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(361, 104 (49), 96 (60), 76 (461, 69 (52), 50 (60). 
3H-1,2-Benzodithiol-3-one 1,l-Dioxide (12). To a stirred 

suspension of 3H-1,2-benzodithiol-3-one (10) (39.2 g, 0.23 mol) 
in trifluoroacetic acid (250 mL) was added 40 mL of a 30% 
aqueous solution of hydrogen peroxide within 1 min at ambient 
temperature (water bath). Cooling by adding ice to the water bath 
became necessary to maintain the internal reaction temperature 
a t  40-42 "C. After 30 min an additional 40 mL of 30% H202 was 
rapidly added, and the reaction mixture was stirred a t  the same 
internal temperature for half an hour. The third and last portion 
of 30% HzOz (40 mL) was then added, and the solution was 
warmed to stabilize the internal reaction temperature at 40-42 
OC. The reaction was monitored by TLC (CHC13) for the dis- 
appearance of the slow moving thiosulfinate 11 (R, = 0.27). The 
reaction mixture was then filtered, and the filtrate was added to 
3.5 L of crushed ice. The white precipitate was filtered through 
a 2-L fritted-glass Buchner of coarse porosity and thoroughly 
washed with water until the filtrate was neutral and free of 
peroxides. The solid material was then transferred into a 500-mL 
separatory funnel to which were added dichloromethane (200 mL) 
and a 1 % solution of sodium bisulfite (100 mL). After vigorous 
shaking, the organic phase was separated, washed with water (100 
mL), and dried over anhydrous magnesium sulfate. The solvent 
was removed under reduced pressure, and the amorphous solid 
was dried under vacuum. The crude compound (20.8 g, 45%) was 
dissolved in boiling dichloromethane, treated with activated 
charcoal, and filtered through Celite. Hexane (ca. 50 mL) was 
added to the boiling filtrate (ca. 70 mL), and the solution was 
first allowed to cool a t  ambient temperature and then to 10 "C 
in the refrigerator. The crystalline thiosulfonate 12 (17.2 g), mp 
102.5-103 "C (lit.21 mp 98-99 "C), was collected by filtration 
through a sintered-glass funnel, washed with cold hexane, and 
dried under vacuum. 13C NMR (CDC13): 6 182.9, 148.3, 136.5, 
134.5,130.0, 125.6, 121.9. MS (70 eV): m / z  202 (M + 2) (4), 201 
(M + 1) (4), 200 (M) (451,136 (100, base peak), 108 (41), 104 (37), 
76 (92), 69 (31). 
3H-1,2-Benzodithiol-3-one 1-Oxide (11). To a stirred sus- 

pension of 3H-1,2-benzodithiol-3-one (10) (10.1 g, 60 mmol) in 
glacial acetic acid (95 mL) was added 10.2 mL of a 30% aqueous 
solution of H202 over a period of 10 min at  ambient temperature. 
After 14 h, TLC (CHClJ showed incomplete reaction. The 

mixture was then heated at  40 "C until completion of the reaction 
(ca. 2 h). After filtration, the filtrate was added to 1 L of crushed 
ice. The precipitate was collected on a fritted-glass Buchner and 
thoroughly washed with water. The material was dissolved in 
chloroform (100 mL) and extracted once with water (50 mL). The 
organic phase was dried over anhydrous magnesium sulfate and 
evaporated to dryness under reduced pressure. The residue (8.25 
g) was recrystallized from CH2C12-hexane. The pure compound 
melted at  103.5-104 "C (lit.21 mp 101.5-103 "C). 13C NMR 

eV): m/z 186 (M + 2) (3), 185 (M + 1) (3), 184 (M) (33), 136 (100, 
base peak), 108 (28), 104 (13), 96 (lo), 76 (31), 69 (17). 
3H-2,1-Benzoxathiolan-3-one 1-Oxide (16). Trimethyl 

phosphite (1.2 mL, 10 mmol) was added, under an argon atmo- 
sphere, to a solution of 12 (2 g, 10 mmol) in 20 mL of CH2C12, 
dropwise over a period of 5 min a t  ambient temperature. The 
reaction mixture was stirred for 15 min and then evaporated to 
dryness under reduced pressure. The yellowish oil was triturated 
with cyclohexane (2 X 50 mL). The moisture-sensitive solid (1.5 
g) was recrystallized from CH2C12-hexane, affording colorless 
crystals a t  10 "C. The compound melted at 81-82 "C (lit.% mp 

