), 2.12 (dd, J 
= 16.5,4.9 Hz, 1 H), 1.95-1.78 (comp, 2 H); 13C NMR (22.6 MHz) 

Martin et  al. 

6 177.5, 80.1, 38.5, 34.4, 29.6, 23.7, 23.0; IR 1780 cm-'; mass 
spectrum m/e  251.9645 (C7H9102 requires 251.9647), 125, 81 
(base), 41. 
(lR,5R)-7-Oxabicyclo[3.2.l]oct-2-en-6-one (6). Iodo lactone 

(23.69 g, 94.0 mmol) from the previous experiment was dissolved 
in dry toluene (250 mL) containing freshly distilled 1,3-diaza- 
bicyclo[5.4.0]undec-7-ene (DBU) (21.50 g, 140 mmol), and the 
mixture was heated at  reflux for 6 h, cooled, and filtered, and the 
filtrate was concentrated under reduced pressure. The residue 
was distilled (63 "C, 0.1 Torr; lit.'& 110 "C, 15 Torr) to afford 
11.40 g (98%) of 16 as a pale yellow oil: [(YIz3D = +179.2" (c 9.76, 
CHC1,);'H NMR (200 MHz) 6 6.24 (m, 1 H), 5.85 (m, 1 H), 4.76 
(t, J = 5.3 Hz, 1 H), 2.91 (m, 1 H), 2.50 (comp, 2 H), 2.49 (m, 1 
H), 2.10 Id, J = 10.7 Hz, 1 H); 13C NMR (22.6 MHz) b 178.8, 129.8, 
128.9, 72.8, 37.6, 33.9, 28.7; IR (CHC13) 1775, 1640 cm-'; mass 
spectrum, m/e  124.0526 (C7HsOz requires 124.0524), 79 (base). 

1,3-Dipolar Cycloaddition of 6 with Acetyl Nitrile Oxide. 
A mixture of unsaturated lactone 6 (9.84 g, 79.3 mmol) and acetyl 
hydroximoyl chloride (19.26 g, 158.5 mmol) was dissolved in dry 
toluene (550 mL) under nitrogen, and the mixture was heated 
at  reflux for 16 h. After cooling to room temperature, the excess 
solvent was removed under reduced pressure, and the mixture 
was separated by preparative HPLC (Skelly B/EtOAc, 3:l) to 
give 7.52 g (45%) of 11, 3.30 g (19%) of 12, and 2.44 g (15%) of 
13. 
(1s ,3R ,7S ,8R )-6-Acetyl-4,9-dioxa-5-azatricyclo- 

[6.2.1.03~7]undec-5-en-10-one (11): mp 96-97 "C (from ether/ 
hexene, 1:l); = -14.1" ( c  7.04, CHCl,); 'H NMR (500 MHz) 
6 5.09 (dd, J = 2.1, 6.0 Hz, 1 H), 5.04 (ddd, J = 3.2, 8.0, 10.3 Hz, 
1 H), 3.86 (br d, J = 10.3 Hz, 1 H), 2.72-2.18 (comp, 5 H), 2.53 
(s,3 H), 1.80 (d, J = 12.5 Hz, 1 H); 13C NMR (22.6 MHz) 6 192.9, 
177.8, 156.9, 80.4, 75.1, 48.8, 34.7, 30.2, 29.6, 27.1; IR 1790, 1690, 
1575 cm-'; mass spectrum, m/e  209.0609 (C&11NO4 requires 
209.0688), 166,149,121,112,101,79,43 (base). Anal. Calcd for 

(1R ,2R ,6S ,8R )-5-Acetyl-3,10-dioxa-4-azatricyclo- 
[6.2.1.02*6]undec-4-en-9-one (12): 'H NMR (200 MHz) 6 5.01 
(dd, J = 3.7, 5.8 Hz, 1 H), 4.78 (ddd, J = 1.2, 3.7, 10.0 Hz, 1 H), 
3.66 (dt, J = 8.1, 10.0 Hz, 1 H), 2.67 (ddd, J = 1.0, 2.7, 4.3 Hz, 
1 H), 2.52 (s, 3 H), 2.50 (ddt, J = 10.0, 14.1, 2.7 Hz, 1 H), 2.45 
(dddd, J = 1.5,2.2,5.7,12.5 Hz, 1 H), 1.99 (d, J = 12.5 Hz, 1 H), 
1.55 (ddd, J = 4.3,8.1,14.1 Hz, 1 H); '% NMR (22.6 MHz) 6 191.4, 
161.4, 80.3, 73.9, 38.2, 34.4, 29.2, 28.6, 26.0. 
(1s ,3S ,7R ,8R )-6-Acetyl-4,9-dioxa-5-azatricyclo- 

