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Abstract - An X-my crystallographic analysis of illudin S, an antitumor sesquiterper~ from Omphalofns i&fens, has been 
carried out. Crystal data: Cl5H20G4, orthothombic, space group P21212, a = 15.103(5). b = 10.574(5). c = 8.917(3) 
A, Zr 4, F(C00) = 568. X (Cu) = 1.54184 A. Fti residual index R = 0.037. Jnteratomic distances indicate nonbonded 
repulsive hrtemctions between the methylenes of the cyclopropane ring and the adjacent tertiary hydroxyl and methyl 
groups. Relief of this interaction may explain the ready isomerization of illudms to isoilludms. Molecular mechanics 
calculations show isoiilludin M to be -5 kcal/mol more stable than illudin M in agreement with this postulate. Reaction of 
illudin M with dilute HQ gives two chloroindantriols by nuckopbhic attack of chlotide on the cyclopropane ring leading tc 
a quinoid intermediate which is trapped by solvent. llludins can thus act as bifunctional alkylating agents. 

Illudin S and M (1 and 2) are sesquiteqenes produced by the mushroom Omphalotus illudens (formerly 

Clitocybe ilhdms) when gmwn in culture. 1.2 Jlludin S has been isolated from fruit bodies of the yellow-orange 

mushroom, and is believed to be one of the main toxins of 0. olivascens 3 and the closely related Lampreromyces 

juponicus.4*5 Recent studies have shown that illudin S and M am cytotoxic to human leukemia cells (JR 60) at 

concentrations of 6-100 nU6 Qtokinedc experiments showed that illudin S caused a complete block at the Gl-S phase of 

the cell cycle. Kinetics of inhibition of radiolabeled tbymiw uridine and leucti incorporation suggested a primary e&t 

on DNA synthesis. In colony and liquid culture assays, cell killing was time dependent but near maximal with a 2-h 

exposure. Myeloid and T-lymphocyte leukemia cells were most sensitive (50% inhibitory concentration, 6-l 1 nM), but 

B-cell leukemia/lymphoma, melanoma and ovarian carcinoma cells were at least 10 times more resistant Multiple 

drug-m&tam leukemia cells mmained susceptible to ~utins.6 

In order to detemrine the reasons for the extreme cytotoxicity of ihudins (which approaches that of ricin, one of the 

most potent toxins known), we have undertaken a de&tiled study of structure and reactivity of these compounds and their 

derivatives. Clarification of the mechanism of toxicity will enable us to modify the suuctme so as to produce a compound 

with even greater selectivity in its toxicity toward leukemia cells than nonnal cells. 

It seemed desirable to begin this study by carrying out an X-my crystallographic analysis of ilhulm S. Such an 

analysis has never been reported for illudin S, although X-ray analyses of an iodobenxoate of isoilludii S4 and also its 

triacetate7 have been published. Isoilludm S(3) is formed in an unambiguous way by acyloin marrangement of illudm S so 

that the absolute contiguration of the latter could be inferred from that determined for isoilludin S. 
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Crystals of illudin S obtained from ethyl acetate were orthorhombic with space group P21212. There were four 

molecules in a unit cell of dimensions a = 15.103(S). b = 10.5740, c = 8.917(3) A. The structure was solved by direct 

methods using the SHELXTL software and a computer-generated drawing of the molecule is shown in Pigure 1, while 

crystallographic data am given in Table 1. 

FigulE 1. Crystal stmctum of the Illudin S molecule+ illustrating the atom numbering scheme. All atoms except 
hydrogen are shown as ellipsoids of 30% probability. 