123.4. MS (70 eV): m / z  170 (M + 2) (0.4), 169 (M + 1) (0.6), 
168 (M) (7), 104 (100, base peak), 76 (72),50 (44),38 (12). This 
material was identical in all respects with that prepared by the 
published procedure.26 
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3(R),4(S)-Dihydroxy-5(R)-(1'(S),2'-dihydroxyethyl)-(S)-cyclohexanecarboxylic acid (1) and 3(R),4(S)-di- 
hydroxy-5(R)-(1'~S~,2'-dihydroxyethyl)-(R)-cyclohexanecarboxylic acid (2) have been synthesized as potential 
inhibitors of the enzyme CMP-Kdo synthetase. The key steps in the synthesis of 1 and 2 were a three-carbon 
chain extension at C-4 of the protected D-manno derivatives l-O-(tert-butyldimethylsilyl)-2,3:5,6-di-0-iso- 
propylidene-4-0-(phenoxythiocarbonyl)-~-mannitol (5) and 1,6-anhydro-2,3-0-isopropylidene-4-0-(phenoxy- 
thiocarbonyl)-@-D-mannopyranose (1 la) with allyltributylstannane under radical coupling conditions and the 
intramolecular alkylation of 1,4-dideoxy-4-C-[2'-(tert-butoxycarbonyl)ethyl]-l-iodo-2,3:5,6-di-O-iso- 
propylidene-D-mannitol (15) to  form the protected products 1 and 2. Two different routes leading to 1 and 2, 
both starting from D-mannose, were used. The two routes converge a t  4-C-ally1-4-deoxy-2,3:5,6-di-O-iso- 
propylidene-D-mannitol(7a), obtained as a diastereomeric mixture in one route and as a pure isomer in the other. 

Introduction 
3-Deoxy-~-manno-2-octulosonic ac id  (Kdo)' is an 

eight-carbon sugar found in Gram-negative bacteria. It 
is a consti tuent of the core region in  the outer membrane 

(1) Unger, F. M. Adu. Carbohydr. Chem. Biochem. 1981,38, 323. 
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lipopolysaccharides (LPS),2 serving as a bridge between 
lipid A and the polysaccharide portion. Kdo is also found 
in the capsular polysaccharide (K-antigen) of some Gram- 
negative bacteria  strain^,'^^^^ some proto~oans,~ the green 

( 2 )  Luderitz, 0.; Freudenburg, M. A,; Galanos, C.; Lehman, V.; Riet- 
schel, E. T.; Shaw, D. H. Curr. Top.  Membr. Transp. 1982, 17, 79. 
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I O R  

3 t x  t:x 
4 R=H 

5 R=CSOPh (91% from 3) 

6a and 6b R = S ~ ( C H ~ ) Z ( C ( C H ~ ) ~ )  8a and Bb (89%) 

7a and 7b R=H (78% from 5) 

9a (45%) (4R) 
Sb (43%) (4s) 

Key: A, TBDMS-Cl, py; B, phenyl chlorothionoformate, py; C, allyltributylstannane, hv, toluene, 75-85 "C; D, tetraethylammonium 
fluoride, THF, 50 OC; E, Ph,P, imidazole, iodine, toluene A; F, BH3-SMez, CH2ClZ, then NaOH, H20, H202 

alga Tetraselmis striata,6 and higher  plant^.^-^ The en- 
zyme CMP-Kdo synthetase catalyzes the formation of 
CMP-Kdo from p-Kdo and cytidine triphosphate.'O This 
is believed to be the rate-limiting step in the LPS bio- 
synthesis. It has been shown that bacteria lacking the core 
region no longer are viable," making the CMP-Kdo 
synthetase an attractive target for chemotherapy. A large 
number of analogues of Kdo have been synthesized and 
tested for inhibition toward CMP-Kdo ~ynthetase.'J*-'~ 

(3) Jann, K. Bacterial Lipopolysaccharides: Structure Synthesis and 
Biological Actiuities; Anderson, L., Unger, F. M., Eds.; ACS Symposium 
Series 231; American Chemical Society: Washington, DC, 1983; p 171. 

(4) Taylor, P. W. Biochem. Biophys. Res. Commun. 1974, 61, 148. 
(5) Goldberg, S. S.; Corderio, M. N.; Silva Pereira, A. A,; Mares-Guia, 

M. L. Int. J. Parasitol. 1983, 13, 11. 
(6) Backer, B.; Hird,  K.; Melkonian, M.; Kamerling, J. P.; Vliegent- 

hart, J. F. XIVth International Carbohydrate Symposium, Stockholm, 
Sweden, Aug 14-19, 1988; Poster A55. 

(7) York, W. S.; Darvill, A. G.; McNeil, M.; Albersheim, P. Carbohydr. 
Res. 1985, 138, 109. 

(8) Redgwell, R. J.; Melton, L. D.; Brasch, D. J. Carbohydr. Res. 1988, 

(9) Thomas, J. R.; Darvill, A. G.; Albersheim, P. Carbohydr. Res. 1989, 

(10) Ray, P. H.; Benedict, C. D.; Grasmuk, H. J. Bacteriol. 1981,145, 

(11) Rick, P. D.; Osborn, M. J. Roc. Natl. Acad. Sci. U.S.A. 1972,69, 

182, 241. 

185, 261. 
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(12) Ray, P. H.; Kelsey, J. E.; Bigham, E. C.; Benedict, C. D.; Miller, 

(13) Molin, H.; Pring, B. G. Tetrahedron Lett. 1985, 26, 677. 
(14) Classon, B.; Garegg, P. J.; Liu, Z.; Samuelsson, B. Carbohydr. Res. 

