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saturated NaCl, dried (Na;SO,), and concentrated in vacuo. Flash
chromatography with EtOAc gave sulfide 28 (20 mg, 40%).

(b) Biacetyl Sensitized Oxidation.!” Ester 26 (200 mg, 0.49
mmol), pyridine (1 mL), biacetyl (0.1 mL), and methanol (25 mL)
were placed in a quartz tube. The tube was cooled to 20 °C and
the solution irradiated (Rayonet reactor, 350 nm) under O, (1 atm)
for 3 h. The mixture was diluted with water and extracted with
CH,Cl, and ether. The combined organic solution was washed
with 10% HC], saturated NaHCQ;, and saturated NaCl. Drying
(NayS0,), concentration in vacuo, and flash chromatography
(EtOAc) gave sulfide 28 (96 mg, 48%): oil; MS, CyH3,04S calcd
410.176, found 410.178; 'H NMR 6 0.90 (3 H, d), 1.2-2.9 (m), 3.15
(2H,s),3.69(3H,s),3.97 (4 H, brs), 4.35(1 H, m), 6.05 (1 H,
d); BC NMR $ 10.8 (CH,), 22.0 (CH,), 31.4 (CH,), 31.6 (CH,), 31.6
(CH,), 33.1 (CH,), 35.1 (CH,), 36.9 (CH,), 39.2 (CH), 41.8 (C),
43.4 (CH), 45.6 (CH), 52.5 (OCHy), 65.0 (OCHy), 65.2 (OCH,), 70.8
(CH), 110.1 (C), 128.4 (CH), 163.1 (C), 170.4 (C), 200.7 (C); IR
2.9, 3.4, 5.8, 6.0.

18,2,3,4,4a,4ba,5,6,7,8,82a,96,10,10aa-Tetradecahydro-9a-
hydroxy-8ag8,4a8-(1-(methoxycarbonyl)-2-thiapropano)-1la-
methyl-2,7-phenanthradione 2-Oxide 2-(Ethylene Acetal)
(29). Ester 26 (200 mg, 0.49 mmol) was oxidized via biacetyl
sensitization as described above. The crude product (260 mg)
was dissolved in CH,Cl, (20 mL), and the mixture was cooled to
0 °C. m-CPBA (80%, 100 mg, 0.47 mmol) was added over 15 min.
After 15 min, the solution was diluted with ether and washed with
10% Na,SO; and saturated NaHCO;. Drying (Na,SO,) and
solvent removal in vacuo gave 150 mg of crude sulfoxide 27. Back
extraction of the aqueous washes, followed by drying and con-
centration in vacuo gave an additional 85 mg of crude sulfoxide
27.

Each sample of 27 was dissolved in methanol (25 mL) and
KOCH; (20 mg) added. After 15 min at room temperature, NH,Cl
(100 mg) was added to the mixtures and the solvent removed in
vacuo. The residues were dissolved in CH,Cl,, and the solutions
were washed with water. Drying (Na,SO,) and coricentration in
vacuo gave oils (102 and 70 mg, respectively). The latter oil
crystallized from CHCl, to give a single sulfoxide 29 (30 mg, 14%).
(The former oil gave no crystalline product): mp 250 °C dec; MS,
CaoH3,0-S caled 426, found 426; '"H NMR 6 0.87 (3 H, d), 1.5-2.5
(m), 2.01, 3.03 (2 H, AB, J = 15 Hz), 2.50, 3.78, (2 H, AB, J =
13 Hz), 3.60 (1 H, s), 3.84 (3 H, s), 3.95 (4 H. m), 4.11 (L H, br
8).

15,2,3,4,4a,4ba,5,6,7,8,8a,96,10,10aa-Tetradecahydro-9a-

hyAroxy-8a8,4a8-(1-(methoxycarbonyl)-2-thiapropano)-la-
m: +hyl-2,7-phenanthradione 2,2-Dioxide 2-(Ethylene Acetal)
(3u). To a solution of sulfide 28 (340 mg, 0.83 mmol) in CH,Cl,
(25 mL) was added 80% m-CPBA (200 mg, 0.93 mmol). After
5 min at room temperature, the mixture was diluted with ether
and washed with saturated NaHCOQO; and saturated NaCl. Drying
(Na,S0,) and solvent removal in vacuo gave crude sulfoxide 27
(130 mg). Back extraction of the aqueous washes gave more
sulfoxide 27 (180 mg, 88% total).

The combined sulfoxide 27 was dissolved in methanol (40 mL)
and KOCHj; (50 mg) added. After 1 h at room temperature,
NH,CI (200 mg) was added and the solvent was removed in vacuo.

The residue was dissolved in CH,Cl, and the solution washed with
water. Drying (Nay;S0O,) and concentration in vacuo gave crude
cyclic sulfoxide 29 (320 mg, 90%).

The crude sulfoxide 29 was dissolved in CH,Cl; (30 mL) and
80% m-CPBA (200 mg, 0.93 mmol) added. After 3 h at room
temperature, the solution was washed with 10% Na,SO; and dried
(Nay,SO,). Removal of the solvent in vacuo and flash chroma-
tography (EtOAc) gave sulfone 30 (280 mg, 76%) as a mixture
of diastereoisomers (4:1). Attempted recrystallization from eth-
er/CHCI, gave a mixture of isomers: amorphous solid; 'H NMR
(major isomer) § 0.87 (3 H, d), 1.3-2.7 (m), 2.18, 3.18 (2 H, AB,
J =15 Hz), 3.12, 3.82 (2 H, AB, J = 15 Hz), 3.86 (3 H, s), 3.95
(4 H, m), 4.17 (1 H, s), 4.85 (1 H, br s); IR 3.4, 5.7, 5.8 cm™.