The six-membered ring is seen to be in an envelope conformation with C3 C4 C5 C6 and Cl almost coplanar with 

Cl 1 Cl2 and Cl3 of the five-membered ring. Thus, the following torsion angles were obtained: C3 C4 C5 C6,2.8”. C4 

C5 C6 Cl, -6.4”. C4 C5 C6 Cl3 172.0°, C4 C5 Cl1 C12, -168.6’. Cl C6 Cl3 C12.176.5=, CS C6 Cl3 C12, -1.8’, 

C6 C5 Cl 1 C12.5.8”, Cl 1 C5 C6 C13, -2.8’. On the other hand, C2 is appreciably above the plane defined by C3 C4 CS 

C6 Cl as indicated by the torsion angles C2 C3 C4 CS, 24.6“ and C’2 Cl C6 C5, -17.9”. Perhaps one of the most notable 

features of the structure which may have a bearing on its reactivity is the location of the tertiary hydroxyl(02) and the 

adjacent methyl (C8) with respect to the cyclopmpsne ring (C9 and ClO). The interatomic distances 02-C9 and 02X10 

am 2.885 and 2.825 A respectively. These distances are well within the sum of the van der Waals radii of oxygen and 

methylene (3.4 A).8 Similarly, the C8-C9 distance is 3.221 A, which is less than the sum of the van der Waals radii for 

methyl and methylene (4 A). These values indicate repulsive nonbonded interactions between the methylenes of the 

cyclopmpane ring and the adjacent hydmxyl(O2) and methyl (C8) groups and may explain the tendency for the methyl to 

migrate to Cl, giving isoilludin S. The axial configuration of this methyl is also favorable for overlap of its orbital with the 

x orbital of the cadxmyl leading to sigma bond formation between Cl and C8. 
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‘The rearrangement of illudin to isoilludin can be brought about in several ways. For example, if an aqueous 

solution of illudhr M is made alkahne (to pH 13). the compound ls gradually converted to the isomer (4). Alternatively. 

a solution of illudhr M in ethyl acetate is heated under mfhrx in the presence of alumina (Bmckmann activity I, neutral) for 

several hours.Y Isoilludin S is obtained in a similar manner. It is also reported to be. formed by heating on a hot stage at 

200” or by repeatedly pas&g its solution ln etbyl acetate thmugh a column of Brockmann’s al~hta.4 

Confirmation that isomerlxation of illudin is a thermodynamically favorable reaction was obtahted by molecular 

mechanics calculations carried out on llludin M (2) and isoilludin M (4). lo The computer-generated drawing of the 

energy-minimized structure of illudm M (Fig. 2) is very similar to that determined for illudin S by X-ray analysis. 

The structure obtained for isoilludht M shows that unfavorable nonbonded interactions involving the cycloptopane ring am 

not present and this appears to be mflected in the energy fouod for this structure (25.13 kcal/mol) compared to that found 

for illudln M (30.42 k&l/mol). 

Fig. 2. HnergymimmbedstructuresofIlhrdinMamlIsolll~mM 

The stability of illudii at low pH has also been examined. When illudin M was dissolved in dilute HCl at room 

temperature. it was converted in several hours to two cNomindantriols (5 and 6). The diastemomers were separated by 

chromatography. They had almost identical mass spectra, and these indicated the location of the. chlorine. The NMR 

spectra of the diastereomers. and their triacetates confirmed the assigned structures. In particular, the signals for the two 

methine protons in the five-membered ring of 5 (8 4.60,5.22) and also of 6 (8 4.07. 4.48) moved downfield on 

acetylation to 8 6.16,6.21 and 5.83,5.95. respectively. The signals for the chloroethyl group in 5 and 6 were essentially 

unchanged in the corresponding acetates. This evidence ruled out structures with a chlorine substituent on the 

a* aT# 
OH 0” 
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0 

Schomo 1 

five-membered tig and a hydroxyethyl group on the benzene ring. Formation of the chloroindantriols can be envisaged as 

proceeding viu opening of the cyclopmpane ring and extrusion of the tertiary hydroxyl leading to a quinoid intermediate 

which undergces Michael m reaction witb water giving the final prcduct. Altenudively. h%chael type reaction may occur 

first. followed by cyclopmpane ring opening as illustrated in Scheme 1. 

