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the mechanism of the reaction suggests that it is an SN2 
mechanism, with the RDS being attack of the phosphine 
nucleophile on the S-S bond. 

Experimental Section 
General. Tris(2-cyanoethy1)phosphine was obtained from 

American Cyanamid.le Deuterated materials were obtained from 
Cambridge Isotope Laboratories. Other chemicals were obtained 
from Aldrich. 

Tris(2-carboxyet hy1)phosphine Hydrochloride. A slurry 
of tris(2-cyanoethyl)phosphine (44.6 g, 0.231 mol) in a n a l  aqueous 
HCl(l50 mL) was heated a t  reflux under an argon atmosphere 
for 2 h. A clear white precipitate formed when the hot clear 
solution was cooled to 0 "C. The precipitate was isolated by 
filtration. Recrystallization from water (200 mL), filtration, and 
drying in vacuo afforded 28.5 g of white crystals (99.4 mmol,43%). 
The combined supernatants were concentrated to 110 mL by 
boiling. More white crystalline precipitate formed when the 
mixture waa cooled to 0 "C. Filtration, rinsing with 20 mL of water 
a t  0 OC, and drying in vacuo gave 29.5 g of white crystals (88% 
yield for the combined crops). 'H NMR (DzO): 6 2.76 (dt, 6 H, 

176 OC (lit! mp 175-177 OC). W: A- = 218 nm, c = 180 L mol-' 
cm-'; A,, = 192 nm, c = 150 L mol-' cm-'. Anal. Calcd for 
C9H1606PCk c, 37.71; H, 5.63; P, 10.81; c1, 12.37. Found: c, 
37.61; H, 5.65; P, 10.99; C1, 12.38. 
Tris(2-carboxyethy1)phosphine Oxide. A crystal of iodine 

was allowed to react with an aliquot (0.5 mL) of a solution of 
TCEP.HCl(10 mM) in D20. *H NMR (DzO): 6 2.66 (dt, 6 H, 

JlP = 18.2 Hz, J1,2 = 7.0 Hz), 2.47 (dt, 6 H, Jzp  = 13.9 Hz). Mp: 

(19) American Cyanamid no longer sells tris(2-cyanoethy1)phoephine. 
It is available from Strem. 

J1,p 10.9 Hz, 51.2 = 8.0 Hz), 2.20 (dt, 6 H, J2,p = 11.5 Hz). 
Competitive Reductions. The competitive reductions were 

carried out by diluting from stock solutions 1 equiv of each of 
two disulfides and 1 equiv of 2-butyne-1,4-diol (as an internal 
standard for 'H NMR spectroscopy) in buffer (20 mM acetate-d3 
in DzO, pD = 4.5). In mild acid, neither autoxidation nor 
thiol-disulfide interchange occurs a t  an appreciable rate. An 
aliquot of TCEP-HC1 stock solution in DzO (0.8 equiv) was added 
to the reaction mixture. The reaction mixture was transferred 
to an NMR tube which was flushed with argon, stoppered, and 
closed with Parafilm. At the concentrations (0.2-1.0 mM) and 
temperature (22-25 "C) we used, the reaction waa complete within 
5 min for all disulfides. 

Air Oxidation of Dilute Solutions of TCEP. Deuterated 
buffer solutions were made by neutralizing solutions of acetic 
acid-d4 (0.40 M) or phosphoric acid-d3 (0.35 M) with 40% NaOD 
in D20 to pD 5.0 (acetate), 6.6,7.4, and 11.6 (phosphate). To 4.5 
mL of each solution was added 500 pL (25 mmol) of a solution 
of TCEPeHCl (49 mM in DzO). The reaction mixtures were 
vigorously stirred under air. Aliquots were examined by 'H NMR 
spectroscopy after 30 min, 23 h, and 72 h. 
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Two stereoisomeric epoxycyclopentane cyanohydrin glucosides were isolated, along with several previously 
described cyclopentene cyanohydrin glucosides, from Passiflora suberosa L. (Passifloraceae) and Kiggelaria afncana 
L. (Flacourtiaceae); they represent new members of a rare class of natural nonannellated cyclopentane derivatives. 
The new glucosides were shown, by NMR spectroscopy (including NOE measurements), X-ray crystallography, 
and enzymatic hydrolysis to the corresponding cyanohydrins, to be (lR,2R,3R,4R)- and (ls,2s,3S,4s)-l-(gD- 
glucopyranosyloxy)-2,3-epoxy-4-hydroxycyclopentane-l-carbonitrile and named suberin A and B, respectively. 
The crystal structure of suberin A waa determined at  110 K and refined to R = 0.036 for 2198 unique reflections; 
the cyclopentane ring forms an envelope with C5 placed 0.41 A away from the plane of the remaining four carbon 
atoms, and to the same side as the three oxygen substituents. In addition to the glucosides, two amides, 
(1S,2S,3R,4R)-2,3-epoxy-1,4-dihydroxycyclopentane-l-carboxamide and (1S,4R)-1,4-dihydroxy-2-cyclopentene- 
1-carboxamide, were isolated from P. suberosa and characterized; the amides are probably artefacts, and their 
formation represents a novel enzymatic transformation of plant cyanohydrins. 

Introduction 
In contrast to the vast abundance of natural products 

having a cyclopentane ring as a part of a polycyclic system, 
relatively few naturally occurring nonannellated cyclo- 
pentane derivatives are known. Such natural products can 

(1) Part 13 of the series on natural cyclopentanoid cyanohydrin gly- 
cosides. For part 12, see: Olafsdottir, E. S.; Jaroszewski, J. W.; Seigler, 
D. S. Phytochemistry 1991,30, 867. 

0022-3263/91/1956-2650$02.50/0 

be divided into four major groups. These are the prosta- 
glandins? the antibiotics pentenomycins and related mold 
and bacterial metabolites,36 a few monoterpenes6 including 

(2) Roberta, S. M.; Newton, R. F. Rostaglondim and Thromboxanes; 
Butterworth: London, 1982. 