16,2,3,4,4a,4ba,5,6,7,8,8a,958,10,10aa-Tetradecahydro-9a-
hydroxy-la-methyl-8a8,4a8-(2-thiapropano)-2,7-
phenanthradione 2,2-Dioxide 2-(Ethylene Acetal) (31). The
sulfone mixture 30 (50 mg, 0.11 mmol) was dissolved in HMPA
(1 mL) and tetramethyl ammonium acetate (100 mg) added. After
2 h at 125 °C, the mixture was poured onto a plug of silica gel
and eluted with EtOAc. Removal of the solvent in vacuo gave
a residue (150 mg) that was purified by flash chromatography
(EtOAc) to give sulfone 31 (15 mg, 35%): foam; 'H NMR 0.88
(3H,d), 1.2-2.8 (m), 1.89, 3.16 (2 H, AB, J = 14 Hz), 2.97, 3.18
(2 H, AB, J = 15 Hz), 2.99, 3.68 (2 H, AB, J = 15 Hz), 3.62 (1
H, brs), 3.95 (4 H, m); IR 3.4, 5.8 cm™.
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Trichothecene Degradation Studies. 2. Synthesis of [13-1Y“C]JAnguidine
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An efficient degradation and resynthesis of anguidine that pivots around norketone 4 is described. The sequence
from anguidine to anguidine via 4 proceeds in 12 steps with an overall yield of 30%. This work has permitted
for the first time the preparation of an enantiomerically pure, high specific activity *C-labeled epoxytrichothecene
mycotoxin required for biological investigations. The radiolabel was introduced by the reaction of 4 with

[1C]CH,PPh,.

The epoxytrichothecene mycotoxins are a group of
fungal metabolites that exhibit a range of significant bio-

0022-3263/87/1952-0598$01.50,/0

logical properties including cyto- and phytotoxicity.?
These mycotoxins are potent inhibitors of protein synthesis
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Scheme I
H
: 0 OTHP NaSPh, (40-50 squiv.)
E10H, reflux
OH  rew

HO

1) MCPBA (2 equiv), 78« 23%C

2) Na(Hg), MeOH
45-55%

in eukaryotes and have been implicated in a number of
diseases of plants, humans, and animals.?* One member
of this group, anguidine (1), was the subject of phase II
clinical trials as an anticancer agent® and others, including
T-2 toxin (2), have been implicated in the “yellow rain”
chemical warfare controversy.*

In spite of the toxicological significance of the epoxy-
trichothecenes, relatively little is known about their
metabolic fate in mammalian systems.25¢ Tritium-labeled
materials have been used almost exclusively in work per-
formed thus far, since H is easily introduced by
NaB[?H]H, reduction of epoxytrichothecen-3-ones such
as 3.7 One potential problem with use of 3H-labeled

O NaB[*HJH; WOH

i-PrOH

OAc NOAc

3 151
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substrates in in vivo studies, however, is that the 3H label
can be lost via oxidative processes, and consequently some
metabolic events may go undetected. Although this con-
cern would be minimized if 1¥C-labeled compounds were
employed, until now such studies were not possible since
skeletally labeled *C-trichothecenes were available only
by biosynthesis® or total synthesis.>*1! The biosynthetic
procedure provides material with specific activity (ca. 1
uCi/mmol) too low to be useful for in vivo studies, whereas
the total synthesis approach necessitates a labor intensive,
multistep effort to gain access to racemic material.l®
We describe here the first practical synthesis of high
specific activity [1*C]anguidine using natural 1 as starting
material.'?  Qur strategy was to degrade anguidine to
norketone 4 which would be used to resynthesize [1*C]-1
with incorporation of the radiolabel in a Wittig step.

In a previous publication we described the synthesis of
diene 7 as summarized in Scheme L.13!* 1In an effort to
improve the efficiency of this sequence, we returned to an
examination of one-step methods for deoxygenation of 5
or its precursor, diacetate 8.1 Treatment of 8 with dia-

o wOTHP o ~OR

OAc OAc

AcO AcO
8 8 ,R=THP
J_Q,R-H
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zomalonate and Rhy(OAc), in benzene at reflux (48 h)
according to Ganem’s procedure!® provided only a trace
of 9 (TLC analysis). Similarly, no reaction was observed
when 8 was treated with the reagent prepared from FeCl,
and n-BuLi.!” On the other hand, a complex mixture of
unidentified products was obtained upon attempted de-
oxygenation of 8 by using the low valent titanium prepa-
ration (TiCl;-LiAlH,, 4:1) described by McMurry.!®
Partial success was achieved by using the low valent
tungsten reagent (WClg/n-BuLi) developed by Sharp-
less.’®2® Unfortunately, however, the major product from
an experiment using 2 equiv of WCl; and 6 equiv of n-BuLi
was 12,13-deoxyanguidine (10, 47%) and not the desired
THP ether 9 (20% yield).