Evidence for a quinoid intermediate has been obtained by NMR spectroscopic analysis of the reaCtiOn of illudm M 

with DCI in D20 (0.6 N). Of particular significance was the vinyl proton region of the specaUm (Fig. 3). Initially. 

the solution gave a sharp singlet at 6 6.47 expected for the vinyl proton in illudin M. After 17 min (at room temperature). 

a 

6 4 2 0 PPM 

Figule 3. NMRspecnaofreactionofIlludinMwithDCLinD20: a, 17minb,41minc. 18Omin 
asker adding DQ to the solution of illudm M. 
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this peak had decreased about 15%. while a new shrglet appeamd at 6 6.39 with sn intensity about 16% that of the 6 6.47 

peak. The latter peak decnased steadily, and had completely disappeared in 180 min. while the new peak hmreased 

slightly, then gradually disappeared as well (lg0 mhr). These results clearly show that the mtemmdiate in the reaction has 

the cycloptopane ring-opened quinoid structum. It is very reactive so its concentration is always small compared to the 

changes in concentration of the reactant (2) and products (%a) during the reaction. It camrot be detected by U.V. 

spectroscopy. There is of course the possibility that under different conditions, e.g. higher pH, and with a more powerful 

nucleophile. Michael type reaction may occur first followed by ca ringopening. 
Evidence that cyclopropane rhrg opening is the rate determining step comes from a study of the kinetics of 

decomposition of illudm M in dilute acid. In dilute aqueous HCl at pH 0. illu~m M was found to undergo a pseudo 

first-order reaction (k = 4.7 x 10-3 min -l) with a half life (tin) of 147 mht. With a more dilute HCl solution, the rate of 

reaction decreased. This was not merely a result of change of PH. since in dilute H2SO4 at pH 0 a much slower first-order 

reaction was observed (k = 6.5 x KY4 mihl, tin = 1073 mm), indicathrg that the reaction rate depends on the nature of 

the nucleophile, i.e. Cl- versus H20. The product of the dilute H2SO4 reaction was the tetrao17. Some of this 

compound was also formed when llhtdin M was treated with very dihrte HCl. 

The reaction of illudm S with diiute HCl is complicated by the presence of the primary hydmxyl. If an aqueous 

solution of illudhr S is treated with dilute HCl, the solution soon becomes yellow and an orange-yellow precipitate forms 

within 30 mm. This precipitate has been identified as the acylfulvene 8 which results from reverse Prim reaction with loss 

of formaldehyde. The structure of 8 was determined previously. 11 in acetone-water solution, 8 reacts further with acid, 

but the product appears to be polymeric and has not been characterixed. 

The above reactions show that illudii are prone to nucleophilic substitution (SN~‘) on the cyclopropane ring, the 

kinetics of which depend on the nature of the nucleophie and the pH of the medium. Intrinsic factors favoring the naction 

are both relief of ring strain as well as repulsive van der Waals lmeractions. by opening of the cyclopropane ring. The 

highly reactive quinoid intermediate is then trapped by solvent giving a stable phenollc end product. Thus, illudins can 

behave as bifunct.ional alkylathrg agents. 

Not surprisingly, the toxicity of illudii is much greater than that of its derivatives. When tested against human 

leukemia (HL) 60 cells, illudin S and M had IC50 values of about 10 nM. Isoilludin M was far less toxic (ICSO. 3.8 x Id 

r&l) as were the chlomindantriols 5 and 6 (4.8 x 103,6.5 x 103 nM, respectively). Cytotoxicity of illudhrs may thus be 

related to their ability to act as ahcylating agents in the cell. It was pmviously found6 that the toxicity of ihudm M was three 

orders of magnitude greater than that of the dihydro derivative, obtained by reduction of the ketone with sodium 

borohydride. This nxult is consistent with the idea that the compound is an alkylatig agent as indicated in Scheme 1. we 
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am now examining reactions of these compounds with “biological” nucleophiles (e.g. glutathlone) to gsin tiuther insight 

into the mechanism of toxicity of the illudins. 

M.p.s. were determined with a Kofler hot-stage apparatus. Spectra were obtained on the following instruments: General 
Electric QE-300 console with an Oxford magnet and a Nicolet computer system (1~ NMK 300 MHz; 13C NMK 75.48 
MHZ); Perkin-Elmer 1330 IR spectmphotomete~ UVikon 819 Kontron UV spectmphotometer. 1~ NMK spectra wem 
tsken for solutions in CDC13 with MeqSi as internal standard. High resolution mass spectra were determined at the 
University of Mhmesota Mass Specuomeny Service Laboratory. Column chromatography was carried out with silica gel 
60 (70-230 mesh or liner than 230 mesh; EM Laboratories, Hhnsfotd, NY). Analytical t.Lc. was carried out on Merck 60 
F-254 silica gel plates. Keactlons were routinely monitored by t.Lc. 