[6.2.1.03,7]undec-5-en-10-one (13): 'H NMR (200 MHz) 6 4.86 
(dd, J = 2.5, 6.1 Hz, 1 H), 4.82 (dd, J = 6.3, 9.3 Hz, 1 H), 3.51 
(dd, J = 2.5, 9.3 Hz, 1 H), 2.70 (m, 1 H), 2.61 (m, 1 H), 2.53 (s, 
3 H), 2.50 (m, 1 H), 2.25 (ddd, J = 3.9, 6.3, 15.5 Hz, 1 H), 1.80 
(d, J = 12.6 Hz, 1 H); 13C NMR (22.6 MHz) 6 193.2, 176.9), 158.6, 
79.9, 74.9, 47.3, 34.2, 32.8, 28.6, 26.6; IR 1770, 1690 cm-'; mass 
spectrum, m/e 209.0609 (Cl,,H11N04 requires 209.0688), 167,149, 
43 (base). 

Methyl (1s ,2R ,4S ,6R )-9-Acetyl-2-hydroxy-7-oxa-8-aza- 
bicyclo[4.3.0]non-8-ene-4-carboxylate (15). Lactone 11 (7.19 
g, 34.4 mmol) was dissolved in MeOH (185 mL) containing KzCO3 
(1.70 g, 12.3 mmol), and the solution was stirred at  room tem- 
perature for 30 min. The mixture was neutralized with glacial 
acetic acid (1.3 mL), and then the solvent was removed by 
evaporation under reduced pressure to give the crude hydroxy 
ester 15, which was purified by preparative silica gel chroma- 
tography (Skelly B/EtOAc, 1.5:l) to give 7.09 g (85%) of 15 as 
a clear oil. Preparation and analysis (capillary GLC and '9 NMR) 
of the Mosher ester" derived from 15 indicated that it was ap- 
proximately 95% optically pure, although it was difficult to effect 
complete conversion of 15 to the Mosher ester: [(YIz3D = +146" 
(c 4.20, CHC13); 'H NMR (200 MHz) 6 4.78 (dq, J = 2.0, 4.0 Hz, 
1 H), 4.00 (br s, 1 H), 3.73 (9, 3 H), 3.46 (m, 1 H), 3.00 (t, J = 8.0 
Hz, 1 H), 2.59 (s, 3 H), 2.55 (m, 1 H), 2.49 (m, 1 H), 2.26 (m, 1 
H), 2.49 (m, 1 H), 2.26 (m, 1 H), 1.95 (ddd, J = 2.0, 11.0, 16.0 Hz, 
1 H), 1.40 (9, J = 11.0 Hz, 1 H); I3C NMR (22.6 MHz) 6 196.0, 
174.1, 162.7, 83.8, 69.6, 51.6, 50.9, 35.4, 32.0, 26.6, 26.3; IR 3480, 
1730,1680,1560 cm-*; mass spectrum, m/e 241.0944 (CllHI5NO5 
requires 241.0950) 210, 180, 166, 138, 112 (base), 87, 70, 55, 43. 

Methyl (lS,2R,4S,6R)-9-Acety1-2-[(phenoxythiono- 
carbonyl)oxy]-7-oxa-8-azabicyclo[4.3.O]non-8-ene-4- 
carboxylate (17). To a solution of 4-(N,N-dimethylamino)- 