T. A. ACS Symp. Ser. 1983, No. 231, 141. 
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(15) Claesson, A.; Luthman, K.; Gustafsson, K.; Bondesson, G. Bio- 

chem. Biophys. Res. Commun, 1987,143, 1063. 
(16) Luthman, K.; Claesson, A.; Jansson, A. M.; Pring, B. G. Carbo- 

hydr. Res. 1987, 166, 233. 
(17) Norbeck, D. W.; Kramer, J. B. Tetrahedron Lett. 1987,243,773. 
(18) Liu, Z.; Classon, B.; Garegg, P. J.; Samuelsson, B. J. Carbohydr. 

Chem. 1990, submitted for publication. 
(19) Pring, B. G.; Jansson, A. M.; Persson, K.; Andersson, I.; Gag- 
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2-Deoxy-Kdo was shown to be a potent inhibitor,15 but 
exhibiting low antibacterial activity, mainly due to its 
inability to cross the cytoplasmic membrane. 

The carbocyclic analogue of p-Kdo, synthesized by Molin 
and Pring starting from (-)-quinic acid,la showed only weak 
inhibitory activity toward CMP-Kdo synthetase. In view 
of the potent enzymatic inhibitory activity of 2-deoxy-Kdo, 
we decided to synthesize the carbocyclic analogue of 2- 
deoxy-Kdo (1) having the P-configuration (axial carboxylic 
group) which corresponds to the active configuration of 
Kdo in its interaction with CMP-Kdo synthetase.20 A 
carbocyclic analogue of this type would have the added 
advantage of being more stable than 2-deoxy-Kdo as well 
as being more lipophilic, which could facilitate passage over 
the bacterial cell membrane. 

Results and Discussion 
For the synthesis of 1 and 2, two reaction pathways 

(routes 1 and 2) were designed, both starting from D- 
mannose and employing a free-radical carbon-carbon 

I 

Rl  

1 RI=C02H R2=H 
2 R1=H RZ=C02H 

bond-forming reaction to obtain a three-carbon extension 
at C-4 of the mannose framework. After a number of steps, 
the two routes converge a t  the common intermediate 7a 

(20) Kohlbrenner, W. E.; Fesik, S. W. J. Biol. Chem. 1985,260,14695. 
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Scheme 11" 

7 0  -? 

D-Mannose -& 
HO 

10 

H 

I l a  R=CSOPh (94%) II 1 2  
l l b  R=CS2Me 

7a (73% from 13) 9a (70% from 7a) 

a Key: G, see ref 24; H, phenyl chlorothionoformate, py; I, allyltributylstannane, hu, toluene-ethyl acetate, 75-85 "C; J, AczO/TFA; K, 
NaOMe/MeOH; L, NaBH,; M, dimethoxypropane-acetone, CuSO,; N, Ph,P, imidazole, iodine, toluene, A; 0, BH3-SMez, CHZClz, then 
NaOH, HzO, HzOP 

obtained as a diastereomeric mixture in one route and as 
a pure isomer in the other. In reaction route 1 (Scheme 
I), D-mannose was converted to 3 in two steps.21 Partial 
protection by tert-butyldimethylsilyl chloride gave 4, which 
without chromatographic purification was reacted with 
phenyl chlorothionoformate to give 5 in 91% yield from 
3. By the method of Keck et a1.22 5 was allylated at C-4 
in a free-radical reaction with allyltributylstannane in 
toluene by irradiating the reaction mixture with a Hano- 
vian lamp for 6 h at 75-85 OC. The stereochemistry at C-4 
was completely lost in the coupling step, and a 1:l dia- 
stereomeric mixture of 6a and 6b was obtained. The 
mixture was desilylated with tetraethylammonium fluoride 
to give a 1:l mixture of 7a and 7b in 78% yield from 5. 
Without separation of the isomers the mixture was iodi- 
nated with triphenylphosphine, iodine, and imidazole23 to 
give 8a and 8b in 89% yield. Addition of borane-dimethyl 
sulfide to this mixture followed by oxidative workup gave 
a diastereomeric mixture of alcohols, which at  this stage 
were separated by silica gel column chromatography to give 
9a in 45% and 9b in 43% yields. The configuration at C-4 
was determined by comparing the two isomers with the 
diastereomerically pure 9a obtained from route 2. 

In reaction route 2 (Scheme 11) the l,g-anhydro-~- 
mannose derivative 10 was obtained from D-mannose in 
a one-pot reaction as described by Fraser-Reid et al.24 
Reacting 10 with phenyl chlorothionoformate in pyridine 
gave the thiocarbonate l la  in 94% yield. The radical 

(21) Sinclair, H. B. Carbohydr. Res. 1984,127, 146. 
(22) Keck, G. E.; Enholm, E. J.; Yaks, J. B.; Wiley, M. R. Tetrahedron 

(23) Garegg, P. J.; Samuelsson, B. J.  Chem. Soc., Perkin Trans. 1 1980, 

(24) Georges, M.; Fraser-Reid, B. Carbohydr. Res. 1984, 127, 162. 

1985,4I, 4079. 