Illudin S and IlludZn M - These compounds were isolated from cultures of Omphalotus illudens (formerly Cli 
illudens) as described previously.1 Ilhulin S was recrystallized from ethyl acetate (m.p. 137-138’); NMK ( H) “rb” 
6 0.41-0.44 (m,l), 0.81-0.87 (m,l), 0.97-0.99 (m.1). 1.11-1.14 (m,l), 1.20 (s,3), 1.37 (s,3), 1.69 (s.3), 3.50 
(AB quartet, JAB 10.5 Hz, SAB 0.08,2), 3.56 (s,OH). 4.72 (s.l), 6.45 (s. 1) ppm. 
Illudin M was recrystallized from hexanes-ethyl acetate (m.p. W-1359; NMR (lI-I) 6 0.38-0.45 (m,l), 0.80-0.87 (m.1). 
0.93-0.99 (m.1) 1.10 (s,3), 1.12-1.17 (m,l), 1.21 (s,3), 1.36 (s,3), 1.69 (s,3), 3.57 (br.s, OH). 4.40 (s.l), 6.54 (s,l) 
ppm. 

Isoilludins - These were prepared as described previously. 4*59 Isoilludin M was also obtained by dissolving illudm M 
in water and adiustina the DH of the solution to 13 with dilute NaOH solution. The solution was kent for thme davs. then 
extracted with ethyl &z&e. Chromatography of the extract gave isoilludin M with properties i&dcal to tho& of the 
compound obtained by heating a solution of illudin M in ethyl acetate in the presence of ahtmina9; NI~IK (1H) 
6 1.02 (s,3), 1.05-1.17 (m,l), 1.17 (s,3), 1.23-1.32 (m.2). 1.48 (s.3). 1.65 (s.3). 1.72-1.80 (m.1). 3.58 (br.s,OH), 
4.28 (s,l), 5.80 (s,l) ppm. 

Remion qfllfudin M with dilute HCL- Iiludm M (50 mg) was dissolved in water (20 ml) and to the solution was added 
dropwise COW. HCI solution (2 ml). The resulting solution was kept overnight at room tempemtme, then extracted with 
CI-ICl3. The extract was dried (MgSO4) and the solvent removed leaving a semi-solid residue which on chromatography 
(ethyl acetate-hexane 1:3) gave cblomindantriol 5 m.p. 60 ‘C; NMR (1~) 6 0.86 (s,3), 1.26 (s,3), 1.64 (br s, OH). 
2.19 (s.3), 2.26 (s,3), 3.10 (t, J = 7.8 Hz. 2) 3.49 (t, J = 7.8 Hz, 2), 4.60 (s.l), 5.22 (d. J = 5 Hz, 1). 7.04 (s, OH) 
ppm. MS mh 286 (M++Z, 4), 284.1167. Cl5H2103Cl (M+, 12). 266.1067 (M+-H20,63), 251 (M+-H2O-CH3, 
loo), 231 @I+-Cl-H20, 41). 217.1229 (I@-CH2Cl-H20, 46). The other major product was the isomer 6. 
m.p. 149150 ‘C; NMK (lH) 6 0.85 (s,3), 1.03 (~3). 1.19 (m, OH), 2.20 (s.3). 2.31 (s.3). 2.49 (s, OH). 3.09 
(t, J = 7.8 Hz, 2), 3.45 (t. J = 7.8 Hz, 2). 4.07 (br, s, I), 4.48 (s, l), 6.54 (s, OH) ppm. MS m/x 284.1179, 
C15H2lQ3Cl @f+, 12). 266.1062, Cl5Hlg02Cl @I+-H20), 251 @I+. lOO), 231Cl5HlgQ2 (M+-GH20.38). 
217.1242 Cl4Hl702 (M+-CH2Cl-H20,46). 