Ci,HiiN04: C, 57.41; H, 5.30. Found: C, 57.51; H, 5.17. 
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pyridine (DMAP) (2.83 g, 23.0 mmol) in dry CHzC12 (60 mL) was 
added slowly phenyl chlorothionocarbonate (3.38 g, 19.6 mmol) 
while the reaction temperature was kept at  less than 5 "C. The 
resulting yellow suspension was stirred for 40 min, whereupon 
a solution of alcohol 15 (2.78 g, 11.5 mmol) in CH2Cl2 (25 mL) 
was added dropwise over 35 min. The mixture was allowed to 
warm to room temperature and stirred for 24 h, and the resulting 
mixture was extracted with CH2C12 (3 X 100 mL). The combined 
organic extracts were washed with 1 N HCl(2 X 75 mL) and brine 
(2 x 50 mL) and dried (Na2S04). Removal of the solvent in vacuo 
and partial purification of the residue by silica gel chromatography 
(Skelly B/EtOAc, 2.51) yielded 3.62 g (83%) of thionocarbonate 
17 as a thick red semisolid, which was recrystallized from hex- 
ane/ether (3:l) to yield pure 17 as a white solid: mp 87-88 "C; 
[ c x ] ~ ~ ~  = +81.7" ( c  5.23, CHCl,); 'H NMR (200 MHz) 6 7.42 (m, 
2 H), 7.30 (m, 1 H), 7.15 (m, 1 H), 5.60 (dq, J = 2.0, 4.0 Hz, 1 H), 
4.90 (dt, J = 3.0, 7.0 Hz), 3.75 (s, 3 H), 3.59 (dd, J = 7.5, 8.5 Hz), 
2.82 (m, 1 H), 2.51 (s,3 H), 2.30-1.95 (comp, 2 H), 1.41-1.19 (amp, 
2 H); '% NMR (22.6 MHz) 6 194.2,192.5, 173.8,161.0,153.2, 129.4, 
126.5, 121.8, 83.4,79.4,52.1,46.7,34.6, 28.6, 26.7, 26.4; IR 1740, 
1700 cm-'; mass spectrum, m/e 377.0947 (C18H19N06S requires 
377.0933), 376, 302, 244 (base), 180, 150, 120, 94, 77, 65, 43. 

Methyl (1R ,3S,6R )-7-Acetyl-9-oxa-8-azabicyclo[4.3.0]- 
non-7-ene-3-carboxylate (18). Thionocarbonate 17 (1.18 g, 3.13 
mmol) and anhydrous azobisisobutyronitrile (13 mg, 0.078 "01) 
were dissolved in dry, degassed benzene (200 mL) under nitrogen, 
and freshly distilled tri-n-butyltin hydride (0.90 mL, 0.98 g, 3.35 
mmol) was added. The flask was then plunged immediately into 
an oil bath preheated to 110 "C and brought quickly to reflux. 
After being heated for 2.5 h, the mixture was cooled, concentrated 
in vacuo, and the residue was purified by preparative HPLC 
(Skelly B/EtOAc, 5:l) to give 0.15 g (0.38 mmol) of recovered 
thionocarbonate 17 and 0.46 g (65%) of 18 as a white solid: mp 

(m, 1 H), 3.70 (s, 3 H), 3.20 (dt, J = 7.0, 10.0 Hz, 1 H), 2.62-2.45 
(comp. 2 H), 2.50 (8 ,  3 H), 2.11-1.75 (comp, 3 H), 1.50-1.10 (comp, 
2 H); 13C NMR (22.6 MHz) 6 192.8, 175.0, 163.8, 82.5, 51.5, 41.1, 
36.6, 26.6, 26.3, 24.4, 24.1. IR 1740, 1695, 1570 cm-'; mass 
spectrum, m/e  225.1006 (CllH15N04 requires 225.1001), 194,150, 
122 (base), 106,96,80,55. Anal. Calcd for CllH15N04: C, 58.66; 
H, 6.71; N, 6.22. Found: C, 58.39; H, 6.69; N, 6.22. 

Aldol Products 21c and 22c. Ketone 18 (364 mg, 1.62 m o l )  
and a small crystal of 1,lO-phenanthroline were dissolved in dry 
THF (4.0 mL), and the mixture was treated at  -78 "C with 3.39 
mL (1.70 mmol) of freshly prepared 0.5 N lithium diisopropyl- 
amide (LDA) in THF (the red color of the indicator persisted). 
After stirring for 45 min, a solution of freshly prepared aldehyde 
8 ~ ' ~  (==650 mg, 3.23 mmol) in THF (3.0 mL) was added via can- 
nula, and the stirring was continued for 1 h at -78 "C and then 
1 h at  0 "C. The reaction was quenched by the addition of 
saturated NH4Cl (3 mL), and water (20 mL) and ether (20 mL) 
were added. The layers were separated, and the aqueous layer 
was extracted with ether (2 X 20 mL). The organic extracts were 
washed with brine (20 mL), combined, and dried (NazS04). 
Removal of the excess solvents in vacuo gave 887 mg of a crude 
mixture of the anti and syn aldol adducts 21c and 22c, respec- 
tively, which were separated by preparative HPLC (Skelly B/ 
EtOAc, 4:l) to give 21c (299 mg, 43%) and 22c (238 mg, 34%). 