(3) Smith, A. S.; Branca, S. J.; Pilla, N. N.; Guaciaro, M. A. J.  Org. 
Chem. 1982,47,1855. Verlaak, J. M. J.; Klunder, A. J. H.; Zwanenburg, 
B. Tetrahedron Lett. 1982, 23, 5463. Hetmanski, M.; Purcell, N.; 
Stoodley, R. J. J .  Chem. SOC., Perkin Tram. 1 1984, 2089. Achab, S.; 
Cosson, J.-P.; Das, B. C. J.  Chem. SOC., Chem. Commun. 1984, 1040. 

0 1991 American Chemical Society 



Structure Determination of Natural Epoxycyclopentanes J. Org. Chem., VoE. 56, No. 8, 1991 2651 

Table I. ‘H NMR Spectral Data of Suberin A (2a) and Suberin B (3a) and Their Derivativesa 
chemical shifts (6) and coupling constants (Hz) 

H4c 

compd H2b (3Jz,3) H3 (3J9,4) 

2a 3.98 3.62 4.23 

3a 3.99 3.60 4.24 

2w 3.84 3.79 5.12’ 

3bi 3.85 3.76 5.101 

2c 3.84 3.49 4.28 

(2.8) (1.1) (7.3, 9.1) 

(2.8) (1.2) (7.3, 9.0) 

(2.8) (1.3) (7.6, 8.9) 

(2.7) (1.3) (7.8, 8.9) 

2.45, 1.90 

2.48, 1.81 

2.61, 1.93 

2.63, 1.90 

2.38, 1.94 

(13.2) 

(13.0) 

(13.4) 

(13.4) 

HI’ ( 3 J 1  9 )  remaining SURBT resonances 
4.70 

(7.7) 
4.69 

(7.7) 
4.94 

(7.9) 
4.94 

(7.9) 
4.61 

H2’ 3.25: H6’ 3.86 and 3.69: other 3.3-3.4 

H2’ 3.27: H6’ 3.89 and 3-68: other 3.3-3.4 

H3’ 5.26: H5’ 3.79, H6’ 4.24 and 4.16,” other 5.0-5.2 

H3’ 5.25,8 H5’ 3.83, H6’ 4.25 and 4.21,” other 5.0-5.2 

H6’ 3.76 and 3.63; other 3.2-3.5 
(2.8) (1.2) (7.2, 8.9) (13.3) (7.2) 

(2.5) (7.2, 8.8) (12.8) (7.2) 

(2.8) (1.3) (7.6, 8.5) (13.4) 

(2.5) (2.2) (6.6, 8.2) (17.8) 

(2.9) (1.4) (7.9, 8.1) (12.7) 

(5.5) (1.9) (4.8, 7.2) (13.5) 

3c 3.98 3.45k 4.28 2.37, 1.91 4.63 H6’ 3.80 and 3.61,’ other 3.2-3.5 

2d, 3d 3.78 3.69 4.36 2.65, 1.68 

4 3.49 4.00 4.46 2.52, 2.28 

5 3.39 3.53 4.35 2.11, 1.44 

6 5.75 6.02 4.85 2.84, 1.66 

a In methanol-d, (2a, 3a, 5, and 6) or chloroform-d (remaining compounds). *‘Jz,, 0.5 Hz (1.4 Hz for 5 and 1.3 Hz for 6). ‘The assignments 
of the H5R and H5s resonances were obtained for 2a and 3a from NOE measurements, and the same assignment at higher ppm value 
than H5s) was assumed for the remaining compounds. d3J2,3 9.0 Hz. eZJgsm 12.0, 3J5,6 5.4 and 2.0 Hz. fAcetyl groups at  6 2.12, 2.08, 2.08, 
2.04, and 2.01. g 3 J 2 , 3  and 3J3,4 9.0 Hz. *‘Jem 12.3, 3J56 2.8 and 5.6 Hz. ‘Acetyl groups at  8 2.11, 2.08, 2.05, 2.04, and 2.02. J2Jgem 11.1, 3J5,a 
5.7 and 2.2 Hz. &Assigned by use of COS* spectra. (‘Jgem 10.8, 3J5,8 6.8 and 1.8 Hz. 

chemical defense compounds of insects,’ and the natural 
products derived from 2-cyclopentenyl-~-glycine. The 
latter group consists of fatty acidsasg and cyclopentanoid 
cyanohydrin All glycosides derived from 
2-cyclopentenyl-~-glycine described thus far retained the 
double bond in the ring, as exemplified by la-g.16 The 

(4) Strunz, G. M.; Court, A. S. J. Am. Chem. SOC. 1973, 95, 3000. 
Barton, D. H. R.; Hulshof, L. A. J. Chem. Soc., Perkin Trans. 1 1977, 
1103. Sakamura, S. h o c .  Plant Growth Regul. SOC. Am. 1987,14,186. 
Hutchinson, A,; Grim, M.; Chen, J. J. Heterocycl. Chem. 1989,26,451. 

(5) Haneishi, T.; Terahara, A.; Arai, M.; Hata, T.; Tamura, C. J. An- 
tibiot. 1974,27,393. Brewer, D.; Feicht, A,; Taylor, A.; Keeping, J. W.; 
Taha, A. A.; Thaller, V. Can. J. Microbiol. 1982,28,1252. Fujiwara, A.; 
Okuda, T.; Masuda, S.; Shiomi, Y.; Miyamoto, C.; Sekine, Y.; Tazoe, M.; 
Fujiwara, M. Agric. Biol. Chem. 1982,46,1803. Kinoshita, K.; Yaginuma, 
S.; Hayashi, M.; Nakatau, K. Nucleosides Nucleotides 1985, 4, 661. 
Phillipson, D. W.; Edmonds, C. G.; Crain, P. F.; Smith, D. L.; Davis, D. 
R.; McCloskey, J. A. J. Biol. Chem. 1987,262, 3462. 

(6) Devon, T. K.; Scott, A. I. Handbook of Naturally Occurring Com- 
pounds, Vol. 2 Terpenes; Academic Press: New York, 1972. 

