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Cascade Cyclization: Synthesis of (+)-Tuberhe 
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Asymmetric dihydroxylation of epoxide 12 led, via biomimetic epoxide opening, to tetrahydrofuran 
13. Acetylation of 13 then gave the antibiotic terpene (+)-tuberine (14). In the course of this work, 
the absolute configuration of (+)-tuberine was corrected. 

A variety of physiologically active cyclic ethers, il- 
lustrated by (+)-tuberhe (1),2 uvaricin (2),5and CP-96,797 
(3): have been isolated from natural sources. The current 
hypothesis is that these ethers are biosynthesized by 
cyclization of precursor epoxidesFl6 as exemplified by the 
transformation of 4 to 5.7 We report a biomimetic synthesis 
of natural (+)-tuberine. In the course of this work, we 
have established that the correct absolute configuration 
of (+)-tuberine is that shown in 14 (Scheme 2). 

Development of the Cyclization. Successful applica- 
tion of this retrosynthetic analysis in a forward sense 
depended on the solution of two problems: preparation 
of the precursor epoxides with absolute as well as relative 
stereocontrol and the development of regioselectivity in 
intramolecular epoxide opening. In addition, appropriate 
initiators and, perhaps, terminators for the cyclization 
must be developed. 

It occurred to us that the ubiquitous 2,Btetrahydro- 
furandimethanol motif of 1 and 2 could be readily 
assembled by combining Sharpless asymmetric epoxida- 
tion8 with Sharpless asymmetric dihydroxylation.9 As 

*Abstract published in Advance ACS Abstracts, May 15,1994. 
(1) Undergraduate research participant, University of Delaware. 
(2) (a) For the isolation of (+)-tuberine from Haplophyllum tuber- 

cuhtum,see: Sheriha, G. M.; Abouamer, K.; Elehtaiwi, B. Z.Phytochem. 
1986,24,884. (b) For am X-ray determination that led to a correction of 
the relative configuration of (+I-tuberine, see: McPhail, A. T.; McPhail, 
D. R.; Al-Said, M. 5.; El-Domiaty, M. M.; El-Feraly, F. S. Phytochem. 
1990,29,3055. 
(3) For current work on the relative and absolute configuration of the 

Annonaceae-derivedacetcgenine,see: Rieser, M. J.;Hui,Y.-h.;Rupprecht, 
J. K.; Kozlowski, J. F.; Wood, K. V.; McLaughlin, J. L.; Hanson, P. R.; 
Zhuang, Z.; Hoye, T. R. J.  Am. Chem. SOC. 1992,114,10203 and references 
cited therein. 
(4) For the isolation and structure of CP-96,797, see: Dirlam, J. P.; 

Bordner, J.; Cullen, W. P.; Jefferson, M. T.; Presseau-Linabury, L. J. 
Antiobiot. 1992,45, 1187. 

(5) The biosynthetic hypotheah that polycyclic ethers such as 1,2, and 
3 are derived by cascade cyclization of precursor polyepoxides was 
originally put forward by Cane: (a) Cane, D. E.; Liang, T.-C.; Hasler, H. 
J.  Am. Chem. SOC. 1982,104,7274. (b) Cane,D.E.; Celmer, W. D.; Westley, 
J. W. J.  Am. Chem. SOC. 1983,105,3594. 

(6) Forleadingreferencegtoepoxidecaecade cyclizations,see: (a) Hoye, 
T. R.; Witowski, N. R. J. Am. Chem. SOC. 1992,114,7291. (b) Wuta, P. 
C. M.; DCostn, R.; Butler, W. J. Org. Chem. 1984,49,2682. (c) Dolle, R. 
E.; Nicolaou, K. C. J.  Am. Chem. SOC. 1985,107,1691. (d) Still, W. C.; 
Romero, A. G. J. Am. Chem. SOC. 1986,108, 2105. (e)Schreiber, S. L.; 
Sammakia,T.; Hulii, B.; Schulte, G. J. Am. Chem. SOC. 1986,108,2106. 
(f) Russell, S. T.; Robinson, J. A.; Williams, D. J. J. Chem. SOC., Chem. 
Commun. 1987,361. (9) Patereon, I.; Craw, P. A. Tetrahedron Lett. 1989, 
30,5799. 
(7) In suport of this biosynthetic hypothesis for (+)-tuberine, the 

diacetate of diol epoxide 4 was recently isolated from Haplophyllum 
tuberculatum: Al-Yahya, M. A.; Al-Rehaiiy, A. J.; Ahmad, M. S.; Al- 
Said, M. 5.; El-Feraly, F. 5.; Hufford, C. D. J. Nat. Prod. 1992,55,899. 
(8) (a) Katauki,T.;Sharpless,K. B. J. Am. Chem. SOC. 1980,102,5974. 