For 2112: 'H NMR (360 MHz) 6 4.67-4.65 (p, J = 3.7 Hz, 1 H), 
4.16-4.12 (m, 1 H), 3.77 (m, 1 H), 3.69 (s, 3 H), 3.61 (dd, J = 7.1, 
10.1 Hz, 1 H), 3.25-3.18 (m, 1 H), 3.08 (dd, J = 8.9, 15.4 Hz, 1 
H), 3.02 (dd, J = 3.8, 15.4 Hz, 1 H), 2.56 (m, 1 H), 2.48 (br d, 1 
H), 2.08-2.01 (m, 1 H), 1.95 (dd, J = 4.0,11.5 Hz, 1 H), 1.92-1.86 
(comp, 2 H), 1.81-1.75 (m, 1 H), 1.42-1.34 (m, 1 H), 1.28-1.15 (m, 
1 H), 0.99 (d, J = 8.1 Hz, 3 H), 0.88 (s,9 H), 0.069 (s, 3 H), 0.064 
(s, 3 H); 13C NMR (90 MHz) 6 194.8, 174.9, 163.6,82.2, 71.8,66.4, 
51.4, 44.3,41.3, 40.0, 36.4, 27.1, 25.5, 24.1, 24,0, 17.8, 13.0, -5.9; 
IR 3350 (br), 1720,1665,845 cm-'; mass spectrum, m/e 427.2381 
(C22H37N06Si requires 427.2390), 409, 369, 321, 281, 145 (base), 
115, 101, 97, 75, 73, 59, 43. 

For 22c: 'H NMR (360 MHz) 6 4.64 (m, 1 H), 4.37 (m, 1 H), 
3.74 (dd, J = 4.2, 9.9 Hz, 1 H), 3.69 (s, 3 H), 3.65 (dd, J = 6.4, 
10.0 Hz, 1 H), 3.27 (d, J = 4.2 Hz, 1 H), 3.25-3.18 (m, 1 H), 3.15 
(dd, J = 9.8, 15.9 Hz, 1 H), 2.90 (dd, J = 3.2, 15.9 Hz, 1 H), 
2.61-2.46 (comp, 2 H), 2.09-2.02 (m, 1 H), 1.98-1.96 (m, 1 H), 
1.94-1.86 (m, 1 H), 1.84-1.77 (m, 1 H), 1.461.37 (m, 1 H), 1.25-1.15 

69 "C; [ C X ] ~ D  = +185O (C 2.86, CHCl3); 'H NMR (200 MHz) 6 4.65 
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(m, 1 H), 0.94 (d, J = 7.0 Hz, 3 H), 0.89 (s, 9 H), 0.069 (s, 3 H), 
0.066 (s,3 H); 13C NMR (90 MHz) 6 194.9, 175.2, 163.8,82.5,70.2, 
66.8, 51.6, 43.7, 41.5, 39.6, 36.7, 26.8, 25.7, 24.4, 24.2, 18.0, 10.8 
-5.7; IR 3400 (br), 1720, 1680, 840 cm-'; mass spectrum, m/e  
427.2401 (C22H37N04Si requires 427.2390), 352,322,282, 240,145 
(base), 122, 115, 97, 75, 43. 

Methyl Glycosides 23 and 24 from Anti Aldol 21c. To a 
solution of 21c (276 mg, 0.946 mmol) in MeOH (15.5 mL) under 
dry nitrogen was added slowly 5% aqueous hydrofluoric acid (0.78 
mL, 1.94 mmol), and the solution was stirred for 20 h a t  room 
temperature. Solid sodium bicarbonate (217 mg, 2.59 mmol) was 
added, and the mixture was concentrated under reduced pressure 
to approximately 2 mL, whereupon it was poured into water (30 
mL). The mixture was extracted with EtOAc (3 X 30 mL), and 
the extracts were washed with brine (20 mL), combined, and dried 
(Na2S04). Evaporation of the excess solvent in vacuo provided 
a mixture of methyl glycosides, which could be separated by 
preparative HPLC (Skelly B/EtOAc, 2:3) to give the two methyl 
glycosides 23 (105 mg, 50%) and 24 (48 mg, 23%). 