(7) Pasteels, J. M.; Braekman, J. C.; Daloze, D.; Ottinger, R. Tetra- 
hedron 1982,38, 1891. Raupp, M. J.; Milan, F. R.; Barbosa, P.; Leon- 
hardt, B. A. Science 1986,232, 1408. 

(8) Mangold, H. K.; Lundberg, W. 0. J. Oil Technol. Assoc. India 
1980, 12, 108. 

(9) Recently, a new class of algal fatty acids containing the saturated 
cyclopentane ring was discovered Miralles, J.; Aknin, M.; Micouin, L., 
Gaydou, E.-M., Kornprobst, J.-M. Phytochemistry 1990,29,2161. The 
biosynthetic origin of these compounds has yet to be ascertained. 

(IO) Coburn, R. A.; Long, L., Jr. J. Org. Chem. 1966,31,4312. Kim, 
H. S.; Jeffrey, G. A.; Panke, D.; Clapp, R. C.; Coburn, R. A.; Long, L., Jr. 
J .  Chem. SOC.. Chem. Commun. 1970. 381. 

(11) Clapp,’R. C.; Ettlinger, M. G.; Long, L., Jr. J. Am. Chem. SOC. 
1970,92,6378. Ruasell, G. B.; Reay, P. F. Phytochemistry 1971,10,1373. 
Gainsford, G .  J.; Russell, G. B.; Reay, P. F. Phytochemistry 1984, 23, 
ncno 
101 I .  

(12) Jaroszewski, J. W.; Jensen, B. Acta Chem. Scand. 1985, B39,867. 
(13) Jarmzewski, J. W.; Olafsdottir, E. S. Tetrahedron Lett. 1986,27, 

5297. 
(14) Jaroszewski, J. W.; Olafsdottir, E. S.; Cornett, C.; Schaumburg, 

K. Acta Chem. Scand. 1987, B41, 410. 
(15) Jaroszewski, J. W.; Andersen, J. V.; Billeskov, I. Tetrahedron 

1987, 43, 2349. 
(16) A number of derivatives of le-f, all of which retain the double 

bond, was described: Jaroszewski, J. W.; Bruun, D.; Clausen, V.; Comett, 
C. Planta Med. 1988, 271. Jaroszewski, J. W.; Fog, E. Phytochemistry 
1989,28, 1527. Olafsdottir, E. S.; Cornett, C.; Jaroszewski, J. W. Acta 
Chem. Scand. 1989,43,51. Olafsdottir, E. S.; Jaroszewski, J. W.; Seigler, 
D. Photochemistry 1991, 30,867. 

compounds are produced by the tropical plant families 
Passifloraceae, Flacourtiaceae, and their close allies.” 

. . , s t ~ R a  +; *%. 

R3 R4 
l 

a: 
b: Rl 
C: 

d: 
e: 
f 

g: RI = 

RI = R1= H. Rg = CN, & =%IC. R3 = R6 = H 
R2 = H, Rg = %IC, & = CN. R5 = R6 = H 

RI = H, R2 = OH, R3 = CN, & = %IC, Rs = R6 = H 
R1 =OH, R1= H. Rg = OGk. & = CN, Rs = R6 = H 
RI = H. R2 = OH, Rg = O G l C ,  & = CN, Rs = R6 = H 
RI =OH, Rz = H, Rg = CN, & = OGk. R5 = R6 = H 

= H, R2 = R5 = OH, R, = CN, 5 = %IC 

Glc = B-D-glucop~anosyl 

Structures and stereochemistry of the epoxy derivatives 
2a and 3a, which are two new members of this group, are 
described below; the trivial names suberin A and B, re- 
spectively, are suggested for these epoxides.18 Nonan- 
nellated epoxycyclopentanes have so far been isolated only 
from bacteria and fungi;5 this is thus the first case of 
demonstration of such epoxides in plants. Compounds of 
this kind can be of interest as chiral starting materials for 
the synthesis of biologically active compounds, for example 
the pro~tag1andins.l~ 

(17) Jaroszewski, J. W.; Jensen, P. S.; Cornett, C.; Byberg, J. R. Bio- 
chem. Syst. Ecol. 1988,16, 23. Olafsdottir, E. s.; Andersen, J. V.; Jar- 
oszewski, J. W. Phytochemistry 1989, 28, 127. Olafsdottir, E. s.; Jar- 
oszewski, J. W.; Arbo, M. M. Biochem. Syst. Ecol. 1990, 18, 435. 

(18) An epoxycyclopentane glucoside, possibly 2a, was isolated pre- 
viously, but the material was not obtained in pure state, and the dis- 
cussion of ita stereochemistry was basically unsound Spencer, K. C.; 
Seigler, D. S. Phytochemistry 1987,26,1665. The compounds 2a and $a 
are two out of eight possible stereoisomers; because of the need to refer 
to them by trivial names in botanical literature, we suggest the names 
suberin A, B, C, etc. for the present and future isomers. 
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Table 11. 'c NMR Spectral Data of Suberin A (2a) and Suberin B (3a) and Their Derivativesa 
chemical shifta (6) 

compd c1 C2 and C3 c4 c5 CN C1' remaining glucose carbons 
2a 75.6 55.6, 55.8 67.9 36.2 116.8 99.8 60.6, 69.3, 72.8, 76.0, 76.4 
Sa 75.9 56.8, 57.0 67.2 36.0 116.3 100.1 60.6, 69.4, 72.7, 76.0, 76.4 
2bb 75.9 54.6, 56.0 70.1 34.4 116.2 98.0 61.8, 68.2, 70.9, 72.6, 72.6 
3bc 76.0 55.4, 57.2 69.7 34.5 115.8 98.2 61.8, 68.2, 70.8, 72.6, 72.6 
2c 75.4 56.2, 56.4 69.2 38.1 117.3 100.4 61.9, 71.4, 75.0, 77.3, 78.1 
3c 76.0 57.5, 57.7 68.3 37.1 116.8 100.7 62.2, 71.7, 74.9, 77.3, 78.3 

6e 86.3 136.5, 139.7 76.5 49.2 
5d 80.8 60.0, 60.6 72.1 39.9 

OIn methanol-d, (2a, 3a, 5, and 6) or chloroform-d (remaining compounds). *Acetyl groups: 6 20.5 (5 CH,), 169.3, 169.3, 170.2 170.3, 170.5. 
CAcetyl groups: 6 20.6 (3 CH,), 20.7 (2 CH3), the carbonyl carbons were not assigned. dAmide carbon: 6 179.1. eAmide carbon: 6 180.6. 