2866. 

coupling procedure (vide supra) with allyltributylstannane 
in toluene-ethyl acetate (1:l) gave the C-4 allylated 
mannose derivative 12 in high diastereomeric excess. The 
corresponding talose derivative could not be detected by 
NMR. Acetolysis of 12 (acetic anhydride-trifluoroacetic 
acid) gave 13 in 71% yield from lla. An NMR analysis 
at this point confirmed the expected structure of 13. The 
large coupling constants between H-3, H-4 and H-4, H-5, 
respectively (J3,4 = 8.8 Hz, J4b = 10.1 Hz), strongly suggest 
an equatorial orientation of the allyl group at  C-4 (4C, 
conformation). This is also consistent with the known 
steric preference of radicals to attack from the sterically 
less shielded face in the absence of strongly directing 
electronic effects.25 The other coupling constants were 
in accordance with the proposed structure. The use of 
methyl acrylate and tert-butyl acrylate as three-carbon 
synthones was initially examined in a radical coupling of 
the methyl xantate derivative 1 lb, using azobisiso- 
butyronitrile (AIBN) as initiator in the presence of tri- 
butyltin hydride. The expected axial coupled products 
were obtained, but the generation of acrylate polymers 
made product isolation very difficult. The corresponding 
deoxygenated llb was also formed in varying amounts. 
This approach was thus abandoned. 

Compound 13 was deacetylated with sodium methoxide 
in methanol, reduced with sodium borohydride to give the 
C-allylmannitol derivative 14, and then directly reacted 
with 2,2-dimethoxypropane and CuS04 in acetone to give 
the partially protected C-allylmannitol derivative 7a in 
73% yield from 13. Compound 7a was identical, by NMR, 
with one of the diastereomers obtained from route 1. 
Compound 7a was then reacted in the same manner as the 

(25) Giese, B. Angeur, Chem., Znt. Ed. Engl. 1989,28,969. 
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Scheme 111' 
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15 (65%) 
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+ 
16b (22%) 7, 

.\ d i 

1 (96%) 2 (95%) 

OKey: P, PDC/Ac20, t-BuOH, CH2C12, A; Q, LDA, THF, -75 
O C ;  R,  80% TFA. 

diastereomers 7a and 7b (vide supra)  from route 1. Io- 
dination and hydroboration followed by oxidative workup 
gave 9a in 70% from 7a, identical, by NMR and optical 
rotation, with one of the separated diastereomers from 
route 1. 

Oxidation of 9a with pyridinium dichromate/acetic 
anhydride in tert-butyl alcohol-methylene ~ h l o r i d e ~ ~ s ~ ~  
produced the tert-butyl ester 15 in 65% yield (Scheme 111). 
The corresponding carboxylic acid was obtained as a side 
product. Cyclization was readily accomplished by reacting 
15 with lithium diisopropylamide at -78 "C, producing a 
C-1 epimeric mixture in a 3:l ratio, which was separated 
to give 16a and 16b in 68% and 22% yields, respectively. 
A radical-induced cyclization of 8a (Scheme IV) with 
bis(tributyltin)% to give the transposed primary iodide 17 
was attempted but did not proceed to give the expected 
product. The main product obtained was the cyclized and 
reduced compound 18. 

Deprotection of 16a and 16b in aqueous trifluoroacetic 
acid (80%) gave the title compounds 1 and 2. T h e  con- 
figuration a t  C-1 was established by 'H NMR where 2 had 
a large coupling constant between the axial hydrogen a t  
C-2 and the hydrogen at C-1 (J1,2, = 12.6 Hz) whereas 1 
only had small corresponding coupling constants (cf. 
carbon numbering of 1 and 2). The NMR data of the  
products were consistent with the rings adopting a 4C1 
conformation. 

Compounds 1 and 2 were screened for in vitro biological 
activity with the same methods described by Pring et al.I9 
Compound 1 showed a weak inhibitory effect toward 
CMP-Kdo synthetase but had no antibacterial effect, 
whereas compound 2 was inactive. 

Experimental Section 
General Methods. Concentrations were performed under 

(26) Corey, E. J.; Samuelsson, B. J. Org. Chem. 1984, 49, 4735. 
(27) Classon, B.; Samuelsson, B. Acta Chem. Scand. Ser E 1985, E39 

(28) Curran, D. P.; Kim, D. Tetrahedron Lett. 1986, 27, 5821. 
(6), 501. 

diminished pressure (1-2 kPa) a t  a bath temperature not ex- 
ceeding 40 "C. Chemical shifts are reported (ppm) downfield from 
tetramethylsilane (6 0.00, 'H and 13C) in chloroform-d and from 
3-(trimethylsily1)propanoate-d4 (6 0.00, 'H) or dioxane (6 67.40, 
13C) in deuterium oxide. All reaction were monitored by TLC 
with precoated silica gel plates (F 250, Merck). Spots were vis- 
ualized by UV light and/or charring with 8% sulfuric acid. 
Column chromatography was performed on silica gel 60 
(0.040-0.063 mm, Merck). The loadings were in the range 1/ 
25-1/100. Organic phases were dried over anhydrous magnesium 
sulfate. Satisfactory elemental analysis for some of the non- 
crystalline compounds could not be obtained, but their purity and 
identity were established by chromatographic techniques and by 
NMR spectroscopy. 