Acetylation of 5 (acetic anhydrlde-pyridine. 24h) afforded a triacetate isolated as an oil; NMR (1~) 6 1.07 (s.3). 
1.08 (s-3). 2.10 (s,3), 2.11 (~3). 2.13 (s,3). 2.20 (s.3), 2.26 (s.3), 3.15 (t. J = 8 Hz, 2), 3.52 (t. J = 8 Hz, 2). 6.16 
(s, I), 6.21 (s. 1) ppm. This spectrum indicates that the methhte protons in the five-membered ring of 5 have shifted 
downfield on acetylation which conilnns the presence of two hydmxyls in the ring. The trlplets from the two-carbon side 
chain am unaffected by acetylation. consistent with the presence of a chloroethyl rather than hydroxyethyl group. 
Likewise, acetylation of 6 gave an oil with the following NMR spectrum: 6 1.03 (s3), 1.11 (s.3). 2.60 (s.3). 2.11 (s,3). 
2.15 (s,3), 2.23 (s,3), 2.30 (s.3). 3.16 (t, J = 8.7 Hz, 2). 3.53 (t, J = 8.7 Hz, 2). 5.83 (s, 1). 5.95 (s, 1) ppm. 

Reaction of Illudin M with dilute H2SO4 solution- To a solution of illudin (10 mg) in H20 (10 ml) was added dilute 
H2SO4 (10 ml, 2N) and the tesultig solution was kept for 4 days at room temperature. The solution was then extracted 
with ethyl acetate and the extract on thin layer chromatography showed two closely running polar spots, the isomers 7. 
which was continned by NMR spectroscopy. 

Klnedcs of the Reaction of flludin M with acid- To a solution of iJludm M [UV hmax228 nm (~13,900) 318 MI (e36oo)I 
in water (1 mg/20 ml) was added dil HCl (5N), giving a solution with pH 0. The progress of the reaction at mom 
temperature (25’C), was followed by measuring at appropriate intervals the intensity of the 318 nm band which is 
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proportional to the conccmmtion of illa M present fTbe chhnnindanttiol products 5 and 6 have I.max 284 nm (e2000)]. 
The reaction gave a gocd ftrst order plot with rate constant k = 4.7 x 10-3 min-1 and half-life t1n = 147 min. A similar 
reaction with dil H2SO4 at 

P 
H 0 ins&ad of dil HCl (with the same concentration of illudin M) also showed first-onler 

kinetics (k = 6.5 x 10-4 min- , tin = 1073 min.) 

Reaction ofllludh S with dilute HCI- To a solution of illudm S (40 mg) in H20 (2 ml) was added dil HQ (2 ml. 2N). 
After about 30 min, the yellow solution had become cloudy and an orange-yellow pncipitatc formed. The mixture was 
kept in the refrigerator overnight; then it was extracted with chlotoform. The extract yielded one major product, an orange- 
yellow solid whose NMR and W special propehes were identical to those repotted for the fulvene 8: W Lmax233. 325 
run; NMR (1H) 6 0.6-1.6 (m,4), 1.40 (s,3), 2.05 (s.3). 2.15 (br.s.3) 6.46 (q, J = 1.5 Hz, 1). 7.20 (br,s. 1) ppm. 

Crystallographic analysi.r of llludin S - A pale-yellow transparent crystal was mounted along its longest dimension on a 
Nicolet R3m/V diffractometer, and data was collected at room temperatute. Intensities of three check reflections were 
monitored after every 60 reflections; no significant decay was observed during the time required for data collection. The 
cell parameters were measured and refined from data from 15 strong high angle (2Oa0<400) reflections. Data used in 
structure determination were corrected for Lotcntx and polarixation effect, but no absorption concction was applied because 
of low value of p.. The unit cell dimensions and other pertinent data are given in Table 1. 

The systematic absences (OkO, k = 2n+l; OOl. 1 = 2n+l) wets consistent with p22l21. The data was therefore 
transformed to the standard setting of P2l212 (No.18) using the matrix 001 010 -100. The structure was solved by 
direct methods using the program SHJZLXTL plus on a Digital Computer Micro VAX IL The structure was refined using 
full-matrix least squams. Due to insufficient data. only oxygen atoms were mfined anisotmpically. Hydrogen atoms were 
included at the ideal positions. 
used was of the form w* 

Unit weights were us&l in-&e initial stages, while in th final cych?s the weighting scheme 
= 02(F) + 0.0604 F2. The refmement minimizing the function (IFol - IF& converged at 

R = 0.037 and R w = 0.042. A few low-angle reflections were found to be affected by secondary extinction. An empirical 
isotropic extinction parameter, x. was used employing the equation Fc = F[l + 0.002 x (F* /sin 2t3)]-1’4 and refined to a 
value of 0.026(3). 