Results and Discussion 
Extraction of Pussifloru suberosu L. (Passifloraceae), a 

vine common in tropical America and Southeast Asia, and 
fractionation of the extract by column chromatography 
gave three cyanogenic fractions, which were further pu- 
rified by HPLC as described in the Experimental Section. 
The two minor fractions were known glucosides: tetra- 
phyllin A (1b)"J2 and a mixture of epivolkenin (IC) and 
taraktophyllin (Id)? The main cyanogenic fraction was 
the epoxide 2a. 

2 3 
8: R1 = P-D-glucopyranosyl, R2 = H 

b: RI = teaa-0-acetyl-P-D-glucopyranosyl. R2 = CCXH3 

c: RI = tePd-O-mimethylsilyl-~-D-glucopyr~osyl. R2 = Si(CH3)I 

d: RI  = R z = H  

0 
4 

OH .+* OH ...+ 

5 6 

The NMR spectra of the major glucoside, in contrast to 
all previously isolated cyclopentanoids, showed no olefinic 
signals; instead, 'H resonances at  3.62 and 3.98 ppm, with 
a characteristic splitting of about 3 Hz (Table I), and I3C 
resonances at 55.6 and 55.8 ppm (Table 11), corresponding 
to epoxide protons and carbons,20 were observed. Other 

~ ~~ 

(19) Goverdhan, M. J.  Sci. Ind. Res. 1978,37,256. Harre, M.; Rad- 
dab, P.; Walenta, R.; Wmterfeldt, E. Angew. Chem. 1982,94,496; Angew. 
Chem., Znt. Ed. Engl. 1982,21,480. "rat, B. M. Chem. SOC. Rev. 1982, 
11, 141. Noyori, R.; Suzuki, M. Angew. Chem. 1984, 96, 854; Angew. 
Chem., Znt. Ed. Engl. 1984,23,847. Laumen, K.; Schneider, M. P. J. 
Chem. SOC., Chem. Commun. 1986,1298. 

(20) Cf., for example: Hevesi, L.; Nagy, J. B.; Krief, A.; Derouane, E. 
G. Org. Magn. Reson. 1977,lO. 14. Nahrstedt, A.; Walther, A.; Wray, V. 
Phytochemietry 1982,24,107. Hua, D. H.; Venkataraman, S. Tetrahe- 
dron Lett. 1986,26, 3765. BarMk, M.; Lang, K. L. Oxiranes. In The 
Chemistry of Hetrocyclic Compounds; John Wiley & Sons: New York, 
1986; Vol42, Part 3 Small Ring Heterocycles, p 1. 

Figure 1. ORTEP drawing9* of the molecule of 2a, showing the 
numbering system of atoms. 

resonances in the 'H and 13C NMR spectra, including the 
glucopyranosyl group signals, were similar to those re- 
ported before for lc-f.14J6 

The aglucon of 1-(@-~-glucopyranosyloxy)-2,3-epoxy-4- 
hydroxycyclopentane- 1-carbonitrile has four chiral centers 
and eight possible stereoisomers. The relative configura- 
tion of C3 and C4 was established on the basis of NOE 
difference spectra, Irradiation of the H4 resonance at  6 
4.23 ppm caused 5% enhancement of the H3 signal a t  6 
3.62 ppm, 4% enhancement of the H5R signal a t  6 2.45 
ppm, and had no effect on the intensity of the H5s signal 
at 6 1.90 ppm. However, the Configuration of the remaining 
asymmetric center (Cl) could not be inferred from the 
NMR data alone.21 Therefore, an X-ray analysis of 2a 
was carried out. 

The structure was determined at  110 K and refined to 
R = 0.036 as described in the Experimental Section. The 
configuration of the aglucon was found to be lR,!X,3R,4R 
by reference to the 0-D-glucopyranosyl group. The con- 
formation of 2a found in the crystal is shown in Figure 1. 
The cyclopentane ring adopts an envelope conformation 
with C5 placed 0.41 8, away from the plane formed by the 
remaining carbons and to the same side as the three at- 
tached oxygens. The geometry of the glucopyranosyl group 
is in agreement with that normally found.22 

The packing of the molecules in the crystal is dominated 
by the five hydroxy groups, which form hydrogen bonds 
to neighboring molecules, as shown in Figure 2. Three 

(21) For cyclopentene cyanohydrin glucosides with enantiomeric ag- 
lycons (la-0, the chemical shift of the anomeric proton of the 8-D- 
glucopyranose moiety has a lower value for the 1S configuration than for 
the 1R config~ration.~~-'~ However, the chemical shifts of the anomeric 
protons in 2a and 3a are practically the same (Table I) and hence give 
no information about the configuration of C1. Also, we were not able to 
observe NOES between the glucopyranosyl group and the protons atta- 
ched to C5. 

(22).Amott, S.; Scott, W. E. J. Chem. Soc., Perkin Trans. 2 1972,324. 
Sheldrick, B.; Akrigg, D. Acta Crystallogr. 1980, B36, 1615. 
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Figure 2. The packing of the molecules of 2a in the crystal. 
Hydrogen bonds are represented by thin lines. The x-axis points 
into the paper, the y-axis points from left to right, and the z-axis 
downward. 

of the hydroxy groups (4-OH, 2'-OH and 3'-OH) connect 
the molecules in a helix along the x-axis, assisted by 6'-OH 
forming a hydrogen bond to 04' in the adjacent molecule 
along the x-axis. These hydrogen bonds are the principal 
forces that link the molecules in the x -  and y-axis direc- 
tions, building double layers of molecules. The outer 
surface of the molecules of these layers (at z = 0, z = 0.5, 
etc.) is apolar, apart from a single hydrogen bond from 
4'-OH to 06'. Therefore, only weak forces hold the mol- 
ecules in the z-axis direction. The extreme difficulties in 
growing suitable crystals for the structure determination 
are thus understood, as the crystals grew as very thin 
needles in the x-axis direction, showing more or less dis- 
order in the packing in the z-axis direction. 