(b) Hanson, R. M.; Sharpleas, K. B. J.  Org. Chem. 1986,51,1922. 
(9) (a) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; 

Hartung, J.; Jeong, K.-S.; Kwong, H.-L.; Morikawa, K.; Wang, 2.-M.; Xu, 
D.; Zhang, X.-L. J. Org. Chem. 1992,57,2768. (b) The ligand/ytaasium 
osmate/potassium ferricyanide mixtures are available commercially from 
the Aldrich Chemical Co. as AD-mix a and AD-mix ea. 
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illustrated for geraniol (Scheme 11, these two procedures, 
applied sequentially, would establish, with absolute stereo- 
control, four new stereogenic centers. There remained, 
however, the question of regioselectivity in the epoxide 
opening. Either of the two alkoxides could react with either 
end of the epoxide, so four regioisomeric cyclic ethers were 
possible. 

In fact, exposure (Scheme 1) of the tosylate 7 of geraniol 
epoxide7 to AD-mix (0 OC, then rt, 18 h) led to two new 
substances by TLC analysis, Rf (40% EtOAc/petroleum 
ether) = 0.2 and 0.5. Further stirring (72 h, rt) allowed 
complete conversion to the less polar product, identified 
as 8 by comparison of spectroscopic data to those of 
authentic material.’O As hoped, five-membered cyclic 
ether formation had dominated over the six-membered 
and seven-membered alternatives, and the cascade cy- 
clization had proceeded cleanly. 

Clearly, had absolute stereocontrol failed at  either of 
the oxygenation steps, cyclization would necessarily have 
led to a mixture of diastereomers. In fact, we deliberately 
prepared this mixture, by simple dihydroxylationll of 
tosylate 7. The epoxide methines of 8 and 9 were cleanly 
resolved bylH NMR (6 3.03 and 3.10, respectively). These 

(10) (a) Rickards, R. W.; Thomas, R. D. Tetrahedron Lett. 1992,33, 

(11) Minato, M.; Yamamoto, K.; Tsuji, J. J. Org. Chem. 1990,55, 766. 
8137. (b) Rickards, R. W., personal communication. 
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tBuOHIH20 asymmetric dihydroxylation reaction mix- 
ture. The reaction was therefore carried out in 1:l:l 
acetone/tBuOH/HzO. Using this mixture, starting ma- 
terial was consumed, and two new substances appeared, 
TLC Rf (20% acetone/CHzClz) = 0.12 and 0.23. After the 
reaction mixture was stirred a t  rt for 3days, the lower-Rf 
material was substantially diminished. Workup and 
chromatography at this stage then provided 13. 

The relative configuration of 13 was confirmed by 
conversion (acetylation, followed by selective transesteri- 
fication of the sterically more accesible of the two acetates) 
to (+)-tuberine (14), identical (TLC, lH NMR, 13C NMR) 
with natural material. The synthetic material (13 mg, 
chromatographed but not recrystallized) showed [(YID = 
+6.3O, compared to +7.8O for the natural sample. 

Conclusion. The strategy outlined here, coupling 
asymmetric epoxidation with asymmetric dihydroxylation, 
should allow construction of naturally occurring cyclic 
ethers, including acetogenins such as 2, with control of 
both relative and absolute configuration.16 Further, 
asymmetric dihydroxylation has been established to be a 
useful initiator for epoxide cyclization. 
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diastereomers ran together on TLC. The lH NMR of the 
cyclization product from asymmetric dihydroxylation of 
7 in fact showed both diastereomers, 8 and 9, in a ratio of 
15:l. Simple algebra demonstrated that the two oxygen- 
ation steps had proceeded with an average enantioselec- 
tivity of 30:l. 