TABLE 1. Summary of crystal data, intensity collection, and structural refine.ment for Dhrdm S. 

cell constants 
czu volume <As> 
crystal system 
spa= group 
molecular weight 
2, F (OW 
PC. PO (g m-3) 
tryst dimens (mm) 
abs coeff, p (mm-l) 
radiation 
monochmmator 
temP(“c) 
29angle(Y 
scantype 
scan width 
sCi%lspeed(%lWl) 
backgtound time/scan time 
total mtlections measutcd 
uniaue data used 
no. bf parameters (NJ? 
R=@iFol-IFclI/XIFol) 
Rw=&(lF l-lFcl)2/Zv/IFo12]1~ 
~pmax (e A% 
shift : error (max) 

15.103 (5). 10.574 (5). 8.917 (3) A 
1424 (1) 
orthorhonlbic 
Q212 
264 
4,568 
1.23, 1.25 
0.19 x 0.25 x 0.35 
0.69 
cu, 1.54~34 A 
highly oriented graphite 
21fl 
2-110 
coupled 0 (ctystal / 26 (counter) 
l&-lOtoJ&+lo 
variable, 2.02 - 4.88 
0.5 
1142, (+h, +k, +l) 
1022 
173 
0.037 
0.042 
0.34 
0.012 
2.24 g.0.f. 
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Supplementary Material Available: Atomic wonkates and equivalent isotropic displacement parameters, anisotropic 
thermal parameters for oxygen atoms, final fractional coordinates and thermal pammeters for H atoms and observed and 
calculated st~ctum factors (7 pages). Onierhrg information is given on any cunentmasthead page. 

Refeences 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Anchel. M.; Hervey, A.; Robbins, W.J. Pm. Narl. Acad. Sci. 1950, 6, 30. 

(a) McMorris. T.C.; Anchel, M. J. Am. Chem. Sot. 1963, 85. 831. (b) McMorris. T.C.; An&al. M. 

J. Am. Chem. Sot. 1965, 87, 1594. 

(a) Ammirati, T.F.; Traquais. J.A.; Horgen, P.A. “Poisonous Mushrooms of the Northern United States and 

Canada,” University of Minnesota Press, Minneapolis, Minnesota, 1985, p. 290. (b) M&for& T.C.; 

Moon, S.; Ungab, G.; Ketekes, R.J. J. Nat. Prod. 1989 (in press). 

~Nahanisbi, ic; Obashi, M.; Tada, M; Yamada, Y. Terrahedron 1965. 21, 1231. 

Matsumoto, T.; Shhahama, H.; Ichihara, A.; Fukuoka, Y.; Takahashi, Y.; Mori. Y.; Watanabe, M. 

Tetrahedron 1965, 21, 2671. 

Kelner, M.J.; McMorris, T.C.; Beck, W.T.; Zamora, J.M.; Taetie, R. Cancer Research 1987, 47, 3186. 

Furusaki, A.; Shirahama, H.; Matsumoto, T. Chemistry Lerters 1973,1293. 

Pauling, L. “The. Nature of the Chemical Bond,” 3rd ed., Cornell University Press, Ithaca, New York, 1960, 

p.257. 

An&l. M.; McMorris. T.C.; Shigh. P. Phytochemisrry 1970.9, 2339. 

Molecular mechanics calculations were carried out using model version 2.93 as distributed by Professor Kosta 

Steliou, University of Montreal. Within this package is the MM-2 force field, as produced by Allinger, which was 

used in our calculations. For an in-depth discussion of the applications and limitations of this method, see: 

Burkert, U.; Allinger, N.L. Molecular Mechanics ACS Monographs I77 A.C.S.. Washington, D.C., 1982. 

Wehueb, S.M.; McMorris, T.C.; Anchel, M. Tefrahedron Leers 1971.3489. 