1 - 0  - (  ter t  -Butyldimethylsilyl)-2,3:5,6-di-O -iso- 
propylidene-4-O-(phenoxythiocarbonyl)-~-mannitol (5). To 
a stirred solution of 1,2:4,5-di-0-isopropylidene-~-mannitol~~ (3) 
(6.00 g, 22.9 mmol) in pyridine (50 mL) was added a solution of 
tert-butyldimethylsilyl chloride (4.10 g, 27.2 mmol) in pyridine 
(20 mL) at room temperature. After 6 h methanol (1.0 mL) was 
added, and after another 15 min the mixture was concentrated. 
The residue was dissolved in diethyl ether (250 mL), washed with 
water, dried, and concentrated to give a colorless syrup (8.98 g). 
The syrup was dissolved in pyridine (70 mL), and phenyl chlo- 
rothionoformate (5.13 g, 29.7 mmol, 1.3 equiv) was added. The 
mixture was stirred overnight a t  room temperature. Methanol 
(2.0 mL) was added, and the mixture was Concentrated. The 
residue was dissolved in diethyl ether (300 mL), washed with 
water, dried, and concentrated. Column chromatography (toluene) 
yielded 5 (10.68 g, 91%) as a slightly yellow syrup: [ ( r I z 2 ~  +18.9' 
(c 1.0 CHCI,); 13C NMR (67.5 MHz, CDCI,) 6 -5.3 (CH,Si), 18.3 
(SiC(CH,),), 25.6, 25.6, 26.5, 26.5, (4 CH3), 25.9 (CH3-Bu), 62.0, 
(C-1), 65.5 (C-6), 75.7, 75.9, 77.4, 80.0, 109.3, 109.6 (2 C(CH,)z), 
122.0, 126.6, 129.5, 153.5, 194.7 (COZS). 

Anal. Calcd for CUHa07SSi: C, 58.56; H, 7.86; S, 6.25; Si, 5.48. 
Found C, 58.23; H, 7.31; S, 6.31; Si, 5.37. 

4-C-Allyl-4-deoxy-2,3:5,6-di- 0-isopropylidene-D-mannitol 
(7a) and 4-C-Allyl-4-deoxy-2,3:5,6-di-0-isopropylidene-~- 
talitol (7b). Compound 5 (2.42 g, 4.72 mmol) and allyltri-n- 
butylstannane (4.70 g, 14.2 mmol, 3.0 equiv) were dissolved in 
dry toluene (6.0 mL) in a 12-mm NMR tube. The mixture was 
purged with dry nitrogen gas for 15 min before irradiation for 
6 h at 75-85 "C with a Hanovian photolysis apparature. The 
mixture (6a and 6b) was concentrated and dissolved in THF (30 
mL), and tetraethylammonium fluoride (3.16 g, 21.2 mmol) was 
added. The mixture was stirred for 4 h a t  50 "C, concentrated, 
and partitioned between diethyl ether and water. The organic 
phase was washed with water, dried, and concentrated. Column 
chromatography (toluene-ethyl acetate, 101) yielded a mixture 
of 7a and 7b (1.06 g, 78%) in a 1:l ratio. An analytical sample 
of the mixture of 7a and 7b was separated by column chroma- 
tography. 7a: 13C NMR (67.5 MHz, CDC13) 6 25.6, 25.7, 26.5, 
28.3 (4 CH,), 33.1 (CH,), 40.1 (C-4), 61.9 (C-l), 69.0 (C-6), 77.2, 
77.7, 78.5, 106.8, 109.0 (2 C(CH,)z), 117.6 (CH=CHz), 134.5 
(CH=CH2). 7b: 6 25.6, 25.8, 26.6, 28.5 (4 CH,), 32.8 (CH,), 40.3 
(C-4), 61.7 (C-1), 69.7 (C-6), 76.8, 77.3, 77.4, 107.8, 108.1 (2 C- 
(CH3)2), 117.4 (CH=CH2), 135.3 (CH=CH*). 

4-C- Allyl- l,4-dideoxy- l-iodo-2,3:5,6-di- 0 4sopropylidene- 
D-mannitol (8a) and 4-C-Allyl-1,4-dideoxy-1-iodo-2,3:5,6-di- 
0-isopropylidene-D-talito1 (8b). To the isomeric mixture of 
7a and 7b (1.29 g, 4.50 mmol) in toluene (120 mL) were added 
imidazole (771 mg, 11.32 mmol, 2.52 equiv), triphenylphosphine 
(2.95 g, 11.25 mmol, 2.5 equiv), and iodine (2.29 g, 9.02 mmol, 2.0 
equiv). The mixture was refluxed for 2 h and cooled, and saturated 
aqueous NaHC0, (75 mL) was added. After the mixture was 
stirred for 15 min, iodine was added portionwise until the toluene 
phase remained iodine colored. The mixture was stirred for 10 
min, and then saturated aqueous NazSz03 was added portionwise 
until the iodine color disappeared. The organic phase was washed 
with water, dried, and concentrated. Column chromatography 
(isooctane-ethyl acetate, 1O:l) yielded the unseparated mixture 
of 8a and 8b (1.59 g, 89%) in a 1:l ratio. An analytical sample 
of the mixture was separated by column chromatography. 8a: 
13C NMR (67.5 MHz, CDCl,) 6 8.7 (C-l), 25.5, 25.8, 26.6, 28.4 (4 
CH,), 33.1 (CH,), 41.2 (C-4), 69.2 (C-6), 76.7, 78.6,79.3,107.2,109.0 
(2 C(CH3)2), 117.9 (CH=CH2), 135.1 ( C H 4 H 2 ) .  8b: 6 6.9 (C-11, 
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Scheme I V  
-1  

\ /i 7- 

25.5, 25.9, 26.6, 28.5 (4 CH3), 32.6 (CH,), 41.0 (C-4), 69.7 (C-6), 
76.6, 77.7,78.3, 107.9, 108.3 (2 C(CH,)Z), 117.7 (CH=CHZ), 135.1 
(CH=CHZ). 