8 9 A 7 84% 
1 : l  

Synthesis of (+)-Tuberhe.  We had originally envi- 
sioned that tuberine (1) could be prepared by opening of 
epoxide 8 with an appropriate phenolic nucleophile. When 
initial attempta to achieve such an opening were not 
successful, we adopted an alternative plan (Scheme 2). 
This strategy was initially effected starting with epoxide 
6 (Scheme 1). However, this led to ent-tuberine (l), 
identical to the natural product in all respecta except 
rotation ([CUID = -6.3’). The absolute configuration2 of 
(+)-tuberine must therefore be revised to that shown in 
14 (Scheme 2). This necessitated repeating the synthesis 
in the enantiomeric series, starting from epoxide 108 
(Scheme 2). 

Mitsunobu coupling12 of 10 with N-benzoyltyramine 
(l1) l3J4 proceeded smoothly to give the crystalline ether 
12. Unfortunately, amide 12 was not soluble in the usual 

Experimental Section 
General. lH and 18C NMR spectra were obtained on a Bruker 

AM-250 spectrometer. Chemical shifts are reported relative to 
tetramethylsilane at 0.0 ppm. Infrared spectra were determined 
on a Nicolet 5DXB System FT IR and are reported in wave- 
numbers (cm-1). High resolution mass spectrometry (HRMS) 
was performed on a VG 70-70 mass spectrometer. Low resolution 
mass spectra (LRMS) were obtained on a Hewlett Packard 5890 
gas chromatograph-mass spectrometer (GC-MS). Optical rota- 
tions were measured on a Rudolph Research Autopol I11 
polarimeter, using concentrations expressed in grams per 100 
mL. Thin layer chromatography (TLC) was run using Analtech, 
Inc. 2.5 X 10 cm, 25O-pm analytical plates coated with silica gel 
GF. Column chromatography was done under air pressure on 
TLC grade 60-A silica gel.16 The solvent mixtures indicated for 
TLC are volume/volume mixtures. 

Toluene-4-sulfonic Acid, [3-Methyl-3-(4-methylpemt-3- 
enyl)oxiran-2-yl]methyl Ester (7). Potassium hydroxide (450 
mg, 8.0 mmol) was added to a solution of epoxy alcohol 6 (685 
mg, 3.7 mmol) in ether (5OmL) at -78 O C  and the resulting mixture 
was stirred for 10 min. Tosyl chloride (975 mg, 5.11 mmol) was 
added and the reaction was allowed to warm tort and then stirred 
for a total of 18 h. Ether (20 mL) followed by 10% HCl(1 mL) 
was added and the resulting mixture was stirred until the solids 
diseolved. This ethereal solution was washed with saturated brine 
(20 mL), dried (K&Oa), filtered, concentrated, and chromato- 
graphed to give the epoxy tosylate 7 (1.02 g, 86% yield) as a 
colorless oil: Rf (40% EtOAc/petroleum ether) = 0.75; 1H NMR 
(6) 7.80 (2H, d, J = 8.2 Hz), 7.36 (2H, d, J = 8.2 Hz), 5.03 (lH, 
m), 4.11 (2H, m), 2.97 (lH, t, J = 5.8 Hz), 2.44 (3H, s), 2.03 (2H, 
dd, J = 7.4,3.8 Hz), 1.67 (3H, a), 1.68-1.2 (2H, m), 1.58 (3H, s), 
1.20 (3H, 8) ;  19C NMR 6 p: 144.9, 132.6, 132.0,68.5, 60.6, 37.86 
23.3; d 129.8,127.7,122.9,58.5,25.4,21.4,17.4,16.5; MS (m/z, 
re1 intensity) 269 (171,227 (291,168 (90), 143 (38), 127 (loo), 109 
(29). 