For 23: 'H NMR (360 MHz) 6 4.45-4.41 (m, 1 H), 4.23 (m, 1 
H), 3.80 (dd, J = 2.6, 11.5 Hz, 1 H), 3.69 (s, 3 H), 3.59 (dd, J = 
2.6, 11.5 Hz, 1 H), 3.33-3.04 (m, 1 H), 3.23 (s, 3 H), 2.84-2.77 (m, 
1 H), 2.62-2.55 (m, 1 H), 2.49 (br dq, J = 1.9, 15.3 Hz, 1 H), 
2.06-1.82 (comp, 4 H), 1.79 (dd, J = 10.5, 13.1 Hz, 1 H), 1.48-1.25 
(comp, 2 H), 1.05 (d, J = 7.0 Hz, 3 H); '% NMR (90 MHz) 6 175.6, 
166.1, 99.4, 80.4, 65.5, 65.1, 51.7, 49.6, 43.7, 37.4, 37.3, 34.1, 27.2, 
25.6,25.4,9.4; IR 3570,3400 (br), 2920,1722, 1440, 1040,860 cm-'; 
mass spectrum m/e 327.1678 (C16H&N06 requires 327.1682), 297, 
296 (base), 268, 264, 242, 226, 210, 198, 182, 166, 150, 148, 123, 
122, 113, 106, 97,96, 95, 94, 81, 79, 71, 69, 67, 59, 55, 54, 43, 41. 

For 24: ["ID = +106" ( c  1.00, CHCl,); 'H NMR (360 MHz) 
6 4.46 (m, 1 H), 3.82 (br dq, J = 9.6, 3.0 Hz, 1 H), 3.70 (s, 3 H), 
3.60 (t, J = 11.4 Hz, 1 H), 3.56 (dd, J = 5.6, 11.4 Hz, 1 H), 3.43 
(d, J = 9.6 Hz, 1 H), 3.28 ( 8 ,  3 H), 2.92 (dt, J = 6.8, 10.6 Hz, 1 
€I), 2.59 (tt, J = 3.1, 11.6 Hz, 1 H), 2.48 (comp d, 1 H), 2.42 (dd, 
J = 3.0, 14.5 Hz, 1 H), 2.04-1.81 (comp, 4 H), 1.35-1.20 (comp, 
2 H), 0.93 (d, J = 6.9 Hz, 3 H); 13C NMR (90 MHz) 6 175.5,165.4, 
98.1, 79.8, 67.3, 61.6, 51.7, 49.7, 44.3, 40.5, 37.4, 33.9, 27.1, 25.4, 
25.2, 12.8; IR (CHC1,) 3460 (br), 2920, 1720, 1040, 860 cm-'; mass 
spectrum, m/e 327.1674 (C16H25N06 requires 327.1682), 297, 296 
(base), 295, 268, 264, 242, 240, 226, 210, 198, 182, 166, 150, 145, 
122, 113, 106, 97, 96, 95, 85, 81, 79, 71, 67, 59, 55, 54, 43, 41. 