1,4-Dideoxy-2,3:5,6-di- O-isopropylidene-4-C-(3'- hydroxy- 
propyl)-l-iodo-Dmannitol(9a) and 1,4-Dideoxy-2,3:5,6-di-O- 
isopropylidene-4-C-(3'-hydroxypropyl)-l-iodo-~talitol (9b). 
To a stirred solution of a mixture of 8a and 8b (513 mg, 1.29 "01) 
in dichloromethane (5.0 mL) was added borane-methyl sulfide 
complex (0.2 mL, 10 M) dropwise at room temperature under dry 
nitrogen. After 1.5 h, ethanol (2.0 mL) and aqueous NaOH (0.43 
mL, 3 M) were added. The stirred solution was cooled on an ice 
bath, and 30% H202 (0.15 mL) was added. After 15 min the 
solution was heated on a water steam bath for 5 min. The mixture 
was cooled and partitioned between diethyl ether and water. The 
organic phase was washed with water, dried, and concentrated 
to yield a mixture of 9a and 9b (477 mg, 89%) in a 1:l ratio. 
Column chromatography (toluene-ethyl acetate, 1:l) gave 9a (240 
mg, 45%) and 9b (232 mg, 43%). 9a: [.]"D +62.9" (c 1.58, 
CHCl3); '3C NMR (67.5 MHz, CDC13) 6 8.6 (C-l), 24.4, 25.3, 25.9, 
26.5 (4 CH3), 28.4, 29.3 (2 CHZ), 40.8 (C-4) 62.6 (CHZOH), 69.1 
(C-6), 79.4, 79.8, 107.2, 109.3 (2 C(CH3)z). 9b: [CX]"D +76.2" (c 
1.46, CHCl3; 6 6.7 (C-1), 24.8, 25.6, 25.8, 26.5 (4 CH3), 28.4, 29.6 
(2 CHd, 40.8 (C-4), 62.7 (CHZOH), 70.0 (C-6), 77.8,78.0,78.5,107.8, 
108.5 (2 C(CH3)z). 

Anal. Calcd for 9b (Cl5HZ71O5): C, 43.49; H, 5.36. Found C, 
44.05; H, 6.45. 

1,6-Anhydro-2,3- 0 -isopropylidene-4-0 -(phenoxythio- 
carbonyl)-@-D-mannopyranose (1 la). To a solution of 10 (3.00 
g, 14.8 mmol) in dry pyridine (30 mL) was added phenyl chlo- 
rothionoformate (3.33 g, 19.3 mmol, 1.3 equiv). The mixture was 
stirred overnight a t  room temperature, concentrated, dissolved 
in diethyl ether (250 mL), washed with water, dried, and con- 
centrated, giving a crude crystalline product. Recrystallization 
from ethanol yielded lla (4.73 g, 94%) as slightly yellow crystals: 
mp 131-132 "C; [ ( Y ] ~ D  -62.6" (c 1.05, CHCld; 1% NMR (67.5 MHz, 
CDC13) 6 26.0, 26.0 (2 CH3), 64.6 (C-6), 72.2, 72.7, 73.4, 76.7,99.4 
(C-l), 110.6 (C(CH3)2), 121.9, 127.0, 129.8, 153.4, 194.1 (COZS). 

Anal. Calcd for ClsHlsOeS: C, 56.79; H, 5.36; S, 9.47. Found 
C, 56.63; H, 5.27; S,9.42, 

1,6-Di-0 -acetyl-4-C-allyl-4-deoxy-2,3- 0 -isopropylidene- 
B-D-mannowranose (13). ComDound l la (2.00 e. 5.91 "01) - _  
and allyltributylstannane' (5.87 i, 17.7 mmol, 3.6'equiv) were 
dissolved in toluene (4.0 mL) and ethyl acetate (4.0 mL) in a 
12-mm NMR tube. The solution was purged with dry nitrogen 
gas for 15 min and irradiated for 6 h at 75-85 "C with a Hanovian 
photolysis apparature. The mixture wm concentrated, and acetic 
anhydride (10.0 mL) and trifluoroacetic acid (0.85 mL) were added 
at  0 "C and stirred for 80 min. The mixture was poured into 
diethyl ether (150 mL). The organic phase was washed repeatedly 
with saturated NaHC03 until neutral, washed with water, dried, 
and concentrated. Silica gel column chromatography (toluene- 