The observation that the THP ether of 10 was stable
under these conditions prompted us to perform the de-
oxygenation directly on anguidine. Thus, treatment of 1
with 4 equiv of WClg and 12 equiv of n-BuLi in THF at
50 °C provided 12,13-deoxyanguidine (10) in 97% yield.?!
Standard functional group manipulations then provided
7 in 83% yield overall for the three-step synthesis from
anguidine, a considerable improvement over the lengthier
sequence reported previously (Scheme I).13

WClg - nBull,

o «OH  THF.50°C ° ~OH
OAc 97% J OAc
AcO AcO
1 10
1) DHP, 1 o wOTHP
H OH
-~
86% HO
4

The synthesis of norketone 4 from diene 7 and the re-
synthesis of anguidine from 4 proceeded as summarized
in Scheme II. The C(9)-C(10) double bond was selectively
masked? by treatment with N-bromosuccinimide in
CH,CN containing excess NaHCO;. The C(4)-hydroxyl
group was then protected as a triethylsilyl (TES) ether
giving 12 in 75-80% overall yield.? Ozonolysis of 12 in

(15) We have previously reported that bromo ether 13 was recovered
unchanged when treated with KSeCN in aqueous EtOH at reflux;
KSiMe; in HMPT; Fe(CO); in tetramethylurea; or sodium diethyl
phosphoroteliurcate in EtOH (see ref 13 for a discussion and pertinent
literature references).
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(18) McMurry, J. E.; Fleming, M. P. J. Org. Chem. 1975, 40, 2555.

(19) (a) Sharpless, K. B.; Umbreit, M. A.; Nieh, M. T.; Flood, T. C. J.
Am. Chem. Soc. 1972, 94, 6538. (b) Umbreit, M. A.; Sharpless, K. B. Org.
Synth. 1982, 60, 29.
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MeOH at -78 °C followed by Me,S reduction of the in-
termediate a-methoxy hydroperoxide then completed the
synthesis of the desired norketone 4 (89-95% yield after
chromatography). The resynthesis of anguidine from 4
commenced with a standard Wittig methylenation that
provided 12 in 58-61% yield. Deprotection of 12 by
treatment with n-Bu,NF in THF followed by a
Na,HPO -buffered MCPBA epoxidation gave 13 in high
yield. The bromo ether unit was then reduced either with
NaHg in MeOH or preferably with zinc-silver couple?42
in a Et,O0-THF-EtOH mixture to unmask the C(9)-C(10)
olefin in trichothecene 5. Finally, acylation of 5 followed
by hydrolysis of the THP ether in a 1:2:1 mixture of H,0,
HOAc, and THF at 45 °C for 5-6 days completed this
partial synthesis of anguidine (1). The overall yield of 1
from olefin 12 was 80-85%.

The synthesis of [13-1“C)anguidine was undertaken only
after the sequence summarized in Scheme II had been fully
optimized. [“C]Methyl iodide (52 mCi/mmol) was diluted
with an equal quantity of cold CH;I and then was treated
with stoichiometric Ph;P in THF under standard condi-
tions.? The resulting phosphonium salt was then de-
protonated by using 1.0 equiv of phenyllithium in a
THF-Et,0-cyclohexane cosolvent mixture (13:1:2), giving
a solution of PhyP="*CH, that was treated with 1.0 equiv
of norketone 4 in THF initially at 0 °C and then at 50 °C
for 6 h. This procedure provided [*C]-12 with a specific
activity of 26 mCi/mmol in 38% yield; 47% of 4 was re-
covered. The anomalously low yield in this case was
probably the result of inadvertent contamination by
moisture (incomplete ylide formation) that prevented the
reaction from proceeding to completion. In no other in-
stances were more than traces of 4 detected at the end of
this step. Indeed, in a second labeling experiment differing

(24) Denis, J. M.; Girard, C.; Conia, J. M. Synthesis 1972, 549.

(25) (a) Roush, W, R.; D'Ambra, T. J. Am. Chem. Soc. 1983, 105, 1058,
(b) Kraus, G. A.; Roth, B.; Frazier, M. Y. Ibid. 1982, 104, 1114.

(26) (a) Pitt, C. G.; Hobbs, D. T.; Schran, H.; Twine, C. E., Jr.; Wil-
liams, D. L. J. Label. Comp. Radiopharm. 1975, 11, 551. (b) Oliver, J.
E. Ibid. 1977, 13, 349,
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from the first only in that the [*C]methyl iodide was
diluted threefold with cold CH;l, the isolated yield of
[1C]-12 was 58%, identical with that realized in experi-
ments with unlabeled methylenetriphenylphosphorane.
The specific activity of [14C]-12 from this second experi-
ment was 9.5 £ 0.5 mCi/mmol.

aco”
{14C)-1 (19.2 mCi/mmol)

['4C]-12 (26 mCi/ mmol)

The elaboration of [C]-12 to [1*C]anguidine proceeded
in 80% overall yield by using the five-step sequence sum-
marized in Scheme II. An isotopic fractionation occurred,
however, presumably during the epoxidation step, since
the specific activity of [*C]-1 was decreased to a level of
19.2 mCi/mmol. Nevertheless, owing to the high counting
efficiency of *C, this material meets our original objective
of high specific activity and is now being used by our
collaborator, Professor M. A. Marletta, in in vitro and in
vivo metabolism studies. Results of those investigations
will be reported in due course.