The two oxygens at C1 and C4 in the crystals of 2a are 
in a quasiequatorial position, as shown in Figure 1. By 
examining the values of the 3&4,H5 coupling c0nstants,~3 
the conformation of the epoxycyclopentane ring of 2a and 
3a in solution can be concluded to be identical with that 
in the crystal. The 3&4,H5R is about the same for the 
cyclopentenes IC and Id, which have quasi-axial oxygens 
a t  C1 and C4 (7.2 Hz), and the epoxides 2a and 3a, which 
have quasi-equatorial oxygens at C1 and C4 (7.3 Hz), 
whereas the 3&4,HsS is considerably larger for the quasi- 
diequatorial conformation (9.0 Hz) than for the quasi- 
diaxial one (4.8 H z ) . ~ ~  

An epoxide similar to 2a was isolated from Kiggelaria 
africana L. (Flacourtiaceae), which produces gynocardin 
(lg) as the major cycl~pentanoid. '~+~~ Other minor glu- 
cosides isolated were deidaclin (la), tetraphyllin A (lb), 
epivolkenin (IC), and taraktophyllin (ld).12J5 

The 'H and 13C NMR spectra of the second epoxide 
were only slightly different from those of 2a (Tables I and 
11). The only significant difference in the 'H NMR spectra 
was in the chemical shifts of the geminal H5 protons, which 
were 1.81 and 2.48 ppm (A6 0.67 ppm), as compared to 1.90 
and 2.45 ppm for 2a (A6 0.55 ppm). In the 13C NMR 
spectra of 2a and the new epoxide, all chemical shifts 

(23) Cocu, F. G.; Wolczunowicz, G.; Bora, L.; Posternak, Th. Helo. 
Chim. Acta 1970, 53, 739. Cocu, F. G.; Wolczunowicz, G.; Bors, L.; 
Poatarnak, Th. Helu. Chim. Acta 1970,53,1511. 

(24) Jaroszewski, J. W.; Olafsdottir, E. S. Phytochemistry 1987, 26, 
3348. 
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differed by less than 1.5 ppm, indicating that the com- 
pounds are closely related stereoisomers. NOE spectra 
with irradiation of H4 at  4.24 ppm gave reaults, which were 
identical to those obtained with 2a, i.e., about 5% en- 
hancement of H3 and H5R signals a t  3.60 and 2.48 ppm, 
respectively. Thus, the two epoxides have the same rela- 
tive stereochemistry of C3 and C4, and hence also of C2. 
The configuration of the last asymmetric center (Cl) was 
established as follows. 

The two 3&4,H5 coupling constants in cyclopentenes IC 
and Id  (the cis-1,4-dioxygenated pair) are identical, i.e., 
7.2 Hz (VCb) and 4.8 Hz (3Jt,).'5 For le and l f  (the 
trans-1,4-dioxygenated pair) the coupling constants are 
again identical, i.e., 6.5 Hz (V,.J and 4.0 Hz (Vkm),14 but 
significantly different from the former values. The same 
pattern is observed for the acetates and TMS derivatives 
of these stereoisomeric pairs.14J5 These relationships re- 
flect the dependence of the coupling constants on the 
geometry of the coupling path and orientations of elec- 
tronegative substituents relative to the coupled nuclei. The 
ring geometry can hence be concluded to be identical for 
the glucosides with enantiomeric aglucons (IC and Id, le 
and If), irrespective of the presence of the same 8-D- 
glucopyranosyl group in each case. The same can be as- 
sumed to be valid for epoxy derivatives of these cyclo- 
pentenes. For the epoxides, as well as their acetates and 
TMS derivatives, the two 3&4,H5 couplings (cis and trans) 
are identical for each pair, i.e., 2a and 3a, 2b and 3b, and 
2c and 3c (Table I). This indicates, that the configuration 
of C1 relative to that of C4 is the same in both epoxides. 

Corroborative evidence for the aglucon structure of 3a 
is obtained by considering the chemical shifts of the gem- 
inal protons attached to C5. The chemical shift differences 
between the geminal protons of the cis-l,4-dioxygenated 
cyclopentenes, IC and Id, and their derivatives (A6 
0.69-0.98 ppm),15 are greater than the same differences in 
the trans-1,4-dioxygenated isomers, le and l f ,  and their 
derivatives (A6 0.18-0.69 ppm).14 This is due to deshielding 
by different number of cis oxygens (one oxygen cis to each 
of the geminal protons in le and lf; two cis oxygens to one, 
and none to the other geminal proton in IC and la). Since 
the differences in the chemical shifts of the geminal pro- 
tons in 28-c and 3a-c are quite similar, especially for the 
acetates and TMS ethers (Table I), where interferences 
from the @-D-glucopyranosy~ group and from solvation 
effects can be assumed to be small, it can be concluded that 
the number of oxygens cis to each of the geminal protons 
in 2a-c and 3a-c is the same. In other words, the two 
epoxides have enantiomeric aglucons. 

Final proof of the stereochemistry of the epoxides was 
obtained from their enzymatic hydrolysis to the corre- 
sponding cyanohydrins. The 'H NMR spectra of the 
cyanohydrins 2d and 3d, obtained from 2a and 3a, re- 
spectively, were identical, showing that they indeed are 
enantiomers. An identity of 'H NMR spectra of two 
cyanohydrins of 2,3-epoxy-4-hydroxycyclopentan-l-one, 
which are epimeric a t  C1, can be safely excluded. Thus, 
the change of stereochemistry at C1 would affect coupling 
constants, by changing the conformation of the cyclo- 
pentane ring, as well as alter chemical shifts of protons 
vicinal to the l-hydroxy group, as discussed above. The 
configuration of the Kiggelaria epoxide is thus 
1S,2S,3S,4S, as shown in 38. Besides the cyanohydrins, 
the hydrolysis products contained ketone 4, formed by 
dissociation of the latter. 