Methyl Glycoside 25 from Syn Aldol 22c. To a solution of 
syn aldol 22c (216 mg, 0.51 mmol) in MeOH (12.1 mL) under 
nitrogen was slowly added 5% aqueous hydrofluoric acid (0.61 
mL, 1.52 mmol), and the mixture was stirred at room temperature 
for 21 h. Solid NaHC03 (128 mg, 1.52 mmol) was added, and the 
mixture was concentrated under reduced pressure to approxi- 
mately 3 mL and then diluted with water (25 mL). The aqueous 
mixture was extracted with EtOAc (3 X 25 mL), and the extracts 
were washed with brine (2 X 20 mL) and dried (Na2S04). Con- 
centration of the organic extracts in vacuo provided a crude oil 
(162 mg), which was purified by preparative HPLC (Skelly B/ 
EtOAc, 2:3) to give the methyl glycoside 25 (130 mg, 79%) as a 
colorless oil: 'H NMR (360 MHz) 6 4.45 (m, 1 H), 3.72-3.66 (comp, 
2 H), 3.69 (s, 3 H), 3.34 (t, J = 11.5 Hz, 1 H), 3.19 (s, 3 H), 2.88 
(m, J = 3.5, 7.0, 13.7 Hz, 1 H), 2.60 (br dt, 1 H), 2.51-2.43 (m, 
1 H), 2.46 (dd, J = 4.8, 12.8 Hz, 1 H), 2.03-1.83 (comp, 3 H), 
1.70-1.60 (m, 1 H), 1.57 (dd, J = 11.0, 12.8 Hz, 1 H), 1.47-1.23 
(comp, 2 H), 0.97 (d, J = 6.6 Hz, 3 H); '% NMR (90 MHz) 6 175.5, 
165.7,99.0, 79.7,69.4, 65.5, 51.7, 49.4, 44.3, 43.3, 38.2, 37.3, 27.1, 
25.4,25.2, 12.7; mass spectrum, m/e 327.1671 (C16H,N06 requires 
327.1682), 296 (base), 277,268,264, 250, 242, 198, 182, 166, 148, 
145, 122, 97, 84, 81, 79, 71, 67, 55, 43. 

Conversion of Methyl Glycoside 25 to 24. To a solution of 
25 (62 mg, 0.19 mmol) and dry triethylamine (0.40 mL, 0.29 g, 
2.85 "01) in dry DMSO (2 mL) at room temperature was rapidly 
added a solution of sulfur trioxide-pyridine complex3' (182 mg, 
1.14 mmol) in dry DMSO (2 mL), and stirring was continued for 
30 min. Cold CHC13 (30 mL) was added, and the organic layer 
was washed sequentially with 5% aqueous tartaric acid (30 mL), 
saturated aqueous NaHC03 (30 mL), and brine (30 mL). Each 
of the washes was back-extracted with CHCl, (2 X 30 mL), and 
the combined organic layers were dried (NaaO,) and concentrated 
in vacuo to give 82 mg of crude ketone 26: mp 117-118.5 OC; 'H 
NMR (360 MHz) 6 4.50 (m, 1 H), 4.07 (dd, J = 7.2, 11.0 Hz), 3.70 
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(s, 3 H), 3.64 (t, J = 11.2 Hz, 1 H), 3.23 (s, 3 H), 2.99-2.91 (m, 
1 H), 2.94 (d, J = 14.3 Hz, 1 H), 2.70 (d, J = 14.2 Hz, 1 H), 
2.72-2.68 (m, 1 H), 2.61-2.53 (m, 1 H), 2.52-2.48 (m, 1 H), 2.11-2.03 
(m, 1 H), 2.02-1.95 (m, 1 H), 1.94-1.86 (m, 1 H), 1.42-1.22 (comp, 
2 H), 1.01 (d, J = 6.5 Hz, 3 H); IR 2910, 1740, 1715 cm-'; mass 
spectrum, m / e  293.1268 [M+ - 32 (MeOH)] (C15Hl,NOS requires 
293.1263), 266, 210, 182, 164, 151, 150, 122, 101, 97, 96, 94, 84, 
81, 79, 69 (base), 59, 55, 42, 41. 

To a solution of the crude ketone 26 (82 mg) obtained above 
in THF (2.5 mL) at -78 "C was added 1 N L-Selectride (0.21 mL) 
in THF. After the mixture was stirred for 30 min, MeOH (0.50 
mL) was added, and the solution was allowed to warm to room 
temperature. After the solution was stirred for 20 additional min, 
30% aqueous hydrogen peroxide (0.08 mL, 0.95 mmol) was added, 
and when the mild exotherm subsided (5 min), the mixture was 
poured into water (20 mL). The aqueous mixture was extracted 
with ether (3 X 20 mL), and the combined extracts were washed 
with brine (2 X 20 mL) and dried (Na2S04). Removal of the excess 
solvent in vacuo gave 55 mg of crude 24, which was purified by 
HPLC (Skelly B/EtOAc, 2:3) to provide 46 mg (73% overall for 
the two steps) of methyl glycoside 24 as a single diastereomer 
(capillary GLC and 'H NMR analysis). This material was identical 
in all respects with 24 prepared previously. 

