758 J. Org. Chem. 1983, 48, 758-759

weak base catalyzed elimination in 8-phenylethyl deriva-
tives is corroborated. Below this critical level of nucleo-
fugal activity, the minimum energy pathway for H transfer
to base is linear and consistent with the prescribed E2
geometry.®

These results indicate as well that the earlier proposal
of Winstein?” that all 8-elimination processes proceed
through a spectrum of transition states between extreme
E2H and E2C cannot be correct.

The size of Ay/Ap in the E2C can be correlated with
nucleofugal activity by the results of model calculations,?
which show that at a single (constant) temperature, (i.e.,
[AE,]B = 0), the angle of H transfer is a direct function
of Ay/Ap. The value of Ay/Ap = 6.6 for *S(CH,), is the
largest found thus far. On the basis of such model calcu-
lations for a C-H bond, this corresponds to a ~160° angle
of H transfer. Tosylate, the best leaving group tested thus
far, also has the lowest value of Ay/Ap = 3.6, corre-
sponding to an angle of ~110°,

Thus the larger angles of H transfer are to be reconciled
with the smaller extents of bond making and breaking at
C, during rearward approach of the nucleophilic base and
the departure of the leaving group. Consequently, large
angles of H transfer denote a tighter T'S with respect to
the degree of double-bond development. Figure 1 sum-
marizes the features of the extreme types 1 and 2 of
transition states to be encountered with variation of nu-
cleofugal, nucleophilic, and base properties of the reagents
engaged in an E2C mechanism, as revealed by application
of the TDKIE criteria.

Finally, the data in Table I indicate that in the E2C a
tighter T'S is associated with larger values of a tempera-
ture-independent By /kp. Apparently, previous interpre-
tations holding that increasing size of ky/kp generally
bears a direct relationship to the looseness of the TS in
B-elimination reactions can be incorrect when founded on
a single temperature measurement.’!%13

Moreover, the same 3-phenylethyl derivatives, when
subjected to HX elimination in a single-step reaction® with
strong bases like NaOEt in EtOH, show strongly tem-
perature-dependent isotope effects®® with Ay/Ap values
of less than 2'/2, In such cases, too, measurement of a
single-temperature ky/kp, as is common practise, is to be
recognized as an approach of dubious value in interpreting
the tightness or looseness of the K2 TS.
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Synthesis of Verrucarin J

Summary: A synthesis of verrucarin J from verrucarol,
3-butyn-1-0l, and malealdehydic acid is described.

Sir: The trichoverroids, roridins, and verrucarins are im-
portant classes of biosynthetically related trichothecene
metabolites produced by various Myrothecium species.?*
Many of these compounds possess a range of biological
properties including antibacterial, antifugal, and cytostatic
activity which is associated with the intact macrocycle
present in the roridins and verrucarins. These factors have
prompted a number of groups to initiate syntheses of some
of these mycotoxins.® Our attention has focused recently
on verrucarin J (1) which was first isolated in 1965 from
the mycotoxin complex produced by M. verrucaria.? The
natural product was originally assigned a Z configuration
for the C(2)-C(3’) double bond on the basis of chemical
evidence. This assignment was later reversed to that of
1 by using spectroscopic methods;*%2 this correct structure
was confirmed by the recent synthesis of verrucarin J from
trichoverrin B.®® We report herein an alternative synthesis
of 1 starting from verrucarol, 3-butyn-1-ol, and male-
aldehydic acid.

Our initial approach to 1 concentrated on a convergent
strategy by which a differentiated version of diacid 3 would
be coupled in a regiochemically controlled fashion to
verrucarol (2).%87 This approach has not yet proven

i
1 HO % OH
o” 7

o&k{){/\o |
H
‘Il)
1

successful, however, in large measure as a consequence of
our inability to esterify appropriately functionalized (Z,-
E)-muconate half esters to C(4)-OH of the verrucarol
nucleus without substantial (up to 50% even with DCC5)
isomerization to (E,E)-muconate diesters.® The successful

synthesis described herein features an alternative strategy

(1) Roger and Georges Firmenich Assistant Professor of Natural
Products Chemistry; Fellow of the Alfred P. Sloan Foundation,
1982-1984.