Along with 2a, two amides, 5 and 6, were isolated from 
P. suberosa, when the plant material was dried prior to 
extraction, and hence they are probably artefacts of iso- 
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gel, with mobile phase consisting of ethyl acetate-acetone-di- 
chloromethane-methanol-water (20156:54). The fractions (25 
mL) were monitored by TLC with the same solvent, using 
cyanidespecific (sandwich picrate aesey?g as well as sugar-specific 
(naphthoresorcinol reagent) method of visualizing the spots. 
Fractions 65-79 were evaporated and further purified by re- 
verse-phase HPLC using methanol-water (3:7), to give about 4 
mg of tetraphyllin A (lb), identified by 'H NMR spectra in 
CD30D.12v29 Fractions 80-237 were evaporated, and the residue 
(5.1 g) was chromatographed again, on a 4 X 75 cm column of silica 
gel eluted with ethyl acetatemethanol-water (7820:2). The crude 
cyanogenic isolate (4.7 g) was further purified by reverse-phase 
HPLC using methanol-water (1:9) to give 1380 mg of epoxide 
2a and ca. 100 mg of a mixture of epivolkenin (IC) and tarak- 
tophyllin (la) (ratio 15:l); the latter mixture was not resolved, 
but the glucosides were identified and their ratio measured by 
means of 'H NMR spectra in CD30D.1s The epoxide 2a was 
recrystallized from acetone-ethyl acetate: mp 197-198 "C; [a lU~ 
+12.1° (c 0.5, methanol); IR (KBr) 3390 (br, s), 1425 (m), 1380 
(w), 1340 (w), 1320 (w), 1295 (m), 1260 (m), 1230 (w), 1150 (m), 
1110 (m), 1075 (s), 1035 (s), 985 (m), 910 (e) cm-'. 

Anal. Calcd for Cl2Hl7NOS: C, 47.53; H, 5.65; N, 4.62. Found 
C, 47.14; H, 5.82; N, 4.44. 

( 1 s  ,2S ,3S ,4S)- l-(~-~-Glucopyranosyloxy)-2,3-epoxy-4- 
hydroxycyclopentane-1-carbonitrile (3a). Leaves and stem 
of Kiggeluria ufricana L. obtained from the Botanical Garden, 
University of Copenhagen, were freeze-dried and pulverized, and 
the material (48 g) was extracted with 2 X 1.5 L of boiling 
methanol-water (4:l v/v). The extract (11.6 g) was fractionated 
on a 5 x 50 cm silica gel column, similarly as described above. 
Fractions 40-44 were further purified by reverse-phase HPLC 
using methanol-water (37) to give 6 mg of a mixture of deidaclin 
( la )  and tetraphyllin A (lb) (ratio 1:2). Fractions 45-90 were 
purified in the same way, but using methanol-water in a ratio 
of 1:9. This yielded 80 mg of a mixture of epivolkenin (IC) and 
taraktophyllin (la) (ratio 3:4), 240 mg of gynocardin (lg), and 
42 mg of a mixture of the latter and epoxide 3a, which was 
separated by normal-phase HPLC with ethyl acetate-acetone- 
dichloromethane-methanol-water (2015654), to give 35 mg of 
pure 3a. Another isolation from 167 g of fresh plant material gave 
48 mg of 3a, recrystallized from acetone-ethyl acetate: mp 
130-133 OC; [.I2$, -49" (c 0.3, methanol); IR (KBr) 3390 (br, s), 
1410 (m), 1340 (m), 1315 (m), 1260 (m), 1240 (w), 1210 (w), 1150 
(m), 1070 (s), 1030 (s), 985 (m), 905 (m) cm-'. 

Anal. Calcd for C12H17N08: C, 47.53; H, 5.65; N, 4.62. Found: 
C, 47.52; H, 5.55; H, 4.25. 

Enzymatic Hydrolysis of 2a and  3a. The epoxide (25 mg 
of 2a or 15 mg of 3a) was dissolved in 2 mL of 50 mM phosphate 
buffer (pH LO), and 0.5 mL of Helix pomatia enzyme prepara- 
tion%J" (Sigma, cat. no. G 0876, @-glucuronidase activity 10' 
unita/mL) was added. After 35 min a t  room temperature, the 
solution was extracted with ethyl acetate (3 X 2 mL), the extract 
was evaporated, and the residue was dissolved in chloroform-d 
and immediately examined by 'H NMR. The cyanohydrins 
present in both cases gave identical spectra (Table I); h i d e s  the 
cyanohydrins, the spectra showed the presence of the respective 
ketones (4 and ita enantiomer). 

(1R,2R ,3R,4R)- 1-(Tetra- 0 -acetyl-B-D-glucopyranosyl- 
oxy)-2,3-epoxy-4-hydroxycyclopentane-l-carbonitrile (2b). 
The epoxide 2a was treated overnight with a 1:l mixture of acetic 
anhydride and pyridine, the mixture was evaporated, and the 
resulting acetate was recrystallized from ether-petroleum ether: 
mp 184.5-185.5 "C; [.IUD +11.6" (c 0.5, chloroform); IR (KBr) 
2960 (w), 1740 (s), 1370 (m), 1220 (e), 1065 (s), 900 (m) cm-'. 
Anal. Calcd for CzzHnNO13: C, 51.46; H, 5.30; N, 2.73. Found 