Spiroketals 3 and 27. A mixture of methyl glycosides 23 and 
24 (152 mg, 0.356 mmol) was dissolved in methanol/water (5:1, 
3.6 mL) containing boric acid (116 mg, 1.87 mmol) and a small 
spatula of W-2 Raney nickel (ca. 100 mg), and the mixture was 
shaken in a Parr shaking apparatus under hydrogen gas (60 psi) 
for 24 h. The catalyst was removed by filtration through a small 
plug of Florisil, and the Raney nickel was washed throughly with 
hot ethyl acetate (5 X 5 mL). The combined filtrates were con- 
centrated in vacuo, and the resulting mixture of crude hydroxy 
ketones (104 mg, 89%) was dissolved in dry CH2C12 (4.0 mL) under 
nitrogen at  room temperature. A solution of 1 N trifluoro- 
methanesulfonic acid in CH2ClZ (0.08 mL) was added, and the 
reaction was stirred for about 30 min at  room temperature. The 
mixture was then poured into saturated aqueous NH4Cl (15 mL), 
and the aqueous mixture was extracted with EtOAc (3 X 15 mL). 
The combined organic extracts were dried (Na2S0,) and con- 
centrated in vacuo to give an oil (88 mg), which was determined 
(capillary GLC, 50 m BP 1, 250 "C) to be an 18:l mixture of 3 
and another substance tentatively identified as the spiroketal27, 
respectively. Separation of the components by preparative HPLC 
(Skelly B/EtOAc, 3:l) yielded spiroketals 3 (64 mg, 68%) and 
27 (3 mg, 3%). 

For spiroketal 3: mp 90.7-91.5 "c; [.Iz3D = +57.1" (c 0.89, 
CHC13) ( lk6  ["ID = +60.4" (c 0.85, CHC1,); 'H NMR (360 MHz) 
6 4.60 (m, 1 H), 3.87 (dq, J = 2.8, 9.8 Hz, 1 H), 3.72 (t, J = 11.7 
Hz, 1 H), 3.69 (s, 3 H), 3.51 (dd, J = 5.0, 11.7 Hz, 1 H), 2.79 (d, 
J = 10.0 Hz, 1 H), 2.61 (tt, J = 3.6, 12.0 Hz), 2.42 (m, 1 H), 2.36 
(m, 1 H), 2.17 (dd, J = 3.2, 14.2 Hz), 2.02-1.82 (comp. 4 H), 1.77 
(dd, J = 3.2, 14.2 Hz, 1 H), 1.45-1.27 (comp, 2 H), 0.91 (d, J = 
6.9 Hz, 3 H); 13C NMR (90 MHz) 6 209.3, 175.4,99.4, 72.5, 67.3, 
62.0, 51.8,42.3, 36.6, 36.1, 34.3, 29.3, 26.0, 22.8, 12.9; IR 3450 (br), 
2900,1760,1720,1060,890 cm-' mass spectrum m / e  298,280,267, 
249, 237, 140, 131 (base), 113, 108, 89, 80, 71, 43. 

For spiroketal27: 'H NMR (500 MHz) 6 4.65 (m, 1 H), 4.00 
(m, 1 H), 3.77 (dd, J = 3.8, 11.9 Hz, 1 H), 3.67 (s, 3 H), 3.53 (dd, 
J = 7.5, 11.9 Hz, 1 H), 2.92 (br d, J = 8.9 Hz), 2.58 (tt, J = 3.7, 
11.8 Hz, 1 H), 2.47 (m, 1 H), 2.29 (br d,  1 H), 1.94 (dd, J = 6.7, 
14.0 Hz, 1 H), 1.98-1.90 (comp, 3 H), 1.87 (dd, J = 4.5, 14.0 Hz, 
1 H), 1.81 (m, 1 H), 1.46-1.25 (comp, 2 H), 0.97 (d, J = 7.0 Hz, 
3 H); 13C NMR (126 MHz) 6 211.8, 175.5 99.4, 71.9, 67.0, 65.2, 
51.9, 42.6, 36.6, 35.4, 34.6, 29.1, 26.0, 23.2, 10.9; mass spectrum, 
m / e  298, 249, 211, 140, 131 (base), 113, 108, 89, 80, 71, 43. 