2 4  S-Methyl-S-oxiran-2-yltetrahydrofuran-2-yl)propan- 
2-01 (8). A solution of the epoxy tosylate 7 (1.49 g, 4.6 mmol) 
in tBuOH/HzO (5 mL, 1/1) was added to a mixture of AD-mix 
@ (7.8 g) and methanesulfonamide (0.270 g, 2.8-01) in tBuOH/ 
HnO (45 mL, 1/1) at 0 O C .  The resulting heterogeneous mixture 
was stirred for 72 h at rt. This reaction mixture was directly 
extracted with three 75-mL portions of ethyl acetate. The 
combined organic extract was washed with half-saturated aqueous 

(12) Heffner, R. J.; Jiang, J.; Joullib, M. M. J.  Am. Chem. SOC. 1992, 
114, 10181. 

SOC. 1956,4163. 
(13) Kinel, F. A.; Romo,J.; Rosenkranz, G.; Sondheimer, F. J. Chem. 

(14) Rastetter, W. H.; Nunmy, L. J. J. Org. Chem. 1980,45, 3149. 

(15) After this work WBB completed, a report appeared of the total 
synthesis of two naturally occurring acetogenins in which a key step was 
the cyclization of an epoxy diol: Sinha, S. C.; Keinan, E. J. Am. Chem. 
Soc. 1993,115,4891. 

(16) Taber, D. F. J. Org. Chem. 1982,47,1351. 
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Na2SO8, dried (NazSOd, concentrated, and chromatographed to 
give the oxiranyltetrahydrofuran 8 (722 mg, 84% yield) as a 
colorless oil: Rf (40% EtOAc/petroleum ether) = 0.31; 'H NMR 
(6) 3.70 (lH, t, J = 6.6 Hz), 2.95 (lH, dd, J = 4.1, 2.8 Hz), 2.66 
(lH, t, J = 4.5 Hz), 2.50 (lH, dd, J = 4.9.2.7 Hz), 2.20 (lH, bs), 
1.78 (3H, m), 1.54 (lH, m), 1.19 (3H, s), 1.16 (3H, a), 1.14 (3H, 
8); lac NMR 6 p: 80.7, 70.1, 43.1, 32.1, 25.7, d 86.2, 56.4, 23.4, 
23.8,23.6. [a]D = -2.45O (c  = 6.72, CHCh); MS (mlz, relintensity) 
171 (15), 143 (loo), 127 (84), 109 (36); HRMS calcd for C&.OS 

N-Benzoyltyramine (1 1). N-Benzoyltyramine wasprepared 
by a variation of the literature13J4 procedure. Thus, benzoyl 
chloride (8.4 mL, 74.7 mmol) was added slowly to a solution of 
tyramine (4.8 g, 35.0 mmol) in pyridine (16 mL). After an initial 
exothermic reaction, the solidified mixture was heated to 100 OC 
for 40 min. After cooling, the reaction mixture was partitioned 
between water and CHCls. The combined organic extracts were 
concentrated to give tan solid. This was recrystalliied from hot 
acetonitrile to give dibenzoyltyramine (8.8 g, 73 % yield) as white 
crystalline needles: mp 172-174 "C (lit.lS mp = 172-173 OC): Rf 
(35% EtOAc/petroleum ether) = 0.55; lH NMR 6 8.20 (2H, d, 
J =  8.4Hz),7.72(2H,d,J~8.4Hz),7.70-7.32(6H,m),7.28(2H, 
d, J = 8.4 Hz), 7.18 (2H, d, J = 8.2 Hz), 6.34 (lH, bs), 3.74 (2H, 
q, J = 7.1 Hz), 2.97 (2H, t, J = 7.1 H). 

Potassium carbonate (250 mg, 1.8 mmol) was added to N,O- 
dibenzoyltyramine (860 mg, 2.5 mmol) in methanol (10 mL), and 
the resulting heterogeneous reaction mixture was stirred for 30 
min. The mixture was partitioned between 10% aqueous HCl 
and chloroform, and the combined organic extract was dried (Naa- 
SO,) and concentrated to give 11 as white solid. Recrystallization 
from acetonitrile then gave 11 (512 mg, 85% yield) as shiny white 
and flaky crystals: mp 163-164 OC (lit." mp 164.5-165.5 "C); Rf 
(35% EtOAc/petroleum ether) = 0.45; lH NMR 6 7.85 (2H, m), 
7.48 (3H, m), 7.08 (2H, d, J = 8.4 Hz), 6.76 (2H, d, J = 8.4 Hz), 
6.60 (lH, bs), 5.01 (lH, bs), 3.56 (2H, q, J = 7.1 Hz), 2.90 (2H, 
t, J = 7.1 Hz). 