In summary, we have developed an efficient degradation
and resynthesis of anguidine that pivots around norketone
4 as the key intermediate. The sequence originating with
the WCl,/n-BuLi deoxygenation of anguidine proceeds in
12 steps with an overall yield of approximately 30%. This
work has permitted for the first time the preparation of
an enantiomerically pure, high specific activity 1*C-labeled
epoxytrichothecene mycotoxin required for biological in-
vestigations. In anticipation that other members of this
family may also be needed with *C labels, we have initi-
ated studies focusing on the development of efficient
syntheses of T-2 toxin and deoxynivalenol from angui-
dine.?” Finally, we conclude by noting that several of our
intermediates (e.g., 4, 11) are ideally suited to serve as relay
points in efforts in total synthesis!® or as starting points
for the synthesis of trichothecene analogues.?® Studies
along the latter lines will be reported separately.

Experimental Section

Proton (:H) NMR spectra were measured at 250 and 270 MHz
on Bruker WM250 and 270 instruments and at 300 and 400 MHz
on Varian XL-300 and 400 instruments. Chemical shifts are
reported in & units using tetramethylsilane or the 7.24-ppm
resonance of residual chloroform as internal reference. Infrared
spectra were measured on a Perkin-Elmer Model 283B infrared
spectrophotometer calibrated with the 1601-cm™ absorption of
polystyrene. IR spectra are reported in wavenumbers (cm™).
Optical rotations were measured on a Rudolph Autopol III au-
tomatic polarimeter using a 1-cm? capacity quartz cell (10-cm path
length). Mass spectra (low and high resolution) were measured
on a Finnegan MAT 8200 instrument. Elemental analyses were
performed by Robertson Laboratory, Inc., Florham Park, NJ.
Melting points were obtained on a Thomas-Hoover melting point
apparatus and are uncorrected.

All reactions were conducted in flame- or oven-dried glassware
under atmospheres of dry argon or nitrogen. The following
solvents were purified before use: ether, THF, and toluene were
distilled from sodium benzophenone ketyl; methylene chloride
(CH,Cl,) and pyridine were distilled from CaH,. The following
reagents were purified before use: MCPBA (an Et,O solution was
washed with pH 7 phosphate buffer and brine and dried in vacuo

(27) Roush, W. R.; Caggiano, T. C.; Russo-Rodriguez, S., unpublished
research.

(28) Roush, W. R.; Russo-Rodriguez, S. J. Org. Chem., following paper
in this issue.
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over P,0;); PPh; (recrystallized from hexane and dried in vacuo
over P,0;); Mel (distilled from P,0; and stored over CaSO, and
copper wire); NBS (recrystallized from water and dried in vacuo
over P;0;); 4-DMAP (recrystallized from cyclohexane); tri-
ethylsilylchloride (distilled from CaHy,).

Analytical thin-layer chromatography (TLC) was performed
by using 2.5 em X 10 cm plates coated with a 0.25-mm layer of
silica gel containing PF 254 indicator (Analtech). Preparative
thin-layer chromatography (PTLC) was performed by using 20
cm X 20 cm plates coated with 0.25- or 0.5-mm thicknesses of silica
gel containing PF 254 indicator (Analtech). Compounds were
visualized by staining with iodine vapor or by charring with
ethanolic H,SO,. Compounds were eluted from the absorbants
by using 10% MeOH in CH,Cl,. Flash column chromatography
was performed by the method of Still® using Merck 230-400-mesh
silica gel. All chromatography solvents were distilled before use.

Specific activities of radiolabeled compounds were determined
by dilution of an aliquot of a stock solution of the radiolabeled
compound in CH,Cl, into MeOH (usually 5-10 uL of stock so-
lution into 5-10 mL of MeOH). Depending on expected activity,
20 pL or 50 uL of the MeOH solution was diluted into 12'mL of
Aqueous Counting Scintillant Cocktail (supplied by Amersham)
and counted on a Beckman LS 1800 liquid scintillation instrument.
For each determination, two solutions were prepared and were
counted twice. The values reported are averages of these multiple
determinations.

12,13-Deoxyanguidine (10). To a -78 °C solution of WClg
(535 mg, 1.35 mmol) in 3.7 mL of THF under N, was added
n-BuLi (1.6 mL of a 2.5 M solution in hexane, thus 4.0 mmol).1?
The mixture was stirred at —78 °C for 15 min and then allowed
to warm to 25 °C. A solution of anguidine (1, 120 mg, 0.33 mmol)
in 1.3 mL of THF was added dropwise and the resulting black
mixture was heated to 50-55 °C for 50 min. The THF was
evaporated and the crude product (1.6 g) was chromatographed
on a 40 mm X 15 c¢m flash silica gel column (gradient of 1:1 to
2:1 EtOAc-hexane) to afford 112 mg (97%) of pure deoxyan-
guidine. The physical and spectroscopic properties were identical
with that reported previously.'®

3a-[(Tetrahydropyranyl)oxy]-46,15-dihydroxy-
trichotheca-9,12-diene (7). To a solution of deoxyanguidine 10
(112 mg, 0.32 mmol) in 1.7 mL of dry CH,Cl, was added distilled
dihydropyran (0.10 mL, 1.1 mmol) and pyridinium p-toluene-
sulfonate (12 mg, 0.05 mmol). The reaction mixture was stirred
for 16 h at 25 °C and then was diluted with CH,Cl, (40 mL) and
washed with half-saturated aqueous NaCl (10 mL). The organic
phase was dried (Na,S0,), filtered, and evaporated to afford 200
mg of a diastereomeric mixture of deoxyanguidine THP ethers
(R;0.70, 1:1 hexane-EtOAc) as a yellow oil. This material was
used in the next step without purification.