(2) National Science Foundation Predoctoral Fellow, 1979-1982.
Fellow of the Whitaker Health Sciences Fund, 1982-83.

(3) (a) Jarvis, B. B.; Stahly, G. P.; Pavanasasivam, G.; Midiwo, J. O.;
De Silva, T.; Holmlund, C. E.; Mazzola, E. P.; Geoghegan, R. F., Jr. J.
Org. Chem. 1982, 47, 1117. (b) Harri, E.; Loeffler, W.; Sigg, H. P,;
Stahelin, H.; Stoll, C.; Tamm, C.; Wiesinger, D. Helv. Chim. Acta 1962,
45, 839, (c) Bohner, B.; Fetz, E.; Hirri, E.; Sigg, H. P.; Stoll, C.; Tamm,
C. Ibid. 1965, 48, 1079.

(4) (a) Doyle, T. W.; Braner, W. T. In “Anticancer Agents Based on
Natural Product Models”; Cassidy, J. M., Douros, J., Eds.; Academic
Press: New York, 1980; Chapter 2. (b) Tamm, C. Fortschr. Chem. Org.
Naturst. 1974, 31, 63. (c) Bamburg, J. R.; Strong, F. M. In “Microbial
Toxins”; Kadis, S., Ciegler, A., Ajl, S. J., Eds.; Academic Press: New York,
1971; Vol. 7, p 207.

(5) (a) Still, W. C.; Ohmizu, H. J. Org. Chem. 1981, 46, 5242. (b)
Esmond, R.; Fraser-Reid, B.; Jarvis, B. B. Ibid. 1982, 47, 3358. (c) No-
tegen, E.-A.; Tori, M.; Tamm, C. Helv. Chim. Acta 1981, 64, 316. (d)
Breitenstein, W.; Tamm, C. Ibid. 1978, 61, 1975. {(e) Mohr, P.; Tori, M.;
Grossen, P.; Herold, P.; Tamm, C. Ibid. 1982, 65, 1412, (f) White, J.D,;
Carter, J. P.; Kezar, H. S,, II1 J, Org. Chem. 1982, 47, 929. (g) Roush,
W. R,; Blizzard, T. A.; Basha, F. Z. Tetrahedron Lett. 1982, 23, 2331. (h)
Roush, W. R.; Spada, A. P. Ibid. 1982, 23, 3773. (i) Tomioka, K.; Sato,
F.; Koga, K. Heterocycles 1982, 17, 311. (j) Trost, B. M. In “Asymmetric
Reactions and Processes in Chemistry”; Eliel, E. L., Otsuka, S., Ed,;
American Chemical Society: Washington, DC, 1982; ACS Symp. Ser. No.
185, p 3.

(6) Fetz, E.; Bohner, B.; Tamm, C. Helv. Chim. Acta 1965, 48, 1669.

(7) (a) Verrucarol was prepared from anguidine by a method devel-
oped by Fraser-Reid (described in detail in footnote 8 of ref 5b). We
thank Professor Fraser-Reid for providing us with this procedure prior
to publication. (b) Three total syntheses of racemic verrucarol have now
been recorded: Schlessinger, R. H.; Nugent, R. A. J. Am. Chem. Soc.
1982, 104, 1116. Trost, B. M.; McDougal, P. G. Ibid. 1982, 104, 6110.
Roush, W. R.; D’Ambra, T. E. Ibid., in press.

0022-3263/83/1948-0758801.50/0 © 1983 American Chemical Society



J. Org. Chem. 1983, 48, 759-761 759

in which the growing macrocyclic chain is first attached
to C(15)-OH and the macrocycle closed by a lactonization
reaction involving C(4)-OH.