N-[2-[4-[ [3-Methyl-3-(4-methylpent-3-enyl)oxiranyl-2-yl]- 
methoxy]phenyl]ethyl]benzamide (12). A solution of DEAD 
(487 mg, 2.8 "01) in THF (1 mL) was added to a mixture of 
epoxy alcohol 10 (342 mg, 2 mmol), N-benzoyltyramine 11 (635 
mg, 2.7 mmol), and triphenylphosphine (689 mg, 2.7 mmol) in 
THF (1 mL) at -10 OC. This yellow reaction mixture was stirred 
for 24 h (until TLC showed no starting material), during which 
time the reaction turned light pink. The reaction mixture was 
partitioned between dichloromethane and water. The organic 
extract was dried (NazSO,), concentrated, and chromatographed 
to give the ether 12 (606 mg, 77% yield) as a white solid: mp 
107-108 OC: Rf (40% EtOAc/petroleum ether) = 0.63; lH NMR 
6 7.73 (2H,d,J= 6.8Hz),7.48 (3H,m),7.21(2H,d,J= 8.5 Hz), 
6.95(2H,d,J=8.5Hz),6.18(1H,bs),5.15(1H,bt,J=4.2Hz), 
4.13 (2H, m), 3.73 (2H, dd, J = 12.9,6.7 Hz), 2.92 (lH, t, J =  6.7 
Hz), 2.14 (2H, dd, J = 15.1,7.4 Hz), 1.80-1.40 (lH, m), 1.74 (3H, 
a), 1.66 (3H, s), 1.39 (3H, 8); lac NMR 6 u: 167.4, 157.2, 134.6, 
132.0, 131.3, 66.9, 41.2, 38.1, 34.6, 23.5; d 131.1, 129.6, 128.3, 
126.7,123.2,114.7,60.4,25.5,17.5,16.8. [ a ] ~  = + 9.6' (C = 1.0, 
CHCh); MS (mlz, re1 intensity) 192 (4), 148 (loo), 120 (67), 105 
(55); HRMS calcd for C~HslNOa393.2303, found 393.2304. Anal. 
Calcd for C&slNOs: C, 76.30; H, 7.94. Found C, 75.91; H, 
8.02. 

N-[2-[ 4 4  2-Hydroxy-2-[ 5-( l-hydroxy-l-methylethyl)-2- 
methyltetrahydrofuran-2-yl]ethoxy]phenyl]ethyl]benz- 
amide (13). A solution of ether 12 (235 mg, 0.6 "01) in acetone 
(5 mL) was added to a heterogeneous mixture of AD-mix a (721 
mg) and methanesulfonamide (40 mg, 0.4 mmol) in tBuOH/HzO 
(5mL/5mL) at 0 OC. The resulting yellow mixture was allowed 

(M+ - CHS) 171.1021, found 171.1044. 
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to warm to room temperature and then was stirred vigorously for 
4 days. Saturated aqueous sodium sulfite solution (10 mL) was 
added, and the mixture was stirred until it was white and then 
extracted with three 10-mL portions of ethyl acetate. The 
combined organic extracts were dried (NanSO,), concentrated, 
and chromatographed to give starting ether 12 (125 mg) and the 
diol 13 (78 mg, 65% yield based on 12 not recovered) as a viscous 
oil: Rf (20% EtOAc/petroleum ether) = 0.3; lH NMR 6 7.69 (2H, 
d, J = 8.4 Hz), 7.43 (3H, m), 7.13 (2H, d, J = 8.6 Hz), 6.86 (2H, 
d,J=8.6Hz),6.34(1H,bs),4.1&3.93(3H,m),3.80(1H,m),3.66 
(2H,dd, J =  12.9,6.8Hz),2.86(2H,t, J=6.8Hz),2.67 (lH,bs), 
2.2-1.2 (5H, m), 1.24 (3H, s), 1.22 (3H, s), 1.14 (3H, 8) ;  lac NMR 
6 u: 167.5,157.3,134.6,131.3,&1.0,69.2,41.3,34.7,34.1,26.3; d: 
131.3, 129.7, 128.4, 126.8, 114.8,87.2, 75.1, 27.1, 23.0, 22.9. MS 
(m/z, re1 intensity) 306 (I), 288 (6), 143 (go), 125 (60), 120 (64), 
105 (100); HRMS calcd for CuHdOa 412.2123, found 412.2143. 
(+)-Tuberhe (14). Acetic anhydride (0.06 mL, 0.63 mmol) 