C, 51.66; H, 5.35; N, 2.65. 
( 1 s  ,2S ,3S ,4S)- 1-(Tetra- 0 -acetyl-~-D-g~ucopyranosy~- 

oxy)-2,3-epoxy-4-hydroxycyclopentane-l-carbonitrile (3b). 
The acetate 3b, obtained as described for 2b, was recrystallized 

lation. NOE measurements were performed on both am- 
idea and gave results similar to those obtained with 2a and 
3a. In addition, irradiation of the high-field H5 resonance 
gave 7% enhancement of the protons of the two hydroxy 
groups (DMSO as solvent). Thus, amides 5 and 6 have the 
same relative configuration at the chiral centers as the 
aglycons of epoxide 2a and the cyclopentene IC. The 
absolute configuration of the amides follows from their 
molecular rotations, dominated by strongly dextrorotatory 
interaction of the amide group with the double bond or 
the epoxy  group."*^ The amides can be logically con- 
sidered to be degradation products of 2a and IC, respec- 
tively; although hydrolysis of cyanohydrin glucosides to 
the corresponding cyanohydrins and carbonyl compounds 
is well known,% we are not aware of any previous report 
of efficient hydrolysis to amides by plant enzymes. 

It is noteworthy that the epoxides 2a and 3a described 
in this work are present in the two plants as single isomers, 
in contrast to the corresponding cyclopentenes la-f, which 
practically always occur as pairs with enantiomeric aglu- 
c o n ~ . ~ ~ ~ ~ * ~ ~  A plausible explanation of the latter phenom- 
enon is that the enzymes, hydroxylating 2-cyclopentene- 
carbonitrile (the presumed intermediate27 in the biosyn- 
thesis of la-f) at C1, do not recognize the position of the 
double bond in the cyclopentene ring. Thus, both enan- 
tiomers of 2-cyclopentenecarbonitrile are hydroxylated at 
C1, giving racemic cyanohydrin, which leads to the cooc- 
currence of la and lb. Similarly, further hydroxylation 
of the latter cyanohydrin at C4 is regioselective, the 4- 
hydroxy group being introduced either cis or trans to the 
hydroxy group at C1, but not enantioselective. This leads 
to cosynthesis of IC and Id or l e  and If. 

On the other hand, epoxide synthetase involved in the 
biosynthesis of 2a or 3a apparently recognizes the position 
of the double bond relative to other functional groups in 
the molecule. This results in selective epoxidation of only 
one enantiomer and formation of either 2a or 3a, but not 
both at the same time, in spite of the fact that IC, as well 
as Id, is present in the plants producing these epoxides. 

Experimental Section 
General Methods. Elemental anal- were performed at the 

Institute of Chemistry, University of Copenhagen. Melting points 
were determined in capillaries and are corrected. 

Thin-layer chromatographic and column chromatographic 
separations were carried out using Merck silica gel 60 precoated 
aluminium plates, and Merck silica gel 60, 0.066-0.2 mm, re- 
spectively. HPLC separations were performed using 1.6 X 25 m 
columns of Lichrosorb RP-18 (5 rm) or Lichrosorb Si60 (7 pm) 
and refractive index detection. 

( 1 R,2R,3R,4R)-1-(~-D-Glucopyranosyloxy)-2,3-epoxy-4- 
hydroxycyclopentane-1-carbonitrile (2a). Fresh leaves and 
stems of Passiflora suberosa L. were collected in September in 
a greenhouse of the Botanical Garden, University of Copenhagen, 
and were extracted immediately. The material (1200 g) was 
divided into several portions, and each portion added to lo00 mL 
of boiling methanol-water (41) .  The mixture was boiled for 3 
min, and then the hot mixture was homogenized while hot, boiled 
for additional 2 min, and filtered. The filter cake was extracted 
again for 5 min with a fresh portion of boiling solvent. The 
combined extra& were evaporated almost to dryness. The residue 
(20 g) was redissolved in methanol, adsorbed on silica gel by 
evaporation, and chromatographed on a 8 x 30 cm column of silica 

(25) Brewstar, J. H. J. Am. Chem. SOC. 1958,81,5493. Brewater, J. 
H. Top. Stereochem. 1967,2,1. 

(26) HBsel, W. In Cyanide in Biology; Vennesland, B., Conn, E. E., 
Knowles, C. J., Westley, J., Wissing, F., EMS.; Academic Press: London, 
1981; p 217. 

(27) Conn, E. E. In The New Frontiers in Plant Biochemistry; Aka- 
zawa, T., Asahi, T., Imaeeki, H., Eds.; Japan Scientific Societies Press: 
Tokyo, 1983; p 11. 

(28) Brimer, L.; Christensen, S. B.; Melgaard, P.; Nartey, F. J. A&. 

(29) Because of the small amount of the material, the presence or 

(30) Helferich, B.; Goerdeler, J. Ber. Verhandl. S6ch.g. Akad. Wise. 

Food. Chem. 1983,31,789. 

absence of deidaclin (la) could not be confirmed. 

Leipzig. Math.-Phys. Kl. 1940, 92, 1. 
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Anal. Calcd for CsH&J03: C, 50.35; H, 6.34; N, 9.78. Found 
C, 50.36; H, 6.18; N, 9.79. 

Crystal Structure Determination of 2a  Crystals were grown 
from a solution of the epoxide in a mixture of water and butanol, 
by allowing the solvent to evaporate very slowly (several months) 
at room temperature. Very thin, needle-shaped crystals were 
formed, which exposed to X-ray radiation appeared as multiple 
crystals. A crystal having the dimensions 0.03 X 0.08 X 0.27 mm 
was used for the space group determination and data collection 
at 110 K using Cu Ku radiation (A = 1.541 78 A). 

Crystal data are as follows: Cl2HI7O8N, M = 303.3, ortho- 
rhombic, space group P212121 (no. 191, a = 5.6856 (6) A, b = 10.0% 
(1) A, c = 22.099 (2) A, V = 1267.3 A3, 2 = 4, D, = 1.589 g/cm9. 
Although the crystal consisted of two fragments, it was possible 
to collect the data exclusively from the principal fragment. In- 
tensities of 3948 reflections (0 5 h I 7,O I k I 12, -27 I 1 I 27) 
were measured using w - 20 scan mode. Intensities of three 
reflections measured every lo4 s showed no unusual variation 
during the experiment. The 3918 reflections were merged resulting 
in 2642 reflections, of which 2198 with lFOl2 1 3a(lFol2) were used 
in the structure determination. 