Treatment of 3-butyn-1-ol with Me;Al (3.0 equiv) and
ClyZrCp, (0.25 equiv) followed by trichloroethyl chloro-
formate (1.1 equiv) according to Negishi’s procedure® af-
forded ester 419 in 20-25% yield. Treatment of 4 with 1.2

RO
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equiv of the mixed anhydride prepared from trifluoroacetic
anhydride and dimethylphosphonoacetic acid'! (CH,Cl,,
pyridine, 94% yield) yielded 5, deprotection of which (Zn,
THF, KH,PO,) gave acid 6 in 76% yield. Esterification
of verrucarol (2) with 6 (1.5 equiv), DCC, and 4-(di-
methylamino)pyridine (DMAP) in CH,Cl, according to
Hassner’s method!? afforded trichothecene monoester 7
in 34-55% yield as a 3:1 mixture of E/Z olefin isomers
together with up to 19% of diene 8 (ca. 3:1 olefin mixture)
and 19% of phosphonoacetate 9. Although a number of
coupling methods (DCC, mixed anhydrides, etc.) proved
to be highly selective® for the primary hydroxyl group of
2, we were not able to eliminate the formation of 8, 9, or
(Z2)-7. Moreover, we were unable to separate (E)-7 from
its olefin isomer.

A paralle] series of coupling experiments was performed
by using acid 10. This intermediate was prepared initially
from 4 [(i) TBDMS-CI, imidazole, DMF; (ii) Zn, THF,
KH,PO,; 59% for both steps], but a higher yielding se-
quence proceeded from 3-butyn-1-ol via vinyl iodide 11°
[(i) TBDMS-CI, imidazole, DMF; (ii) n-BuLi, Et,0, —60
°C; (iii) CO,, —78 °C; 67% yield of 10 from 11; 43% overall
yield from 3-butynol]. Thus, treatment of verrucarol with
10 (1.5 equiv), DCC, and DMAP in CH,C]l, (6 h, 23 °C)
afforded ester 12 as a 4:1 mixture of E and Z olefin isomers
in 82-85% yield; careful separation of such mixtures by
silica gel chromatography afforded pure (£)-12 in 56-60%
overall yield along with 14-16% of (Z)-12.2 Deprotection
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(8) Compound 3 (R = CH,CH,SiMe;) has been synthesized by a com-
bination of the methods reported in our preliminary studies® and those
described herein. A C(15)-monoprotected derivative of verrucarol was
prepared by treating 2 with HO,C(CH,);OTBDMS, DCC, and 4-(di-
methylamino)pyridine (DMAP) in CH,Cl, (70% yield).

(9) Rand, C. L.; Van Horn, D. E.; Moore, M. W.; Negishi, E. J. Org.
Chem. 1981, 46, 4093.

(10) The spectroscopic properties (250- or 270-MHz 'H NMR, IR,
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structures.
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1979, 3287.
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of (E)-12 by treatment with HOAc and H,0 in THF (3:1:1,
4 h, 238 °C) smoothly provided 13 (96%), a known degra-
dation product of verrucarin J,'* acylation of which
[(Me0),POCH,CO,H (1.1 equiv), DCC, DMAP, CH,Cl,],
gave pure (E)-phosphonate 7 in 53% yield (33% of 13 was
recovered).l® Condensation of 7 with malealdehydic acid
(14)' by using the procedure outlined previously® afforded
verrucarin J seco acid 15 reproducibly in 5§7-58% yield.
Finally, 15 was treated with pivaloyl chloride (2 equiv) and
triethylamine (3 equiv) in CH,Cl, (0.01 M) to form the
mixed anhydride which was treated in situ with 4-
pyrrolidinopyridine to effect ring closure (23 °C, 2 h). In
this manner verrucarin J was isolated by chromatography
in 55-60% yield which, following recrystallization from
CHCl; -ether, was identical in all the usual respects with
an authentic sample generously provided by Professor B.
B. Jarvis.l”
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Observation of the Cyclohexadienone Intermediate
in the Aqueous Bromination of Phenol

Summary: The unstable 4-bromo-2,5-cyclohexadienone
intermediate involved in the aqueous bromination of
phenol has been observed for the first time by stopped-flow
UV spectrophotometry (A, ~240 nm, ¢ ~10000). In the
pH range 06 its rearrangement to p-bromophenol occurs
by acid-catalyzed and uncatalyzed pathways. The inter-
mediate derived from 2,6-dimethylphenol behaves similarly
but rearranges more slowly and so is more easily studied.

0022-3263/83/1948-0759%$01.50/0 © 1983 American Chemical Society