Formation of Epoxide 28. To a stirred solution of spiroketal 
3 (105 mg, 0.35 mmol) in dry THF (23 mL) at room temperature 
under nitrogen was added a stock solution of dimethylsulfoxonium 
methylide (4.0 mL, 0.53 M) in DMSO. After 1 h, the reaction 
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was quenched by the sequential addition of water (1 mL) and 
saturated aqueous NH&l (1 mL), and then it was poured into 
brine (10 mL). The aqueous mixture was extracted with ethyl 
acetate (3 X 20 mL), and the combined organic extracts were dried 
(NazS04). Evaporation of the solvent in vacuo furnished a crude 
28, which was purified by silica gel chromatography (Skelly B/ 
EtOAc, 3:l) to give 98 mg (89%) of pure epoxide 28 as a white 
solid. An analytical sample was prepared by recrystallization from 
ether/hexane: mp 129.0-129.8 "C (lit. mp 104 "C,6 130-130.5 "C7); 
[ C Y ] 2 3 ~  = +145" (C 0.81, CHC13) (lit. [ . I z 6 ~  = +143.9" (C 0.79, 
CHC13),6 [cY]'~D = +126" (C 1.23, CHC13)7); 'H NMR (360 MHz) 
6 4.44 (4, J = 3.6 Hz, 1 H), 3.80 (dq, J = 3.6, 10.1 Hz, 1 H), 3.72 
(t, J = 11.8 Hz, 1 H), 3.69 (s, 3 H), 3.40 (dd, J = 4.9, 11.5 Hz, 1 
H), 3.15 (d, J = 10.3 Hz, 1 H), 2.92 (s, 2 H), 2.62 (tt, J = 3.6, 11.9 
Hz, 1 H), 2.28 (br d, J = 14.8 Hz, 1 H), 2.03-1.96 (comp, 2 H), 
1.87-1.62 (comp, 4 H), 1.59 (dd, J = 3.2, 14.6 Hz, 1 H), 1.48-1.25 
(comp, 2 H), 0.88 (d, J = 6.9 Hz, 3 H); '% NMR (90 MHz) 6 176.0, 
103.6, 73.9, 70.4,68.0, 62.4, 51.6, 49.8, 38.2, 37.2, 36.8, 34.6 29.7, 
26.3, 22.0, 13.0; IR 3480, 2910, 1720, 1435, 1165, 1130, 1080, 1055, 
990 cm-'; mass spectrum, m / e  (no M') 282,264,263, 277, 224, 
191,182, 164, 149, 139,131, 123, 113,108, 105,95,81, 71 (base), 
43. 

Synthetic (+)-Phyllanthocin (1). A solution of epoxide 28 
(81 mg, 0.26 mmol) in dry CHzClz (14 mL) containing 4-(N,N- 
dimethylamin0)pyridine (DMAP) (132 mg, 1.08 mmol) and freshly 
distilled cinnamoyl chloride (137 mg, 0.85 mmol) was stirred for 
20 min at room temperature, and then the mixture was heated 
at  reflux for 24 h. The reaction was quenched by pouring into 
saturated aqueous NHJl (20 mL), and the aqueous layer was 
extracted with ethyl acetate (3 X 20 mL). The extracts were 
combined, washed with brine (20 mL), and dried (Na2S04). 
Removal of the excess solvents in vacuo provided 81 mg of crude 
product, which was purified by preparative HPLC (Skelly B/ 
EtOAc, 3:l) and then by recrystallization from ether/hexene to 
furnish synthetic phyllanthocin (1) as a crystalline white solid 
(44 mg, 40%): mp 115-116 "C (lit. 126-127 OC,' 120-121 OC,Bd 
118-120 "C: 129-129.5 "C,'); [ a ] ~  = +26.7" (c 1.36, CHC13) (lit. 
[.ID = +25.2" (c 2.00, CHCl,): +23.81" (c 1.26, CHC13),3d +24.9" 
(c 1.86, CHCl,): +27.2" (c 2.04, CHC1,)'J. The synthetic 1 thus 
obtained was spectroscopically identical ('H and 13C NMR, IR, 
mass spectrum, and TLC) with an authentic sample.34 
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