18 

ethyl acetate, 61) followed by crystallization from ethanol yielded 
13 (1.38 g, 71%) as white crystals: sublimed 123-125 "c; [.]"D 
+39.5" (c 1.04, CHCI,); 13C NMR (67.5 MHz, CDCl,) 6 20.9, 21.0, 
26.3, 28.11 (4 CH3), 32.5, 38.4, 64.0 (C-6), 70.2, 73.0, 74.1, 91.6, 
109.4, 118.2 (CH=CH,), 134.1 (CH=CHz), 168.7, 170.9 (2 COZ); 
'H NMR (CDC13) 6 1.93 (53,4 = 8.8 Hz, 54,s = 10.1 Hz, J4,l = 5.3, 
H-4), 2.31 (CHh, 3.79 (H-5), 3.99 (513 = 1.5 Hz, 523 = 5.4 Hz, H-2), 

(CHeCHZ), 6.28 (H-1). 
4.17 (H-3), 4.18 (H-6a), 4.28 (H-6b), 5.12, 5.15 (2 CH=CHz), 5.80 

Anal. Calcd for Cl6HZ4O7: C, 58.53; H, 7.37. Found C, 58.39; 
H, 7.33. 
4-C-Allyl-4-deoxy-2,3:5,6-di- 0 -isopropylidene-D-mannitol 

(7a). Compound 13 (380 mg, 1.16 mmol) in methanol containing 
sodium methoxide (2.9 mL, 2.9 mmol, 1.0 M, 2.5 equiv) was stirred 
for 30 min on an ice bath. NaBH4 (88 mg, 2.32 mmol, 2.0 equiv) 
and H20  (0.3 mL) were added, and the stirring was continued 
overnight a t  room temperature. The reaction mixture was neu- 
tralized by adding 80% acetic acid and concentrated, and residual 
acetic acid was removed by azeotropic distilation with toluene. 
To the residue were added 2,2-dmethoxypropane (2 mL), acetone 
(2 mL), and CuS04 (300 mg), and the mixture was stirred over- 
night at room temperature. The C&04 was removed by filtration, 
and the filtrate was concentrated, leaving a colorless syrup. Silica 
gel column chromatography (toluene-ethyl acetate, 101) yielded 
7a: 242 mg, 73%; 

1,4-Didcoxy-2,3:5,6-di-O -isopropylidene-l-iodo-4-C-(3'- 
hydroxypropyl)-D-mannitol(9a). Compound 7a (210 mg, 0.73 
mmol) was treated the same way as the mixture of 7a and 7b, 
yielding 8a: 262 mg, 90%; [.]"D +44.1° (c 1.16, CHCl,). Com- 
pound 8a (230 mg, 0.58 mmol) was reacted the same way as the 
mixture of 8a and 8b, yielding 9a (211 mg, 88%). Data are as 
above. 

1,4-Dideoxy-4-C-[2'-( tert -butoxycarbonyl)ethyl]-1-iodo- 
2,3:5,6-di-O-isopropylidene-~-mannitol (15). To a solution of 
9a (150 mg, 0.36 mmol) in dichloromethane (6.0 mL) were added 
pyridinium dichromate (409 mg, 1.09 mmol, 3.0 equiv), acetic 
anhydride (467 mg, 5.43 mmol, 15 equiv), and tert-butyl alcohol 
(805 mg, 10.86 mmol, 30 equiv). The mixture was refluxed for 
3 h, cooled, poured into ethyl acetate (30 mL), and added to a 
short silica gel column, eluting with ethyl acetate. The ethyl 
acetate eluate was concentrated, and the residue was subjected 
to column chromatography (toluene-ethyl acetate, 81),  to afford 
15 (114 mg, 65%) as a clear syrup: [.IBD +78.0° (c 0.95, CHC13); 

+32.7" ( c  0.99, CHCI3). 

I3C NMR (67.5 MHz, CDCl3) 6 8.6 (C-1), 24.6, 25.3, 25.9, 26.5 (4 
CH3), 28.1 (CHa-Bu), 28.4,32.7 (2 CHZ), 40.7 (C-4), 76.9,79.3,80.1, 
80.3 (C-Bu), 107.3, 109.3 (2 C(CH3)2), 172.8 (CO,). 

Anal. Calcd for C1BH3061 C, 47.11; H, 6.87. Found C, 46.82; 
H 6.81. 

tert -Butyl  3(R),4( S )-0 -1sopropylidene-5(R )-( (1's )- 
3',3'-dimet hyl-2',4'-dioxolanyl)-( S)-cyclohexanecarboxylate 
(16a) and ter t -Butyl  3(R),4(S)-O-Isopropylidene-5(R)- 
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( (  1’s )-3’,3’-dimethyl-2’,4’-dioxolanyl)-(R )-cyclohexane- 
carboxylate (16b). To a stirred solution of 15 (780 mg, 1.61 
mmol) in THF (11 mL) was added lithium diisopropylamide in 
cyclohexane (1.5 mL, 1.5 M) under nitrogen at  -75 “C. The 
solution was stirred overnight while the temperature was allowed 
to rise to room temperature. Saturated aqueous NH4C1 (1.0 mL) 
was added, and the solution was partitioned between diethyl ether 
and water. The organic phase was washed with water, dried, and 
concentrated to give a colorless syrup (527 mg). Column chro- 
matography (diethyl ether-hexane, 1:3) yielded 16a (393 g, 68%) 
and 16b (129 mg, 22%). 16a: 13C NMR d 20.5, 24.6, 25.7, 26.5, 