This above crude deoxyanguidine THP ether was dissolved in
4 mL of a 5:3 mixture of THF-MeOH and was treated with 4 mL
of 0.3 N NaOH (1.2 mmol). The mixture was stirred at 25 °C
for 2.5 h and then was partitioned between 50 mL of CH,Cl, and
10 mL of HyO. The organic extracts were dried (Na,SO,), filtered,
and evaporated to afford 200 mg of crude 7 as a mixture of THP
diastereomers.’* The mixture was separated by careful silica gel
chromatography (18 cm X 30 mm column, 2.5% MeOH in CH,Cl,)
to give 39 mg (35%) of 7a (R; 0.14, 2.5% MeOH-CH,Cl,), 43.5
mg (39%) of 7b (R;0.11), and 13 mg (12%) of mixed fractions.
The overall yield of 7 was thus 86% from 10 and 83% from
anguidine. Comparative physical and spectroscopic data for 7a
and 7b are tabulated in the paper cited in ref 13.

3a-[(Tetrahydropyranyl)oxy]-108-bromo-9a,15-epoxy-
trichothec-12-en-48-0l (11a).1* To a solution of 7a!® (361 mg,
1.03 mmol) in 30 mL of reagent CH;CN was added NaHCO; (359
mg, 4.3 mmol) and N-bromosuccinimide (267 mg, 1.5 mmol; freshly
purified). After being stirred for 2 h at 23 °C, the reaction mixture
was poured into 300 mL of a 1:1:1 mixture of CH,;Cl,, hexane,
and saturated aqueous Na,SQ;. The aqueous layer was extracted
with CH,Cl, (3 X 50 mL) and the combined organic phases were
dried (Nay,SO,), filtered, and concentrated. The resulting crude
product was purified by flash chromatography (silica gel, 2:1
EtOAc-hexane, 40 mm X 17 cm column) to afford 340 mg (77%)

(29) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 34, 2923.
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of bromo ether 11a: mp 77-79 °C; [«]*p -13.8° (c 0.89, CHCl);
R;0.21 (2:1 hexane-EtOAc); "H NMR (250 MHz, CDCly) 6 5.17
(s, 1 H, Hys,), 4.78 (s, 1 H, H,4;,), 4.66 (m, 1 H, THP), 4.43 (d, 1
H,J = 48 Hz, H,), 4.22 (m, 2 H, H;; and H), 4.13 (dd, 1 H, J
= 2.3,8.7Hz, Hyy), 3.95 (m, 1 H, THP), 3.75 (br s, 2 H, H;3), 3.66
(dd, 1 H, J = 3.1, 4.6 Hz, Hy), 3.56 (m, 1 H, THP), 2.60 (d, 1 H,
J = 3.2 Hz, OH), 2.2-1.5 (m, 10 H), 1.25 (s, 3 H, H,¢), 0.88 (s, 3
H, Hyy); IR (CHCI;) 3600-3400 (br), 2940, 2778, 1450, 1380, 1340,
1120 (br), 1050, 1020, 965, 900 cm™; FAB mass spectrum (gly-
cerol-CH,Cl,), 429, 431 (M + H*). Anal. Calcd for CyHysO4Br:
C, 56.06; H, 6.83. Found: C, 55.88; H, 7.086.

Bromo ether 11b was prepared in comparable yield by using
an identical procedure: mp 62-64 °C; R, 0.20 (2:1 hexane-EtOAc);
'H NMR (CDCl;, 250 MHz) 4 5.17 (s, 1H, Hyy), 492 (m, 1 H,
THP), 4.76 (s, 1 H, Hy3y), 4.43 (d, 1 H, J = 4.8 Hz, H,), 4.22 (m,
2 H, H;; and H)), 4.14 (dd, 1 H, J = 2.3, 8.7 Hz, Hlo), 4.00 (m,
1H, THP), 3.76 (dd, 1 H, J = 3.0, 4.8 Hz, Hy), 3.73 (s, 2 H, H;;),
2.2-1.3 (m, 10 H), 1.22 (s, 3 H, H,g), 0.96 (s, 3 H, H,,); IR (CHCl,)
3600, 3550-3300, 2940, 2880, 1450, 1380, 1350, 1200, 1120,
1100-1030 (br), 960, 900 cm™; mass spectrum, m/e 430, 428 (M*);
high resolution mass spectrum for CyqHogO57°Br, caled 428.1198,
found 428.1197 + 0.00086.