and D W  (4 mg, 0.033 mmol) were added to the diol (25 mg, 
0.058 "01) in triethylamine (0.2 mL), and the resulting mixture 
was stirred for 8 h at rt. The reaction mixture was partitioned 
between ether and, sequentially, water (5 mL), 1 % aqueous HC1 
(5 mL), and saturated aqueous sodium bicarbonate (5 mL). The 
combined organic extract was dried (NazSO,), concentrated, and 
chromatographed to give the diacetate (22 mg, 73 % yield) as a 
viscous oil: Rf (15% acetone/dichloromethane) = 0.72; *H NMR 
6 7.68 (2H, d, J = 8.4 Hz), 7.42 (3H, m), 7.12 (2H, d, J = 8.6 Hz), 
6.&1(2H,d,8.6),6.09(1H,bs),5,27(1H,dd,J=8.6,2.4Hz),4.28 
(lH, dd, J = 10.6, 2.4 Hz), 4.06 (2H, m), 3.66 (2H, dd, J = 12.8, 
6.8 Hz), 2.85 (2H, t, 6.8 Hz), 2.35-1.5 (4H, m), 2.07 (3H, s), 1.95 
(3H, a), 1.45 (3H, a), 1.42 (3H, s) 1.25 (3H, 8 ) ;  lac NMR 6 u: 170.4, 
167.4, 157.4, 134.7, 131.3, 83.2, 82.4, 67.3, 41.3, 35.1, 34.8, 26.3; 
d 131.3, 129.7, 128.5, 126.8, 114.0, 85.2, 83.2, 82.4, 75.5, 22.9, 
22.4, 21.7, 21.1. 

Potassium carbonate (5.3 mg, 0.04 mmol) was added to a 
solution of the diacetate (15 mg, 0.03 mmol), in dichloromethane/ 
methanol (0.5 mL/0.5 mL) at 0 OC, and the resulting mixture was 
stirred for 3 h as it was allowed to warm tort. Additional methanol 
(0.5 mL) was added, and the mixture was stirred for a total of 
8 h. The reaction was quenched with 5% aqueous acetic acid, 
and then partitioned between dichloromethane and 10% aqueous 
sodium bicarbonate. The combined organic extract was dried 
(NazSO,), concentrated, and chromatographed to give (+)- 
tuberine(14) (11mg,80% yie1d)asawhitesolid Rf(20% acetone/ 
dichloromethane) = 0.59; [a ]D = +6.3' (c = 1.1, CHCh); lH NMR 
6 7.68 (2H, d, J = 8.3 Hz), 7.43 (3H, m), 7.16 (2H, d, J = 8.6 Hz), 
6.89 (2H, d, J = 8.6 Hz), 6.09 (lH, bs), 4.10 (2H, dt, J = 16.6,6.5 
Hz), 3.94 (m, 2H), 3.69 (2H, dd, J = 12.8, 6.8 Hz), 2.88 (2H, t, 
J = 6.8 Hz), 2.57 (lH, d, J = 2.1 Hz), 2.3-1.6 (4H, m), 1.99 (3H, 
a), 1.49 (3H,s), 1.46 (3H, s), 1.25 (3H, a); 19C NMR 6 u: 167.4, 
157.5,134.8,131.3,84.4,82.5,69.2,41.3,30.8,33.7,26.6;d 131.4, 
129.8, 128.6, 126.8, 114.9, 85.6, 75.1, 22.9, 22.5, 22.2, 21.9. MS 
(m/z,  re1 intensity) 469 (20), 409 (61,368 (6), 348 (20), 288 (24), 
185 (1001,143 (301,125 (54), 105 (46); HRMS calcd for C27Hs- 
NO6 469.2464, found 469.2468. 
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