The structure was solved by use of MULTANW’ and refined 
by full-matrix least-squares methods. All non-hydrogen atoms 
were refined anisotropically. No corrections for absorption was 
used. The locations of the 17 hydrogen atoms were determined 
from succesive difference Fourier syntheses; the positions of the 
five hydroxylic hydrogen atoms were refined, whereas the re- 
maining hydrogen atoms were kept in calculated positions. A final 
R of 0.036 and R, of 0.049 were obtained, minimizing Cw(lFol 
- kiF’cl)2 with w = 1/2(iF’,,I), where u(iF’4) = u(iF’d2)/(2iF’4). During 
the last cycle of refinement the maximum shift was 0.02~. Atomic 
scattering factors were those incorporated in the SDP program 
package, which was used for all calculations. The final fractional 
coordinates and isotropic equivalent temperature factors for 
non-hydrogen atoms are given in Table 111. 
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Table 111. Fractional Coordinates and Isotropic Equivalent 
Thermal Parameters for Non-hydrogen Atoms (esd’s in 

Parentheses) 
Bq = 4/3f?ipiaj 

atom 
c1 
c2 
c 3  
c 4  
c 5  
C6 
N1 
0 2  
0 4  
C1’ 
C2’ 
C3’ 
C4’ 
C5’ 
C6’ 
01’ 
02‘ 
03‘ 
04’ 
05‘ 
06‘ 

1: 

0.0811 (3) 
0.2671 (4) 
0.2241 (4) 
0.0119 (4) 

-0,0247 (4) 
-0.0924 (4) 
-0.2206 (3) 
0.4172 (3) 
0.0357 (3) 
0.3294 (3) 
0.4444 (3) 
0.6096 (3) 
0.4920 (3) 
0.3785 (3) 
0.2522 (4) 
0.1640 (2) 
0.5800 (3) 
0.6710 (3) 
0.6723 (2) 
0.2106 (2) 
0.1065 (2) 

Y 
0.3358 (2) 
0.4112 (2) 
0.5541 (2) 
0.5750 (2) 
0.4401 (2) 
0.2889 (2) 
0.2602 (2) 
0.4888 (1) 
0.6820 (2) 
0.1461 (2) 
0.0611 (2) 

-0.0399 (2) 
-0.1073 (2) 
-0,0059 (2) 
-0.0647 (2) 
0.2287 (1) 
0.1447 (2) 

-0.1358 (1) 
-0.1798 (2) 
0.0671 (1) 

-0.1751 (1) 

2 

0.13537 (9) 
0.0995 (1) 
0.1068 (1) 
0.1472 (1) 
0.1782 (1) 
0.0894 (1) 
0.05170 (9) 
0.13762 (7) 
0.18862 (7) 
0.14389 (9) 
0.19239 (9) 
0.16268 (9) 
0.1083 (1) 
0.06589 (9) 
0.01206 (9) 
0.17160 (7) 
0.23111 (7) 
0.20708 (7) 
0.07782 (7) 
0.10057 (7) 
0.02592 (7) 

B,  
0.79 (3) 
0.87 (3) 
0.98 (3) 
0.94 (3) 
0.94 (3) 
0.84 (3) 
1.20 (3) 
1.16 (2) 
1.28 (3) 
0.71 (3) 
0.76 (3) 
0.74 (3) 
0.73 (3) 
0.76 (3) 
0.98 (3) 
0.78 (2) 
1.29 (2) 
1.03 (2) 
1.01 (2) 
0.83 (2) 
0.92 (2) 

from ether-petroleum ether: mp 155-156 ‘c; [.IUD -9.0’ (c 0.3, 
chloroform); IR (KBr) 2960 (w), 2920 (m), 1750 (s), 1370 (m), 1220 
(a), 1070 (a), 900 (m) cm-’. 

Anal. Calcd for CaHnNOI3: C, 51.46, H, 5.30; N, 2.73. Found 
C, 51.56; H, 5.28; N, 2.68. 

Penta- 0 -trimethylsilyl Derivatives 2c and 3c. These de- 
rivatives were obtained by heating 2a or 3a for 20 min at 40 ‘C 
in a 1:l:l mixture of trimethylchlorwilane, hexamethyldisilazane, 
and pyridine, followed by evaporation. The derivatives were used 
for ‘H and lSC NMR analysis without purification. 

( 1 S ,2S ,3R ,4R)- 1,4-Dihydroxy-2,3-epoxycyclopentane- 1 - 
carboxamide (5). When oven-dried, rather than fresh, plant 
material of P. suberosa was used for isolation of 2a, 17 g of the 
extract gave, along with lb-d and 2a, 258 mg of a crystalline 
mixture of amides 5 and 6 (ratio 101). From this mixture, 149 
mg of 5 was isolated by reverse-phase HPLC with methanol-water 
(1:99). The amide was recrystallized from methanol-ether: mp 
164-165 OC; [ulUD +91’ (c 0.2, methanol); IR (KBr) 3430 (s), 3370 
(s), 3320 (81, 3280 (81, 3050 (w), 2925 (m), 1670 (81, 1650 (s), 1257 
(m), 1140 (s), 900 (s) cm-’. 

Anal. Calcd for C6H9N04: C, 45.28; H, 5.70; N, 8.80. Found: 
C, 45.30; H, 5.70; N, 8.76. 

( 1S,4R)-1,4-Dihydroxy-2-cyclopemtene- 1-carboxamide (6). 
This amide was obtained along with 5 as described above. Re- 
verse-phase HPLC gave 14 mg of pure 6, recrystallized from 
methanol-ether: mp 143-144 ‘C; [CY]%D +275’ (c 0.2, methanol); 
IR (KBr) 3440 (s), 3380 (s), 3280 (s), 2990 (w), 2950 (w), 2920 (w), 
1675 (s), 1650 (s), 1615 (m) cm-’. 