3a-[(Tetrahydropyranyl)oxy]-48-[(triethylsilyl)oxy]-
108-bromo-9a,15-epoxytrichothec-12-ene (12a). To a solution
of 11a (337 mg, 0.79 mmol) in 14 mL of dry pyridine were added
4-DMAP (20 mg, 0.16 mmol) and triethylsilyl chloride (0.28 mL,
1.67 mmol, freshly distilled). After 12 h at 23 °C, the reaction
was diluted with CH,Cl, to a volume of 100 mL and extracted
with half-saturated aqueous NaHCO; (1 X 40 mL). The organic
extracts were dried (Na,SO,), filtered, and concentrated in vacuo;
residual pyridine was removed by coevaporation with heptane.
The crude product (560 mg) was filtered through a 6 cm X 3 cm
pad of silica gel using 4:1 hexane-EtOAc as eluent to afford 420
mg (97%) of pure 12a as an oil: [«]*’p +12.1° (c 1.5, CHCly); R;
0.50 (9:1 hexane-EtOAc); *H NMR (250 MHz, CDCl,) 6 5.11 (s
1 H, Hys), 4.90 (m, 1 H, THP), 4.72 (s, 1 H, Hlsb) 4.49 (d, 1 H,
J = 4.6 Hz, H,), 4.21 (overlapping d, 1 H, J = 2.9 Hz, H,, and
m,1 H,H), 416 (d,1 H,J = 8.8 Hz, H,;), 3.88(dd, 1 H, J =
2.8, 4.5 Hz, H,), 3.84 (m, 1 H, THP), 3.72 (s, 2 H, H;;), 3.50 (m,
1 H, THP), 2.2-1.7 (m, 10 H), 1.24 (s, 3 H, Hyg), 0.94 (t, 9 H, TES),
0.79 (s, 3 H, Hy,), 0.60 (m, 6 H, TES); IR (CHCl;) 2960, 2880, 1455,
1378, 1080 (br), 1025, 1010, 955, 900, 850 cm™'; FAB mass spectrum
(glycerol-CH,Cl,), 543, 545 (M + H™).

Compound 11b was prepared in comparable yield by using this
procedure: R; 0.50 (9:1 hexane-EtOAc); 'H NMR (250 MHz,
CDCly) 6 5.11 (s, 1 H, H,3), 4.78 (m, 1 H, THP), 471 (5, 1 H, H,3,),
444 (d, 1 H,J = 4.8 Hz, Hy), 4.21 (m, 3 H, H,, Hyy and H,;), 4.17
(m, 1 H, THP), 3.73 (s, 2 H, H;5), 3.59 (t, 1 H, J = 3 Hz, Hy), 3.57
(m, 1 H, THP), 2.2-1.4 {m, 10 H), 1.24 (s, 3 H, H;¢), 0.95 (t, 9 H,
TES), 0.79 (s, 3 H, Hyy), 0.55 (m, 6 H, TES).

3a-[(Tetrahydropyranyl)oxy}-43-[(triethylsilyl)oxy}-
105-bromo-9a,15-epoxy-13-nortrichothecan-12-one (4a). A
stream of ozone in O, was passed through a —78 °C solution of
olefin 12a (260 mg, 0.48 mmol) in 30 mL of dry MeOH and 2 mL
of dry CH,Cl, (added to keep 12a in solution) containing 3A sieves
(0.6 g). The disappearance of starting material was monitored
by TLC (9:1 hexane-EtOAc eluent) and was complete in ap-
proximately 10 min at -78 °C. Excess O, was removed by purging
the mixture with a stream of O,, and then 10 mL of Me,S was
carefully added dropwise. The reaction mixture was allowed to
warm to 23 °C and stirred for 2 h. Conversion of the a-methoxy
hydroperoxide intermediate to 4a was monitored by TL.C. The
sieves were removed by filtration, and the filtrate was evaporated
in vacuo. The residue was dissolved in a minimum amount of
ethyl acetate and chromatographed on a 25 mm X 15 c¢m flash
silica gel column using 9:1 hexane-EtOAc as eluant, giving 232
mg (89%) of 4a: mp 100-102 °C; [a]%p +89.9° (¢ 0.78, CHCLy);
R;0.55 (8:1 hexane-EtOAc); 'H NMR (250 MHz, CDCl,) 5 4.83
(brs, 1 H, THP), 4.42 (dd, 1 H, J = 2.3, 8.8 Hz, H,,), 4.38 (d, 1
H,J = 3.0Hz Hy),4.19(dd, 1 H,J =1.2,8.7 Hz, H;;), 412 (d
1H,J = 4.8 Hz, H,), 4.03 (dd, 1 H, J = 3.0, 4.8 Hz, H;), 3.87 (m,
1 H, THP), 3.77 (dd, 1 H, J = 2.4,9.3 Hz, H;3,), 3.69 (d, 1 H, J
= 9.2 Hz, H,3), 3.52 (m, 1 H, THP), 2.25-1.5 (m, 10 H), 1.25 (s,
3H, Hy). 094 (t, 9 H, TES), 0.80 (s, 3 H, H,,), 0.63 (m, 6 H, TES);
IR (CHCI;) 2950, 2880, 1765, 1710, 1455, 1355, 1100 (br), 960, 845
em™!; mass spectrum, m/e 462, 460 (M* — C;HgO); high resolution
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mass spectrum for CoyHg,05™Br?8i (M* - C;H,0), calcd 460.128,
found 460.127. Anal. Calcd for CosH,,04BrSi: C, 55.13; H, 7.59.
Found: C, 54.99; H, 7.60.