76.4,80.2 (C-Bu), 107.7, 108.7 (2 C(CH3),), 175.5 (CO,). 16b: 13C 
26.9, 28.1 (CHa-Bu), 34.3, 38.0 (2 CH), 67.9 (CHZO), 72.3, 72.4, 

NMR (67.5 MHz, CDC13) b 23.1, 25.7, 26.2, 26.8, 28.0 (CH,-Bu), 
28.1, 31.1, 40.0,40.8 (2 CHZ), 67.5 (CHZO), 72.9, 74.0,74.0, 77.5, 
80.5 (C-Bu), 108.5, 108.6 (2 C(CH,)Z), 174.0 (COZ). 
3(R),4(S)-Dihydroxy-5(R)-( l’(S),2’-dihydroxyethyl)- 

(S)-cyclohexanecarboxylic Acid (1). Compound 16a (100 mg, 
0.28 mmol) was dissolved in aqueous trifluoroacetic acid (1.5 mL, 
80%) and the resultant mixture stirred for 40 min at ice bath 
temperature. The mixture was concentrated, methanol (3.0 mL) 
was added, and the solution was concentrated to dryness. The 
residue was purified on a Biogel P-2 column with water as eluant, 
yielding compound 1: 59 mg, 96%; [ a ] 2 2 ~  +112.5 ( c  0.64, water); 

13C NMR (DzO, 70 “C) b 23.0,28.5 (2 CHZ), 38.8,40.1 (2 CHI, 64.8 
(C-2’), 69.4,69.6, 72.9, 179.6 (COZ); ‘H NMR (DzO, 70 “C) 6 1.51 
(J1,6 = 5.4 Hz, Jz ,3 = 

3.69 (H-l’), 3.74 (J3,4 = 2.8 Hz, H-3), 3.76 (H-2’), 4.13 (H-4). 

= 5.3 Hz, H-6,), 1.67 (H-5), 1.75 (J1,z 
12.1%z, H-2,), 1.77 (H-6,), 2.03 (H-2,), 2.7f(H-1), 3.56 ($29, 

Anal. Calcd for C9H1606: C, 49.09; H, 7.32. Found: C, 48.85; 
H, 7.18. 

3(R ),4( S )-Dihydroxy-5(R )-( 1’( S ),2’-dihydroxyethyl)- 
(R)-cyclohexanecarboxylic Acid (2). Compound 16b (20 mg, 
0.056 mmol) was reacted the same way as 1, yielding 2: 12 mg, 
95%; 13C NMR (DZO, 70 “C) 6 25.2, 30.9 (2 CHZ), 42.4, 43.1 (2 
CH), 64.8 (C-2’),69.1,72.1,72.4, 178.5 (CO,); ‘H NMR (DzO, 70 
“C) 6 1.41 (J1,6, = 12.5 Hz, H-6,), 1.66 (Jl,s, = 3.6 Hz, H-6 ), 
1.69 (J1,z, = 12.6 Hz, Jz ,3 = 12.3 Hz, H-2,), 1.94 (J1, = 3.6 22, 
H-2,), 2.52 (H-1), 3.55 (#-2’),3.65 (J3,4 = 2.8 Hz, H-3),?.67 (H-l’), 
3.75 (H-2’), 4.11 (H-4). 
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From the sponge Zanthella basta collected in Guam, four new bastadin type ethers, bastadin-8 (7), -9 (9), -10 
(a), and -11 (10) were isolated together with the known bastadin-2 (4), -4 (31, -5 (51, and-6 (6). Structures were 
elucidated by extensive spectroscopic analysis and some derivative formation (methyl ethers). ‘Y! NMR assignments 
for bastadin-4 and -8 were made by one-bond and long-range H/C correlations. Several of the bastadins were 
found to exhibit cytotoxic and antiinflammatory activity. 

Of the wide variety of nitrogenous natural products 
isolated from marine sponges, brominated tyrosine-derived 
metabolites have so far been found exclusively in species 
of the order Verongida.1,2 Most of these metabolites 
consist of simple, modified tyrosines such as l3 or linear 
combinations of tyrosine-derived units, e.g., fistularin-3 
(2).4 However, a unique group of macrocyclic metabolites 
typified by bastadin-4 (3) have been isolated from Ian- 
thella basta collected in Australia.s We have examined 
the extracts of Ianthella basta collected in Guam and have 
isolated therefrom four new members of the bastadin series 
(7-10) in addition to the known bastadin-2 (4), -4 (3), -5 
(5), and -6 (6). 
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Brq: HO CHz-CN 

1 Aeroplysinin-1 

B; 

2 Fistulatin-3 

The bastadins were isolated by conventional methods 
as outlined in the Experimental Section. Bastadin-2, -4, 
-5, and -6 were identified by comparison of their ‘H and 
13C NMR spectral data with that reported in the litera- 
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