Norketone 4b was prepared in comparable yield: R;0.54 (8:1
hexane-EtOAc); TH NMR (300 MHz, CDCl,) 4 4.80 (br s, 1 H,
THP), 4.42 (dd, 1 H,J = 2.6,8.9 Hz, H,(), 438 (d, 1 H, J = 3.1
Hz, Hy), 4.24 (dd, 1 H, J=21,952Hz H,,),408 (d,1H,J =
4.8 Hz, H,), 4.05 (m, 1 H, THP), 3.78 (dd, 1 H, J = 2.3, 9.0 He,
Hi;s,), 3.70 (m, 2 H, H; and H,5), 3.55 (m, 1 H, THP), 2.2 (m, 1
H), 1.8-1.5 (m, 10 H), 1.27 (s, 3 H, Hyg), 0.93 (t, 9 H, TES), 0.80
(s, 3 H, Hyy), 0.60 (q, 6 H, TES).

Synthesis of 12a by the Wittig Olefination of 4a. A 0.4
M solution of methylenetriphenylphosphorane in THF was
prepared by adding n-BuLi (0.48 mL of 2.4 M solution in hexane,
1.1 mmol) to methyltriphenylphosphonium iodide (401 mg, 0.99
mmol, freshly prepared from PhzP and CH;l, and dried in vacuo)
in THF (2.2 mL) at ~78 °C for 15 min and then warmed to 0 °C.
The ylide solution (0.13 mL, 0.048 mmol theoretical) was added
to a 0 °C solution of 4a (24 mg, 0.04 mmol) in 1 mL of THF. The
reaction mixture was heated to reflux for 1 h and then was worked
up by partitioning between Et,O (30 mL) and H,0 (10 mL). The
organic layers were dried (Na,S0,) and evaporated, and the crude
product was chromatographed on 0.50-mm preparative TLC plate
(1 elution, 81 hexane-EtOAc) to afford 12 mg of semisynthetic
12a (61%) and 0.3 mg of recovered starting ketone 4a (1%). The
physical properties of 12a were identical with those reported
previously.

Semisynthetic Bromo Ether 11a. To a solution of 12a (57
mg, 0.10 mmol) in 2 mL of THF at 0 °C was added Bu,NF (0.12
mL of a 1 M solution, 0.12 mmol). The reaction was stirred for
1 h and then was diluted with 20 mL of Et,0 and washed with
brine (1 X 10 mL). The organic layer was dried (Na,SO,), filtered,
and evaporated. The crude product (91 mg) was purified by
preparative TLC (0.50-mm silica gel plate, 2 elutions, 2:1 hex-
ane~EtOAc) to give 43 mg of pure 11a (96%), identical in all
respects with the naturally derived material described previously.

Semisynthetic Epoxide 13a. To a solution of 11a (23 mg,
0.055 mmol) in 0.5 mL of dry CH,Cl, was added anhydrous
Na,HPO,® (162 mg, 1.14 mmol) and MCPBA (96%, 41 mg, 0.23
mmol). This mixture was stirred at 23 °C for 3 h and then stored
overnight at 5 °C until it was convenient to initiate the reaction
workup. The mixture was diluted with CH,Cl, (30 mL) and
washed with half-saturated aqueous Na,SO; (10 mL) and half-
saturated aqueous NaHCOj; (10 mL). The organic extracts were
dried (Na,SQ,) and evaporated to give a crude product (40 mg)
that was used directly in the next step without purification.
Products from separate experiments were purified by preparative
TLC (1:1 hexane-EtOAc as eluant; 2 elutions) to give pure samples
of semisynthetic 13a. Comparative spectroscopic data are tab-
ulated in the paper cited in ref 14.

Semisynthetic 5a. To a suspension of Zn/Ag couple (freshly
prepared from 10 mg of AgOAc and 1.72 g of Zn in 10 mL of glacial
HOACc)?* in 3 mL of dry Et,0 was added a solution of crude 13a
(sample from the preceding experiment weighed 40 mg, but
contained maximally 0.055 mmol of 13a) in 4 mL of THF followed
by 0.8 mL of dry EtOH. The reaction mixture was then heated
to 55-50 °C for 18 h. The solvents were evaporated and the
residue suspended in acetone and filtered through a short pad
of silica gel overlayered with Celite. The filtrate was concentrated
and the residue dissolved in CHyCl,. Residual, insoluble Zn?*
salts were then removed by gravity filtration. The resulting crude
product (51 mg) was used in the next reaction without purification.
Samples from separate experiments were purified chromato-
graphically and were shown to be identical with authentic material
previously characterized.!*

Semisynthetic Anguidine (1). To a solution of crude 5a
(sample from the preceding experiment weighed 51 mg, but
contained maximally 0.055 mmol of 5a) in 1.7 mL of dry pyridine
was added Ac,O (0.068 mL, 0.71 mmol) and a crystal of 4-DMAP
(7.2 mg, 0.06 mmol). After being stirred for 3 h at 23 °C, the
solution was coevaporated with heptane (2 X 50 mL). The residue
was filtered through a 1-cm pad of silica gel using 1:1 hexane—

(30) In one experiment when Na,HPO, was omitted, 13 underwent an
acid-catalyzed rearrangement to the apotrichothecene skeleton. Thus,
use of Na,HPOQ, as a buffer is strongly recommended.
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EtOAc as eluant to afford 60 mg of crude 8a. This material was
dissolved in a solvent mixture containing 0.46 mL of HOAc, 0.23
mL of THF, and 0.23 mL of H,0 and was stirred at 40 °C for
6 days. This mixture was coevaporated from heptane (2 X 50 mL)
and the crude product was purified by preparative TLC (1:1
hexane-EtQAc) to afford 19 mg (0.052 mmol) of pure, semisyn-
thetic anguidine. The overall yield for the four-step sequence
from 1la was 94%. The physical properties of semisynthetic 1
were indistinguishable from those of authentic, naturally derived
material:'> mp 160-162°; [«]*p -30.9° (¢ 1.11, CHCly); NMR (250
MHz, CDCl3) 6 5.51 (d, 1 H,J = 4.9 Hz, Hy), 510 (d, 1 H,J =
2.9 Hz, Hy), 4.15 (m, 2 H, H;;, and Hy), 3.93 (4, 1 H, J = 12.4 Hz,

H,;), 368 (d, 1 H, J = 4.9 Hz, Hy), 3.18 (d, 1 H, J = 2.6 Hz, OH),

3.05 (d, L H, J = 3.9 Hz, Hy3,), 2.76 (d, J = 3.9 Hz, Hyy), 2.12
(s, 3 H, OAc), 2.03 (s, 3 H, OAc), 1.69 (s, 3 H, Hyg), 0.80 (s, 3 H,
Hy).
[**C]Methyltriphenylphosphonium Iedide. To a -78 °C
solution of PPh; (56.3 mg, 0.22 mmol) in 0.15 mL of dry THF
was added via syringe a solution of *CH;I (13.7 mg, 0.1 mmol,
5 mCi, 52 mCi/mmol, New England Nuclear) in 1.5 mL of THF
that had been precooled to -78 °C. The sealed reaction mixture
was stirred at ambient temperature for 2 h before addition of cold
CH;l (7.3 wL, 0.11 mmol). This mixture was then stirred for 43
h. The solvent was removed by syringe and the crystals of
Ph;PMCH;] were carefully rinsed under N, with dry toluene (3
X 1 mL). This sample of phosphonium salt was dried in vacuo
for 1.5 h (25 °C) and was used immediately in the next reaction.

Synthesis of [%C]-12b. To a stirred suspension of
PPh;“CH;*T" (from the previous experiment, theoretically 0.22
mmol) in 0.54 mL of dry THF at -78 °C was added PhLi (0.13
mL of 1.7 M solution in 7:3 cyclohexane-Et,0, 0.22 mmol). The
suspension turned bright yellow and was stirred at 78 °C for 20
min and then warmed to 0 °C and stirred at this temperature
for 10 min. The clear, red-orange ylid solution was cooled to 0
°C and then a solution of ketone 4b (117 mg, 0.22 mmol) in 1.1
mL of THF was added dropwise. The mixture was heated to 50

°C for 6 h and stored at —78 °C overnight. The solution was
diluted with Et,0 (30 mL) and washed with H,O (10 mL) and
1:1 saturated Nay,S0s-1 M K,CO; (10 mL). The combined
aqueous layers were extracted with CH,Cl, (3 X 10 mL). The
organic phases were dried (Na,SOy), filtered, and concentrated
to afford 147 mg of an orange oil. The product mixture was
separated by flash chromatography (25 mm X 15 ¢m column,
hexane-EtOAc 20:1; mixed fractions were rechromatographed on
a 15 mm X 12 cm column), giving 44.9 mg (38%) of [1*C]-12b and
56 mg (47%) of recovered 4b. The yield of 12b based on unre-
covered 4b was 72%. Compound 12b was identical with authentic
samples by TLC and 300-MHz 'H NMR analysis and had a
specific activity of 26 mCi/mmol.

In a second experiment, [1*C]CH;PPh;*I" was prepared from
Ph,P (0.36 mmol), [MC]CH;I (0.09 mmol, 5 mCi, 58 mCi/mmol),
and unlabeled CH,l (0.27 mmol). The salt was dried in vacuo
for 6 h before use and then was converted to the ylide by using
the procedure described above. The ylide was treated with 4b
(195 mg, 0.36 mmol) in THF at reflux for 1 h. The reaction was
worked up and the product purified as described above, giving
113 mg (58% yield) of 12b (specific activity 9.5 + 0.5 mCi/mmol).

Synthesis of [“C]Anguidine. [*“C]-12b (44.9 mg, 0.08 mmol,
26 mCi/mmol) was converted into 25 mg of [1*C]-1 (19.2 mCi/
mmol) by using the procedures described previously for unlabeled
materials. The overall yield was 80%. Only two purifications
were performed—the first at the stage of [!4C]-11 and the second
at the end of the sequence. The [!“C]anguidine so obtained was
identical with authentic samples by TLC, HPLC (radiochemical
detection used in both cases), and 300-MHz 'H NMR.
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The title compounds were synthesized in order to further explore the apparent requirement of the trichothecene
12,13-epoxide unit for biological activity. Cyclopropane analogue 4 was prepared via a sequence involving a
Simmons-Smith cyclopropanation of the anguidine degradation intermediate 6, whereas the key step in the synthesis
of 12-epianguidine (5) was the dimethylsulfonium methylide mediated cyclopropanation of norketone 9. These
compounds are among the first skeletally modified, semisynthetic trichothecene analogues to be prepared for

biological evaluation.

A characteristic structural feature of the trichothecene
mycotoxins is the 12,13-epoxide that occurs with high
frequency in the naturally occurring members of this
family.? This unit appears to be essential for the man-
ifestation of cytotoxicity and other deleterious biological
effects (e.g., feed refusal by animals) since chemically
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modified trichothecenes such as 2 (prepared via LiAlH,
reduction of 1) and 3 (product of epoxide substitution via
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