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interpretation of the “aromatic stability” of benzene. 
A detailed treatment of electronic delocalization in 

conjugated r-systems and their isoelectronic species will 
follow in a future publication. 
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A Route to Optically Active Trichothecane Skeleton 
by Bisannulation of a Pyranose Derivatively2 
Summary: A process has been developed for bisannulation 
of a pyranose ring to produce the trichothecene skeleton 
in which (a) the cyclohexeno (A) ring is connected at 
C1/C2 of the sugar, (b) an Eschenmoser-Claisen rear- 
rangement is applied at  C3 to generate an equatorially 
oriented acetamido unit, and (c) the activated methylene 
group is used to displace a sulfonate at C6 of the original 
sugar in a process that forms the C ring. 

Sir: Most recent s y n t h e s e ~ ~ ? ~ ~ ~  of the trichothecane system 
Ia have relied upon variations of the biogenetic process6 
(path a, Scheme I) in which the pyran ring is formed by 
the intramolecular addition of a hydroxyl group on ring 
C to a ring A electrophilic  enter.^ In connection with our 
longstanding interest in these substances>9 we have been 
concerned with the development of routes to the optically 
active sesquiterpene core, and we describe herein some 
pertinent results. 

We were mindful of the seminal studies of the Raphael 
group which culminated in the first synthesis of a tricho- 
thecene, tri~hodermol.~” This achievement, which em- 

(1) This project was supported by a grant from the Public Health 
Service (GM 32569). 

(2) Portions of this work were presented a t  the 14th International 
Symposium on the Chemistry of National Products, Poznan, Poland, 
July, 1984. 

(3) Taken from the Ph.D. Thesis of R.T., Duke University, 1985. 
(4) For a recent comprehensive review: McDougal, P. G.; Schmuff, N. 

R. Fortschr. Chem. Org. Naturst. 1985, 47, 153. 
(5) For some recent syntheses of the noted compounds, see the fol- 

lowing. Trichodermol: (a) Colvin, E. W.; Malchenko, S.; Raphael, R. A.; 
Roberta, J. S. J. Chem. SOC., Perkin Trans 1 1973,1989. (b) Still, W. C.; 
Tsai, M. Y. J. Am. Chem. SOC. 1980,102, 3654. Verrucarob (c) Schles- 
singer, R. H.; Nugent, R. A. J. Am. Chem. SOC. 1982,104,1116. (d) ‘host, 
B. M.; McDougal, P. G.; Haller, K. J. J. Am. Chem. SOC. 1984,106,383. 
(e) Roush, W. R.; DAmbra, T. E. J. Am. Chem. SOC. 1983,105,1058. (0 
For the only route to optically active systems: Brooks, D. W.; Grothaus, 
P. G.; Mazdiyasni, H. J. Am. Chem. SOC. 1983,105, 4472. Calonectrin: 
(9) Kraus, G. A.; Roth, B.; Frazier, K.; Shimagaki, M. J. Am. Chem. SOC. 
1982,104, 1114. 

(6) (a) Machida, Y.; Nozoe, S. Tetrahedron 1972,28, 5113. (b) Ma- 
suoka, N.; Kamikawa, T.; Kubota, T. Chem. Lett. 1974,751. (c) Masuoka, 
N.; Kamikawa, T. Tetrahedron Lett. 1976, 1691. 

(7) For some other recently described strategies: (a) Fujimoto, Y.; 
Yokura, S.; Nakamura, T.; Morikawa, T.; Tatauno, T. Tetrahedron Lett. 
1974,2523. (b) Anderson, W. K.; Lee, G. E. J. Org. Chem. 1980,45,501. 
(c) Roush, W. R.; DAmbra, T. E. J. Org. Chem. 1980, 45, 3927. (d) 
Goldsmith, D. J.; John, T. K.; Kwong, C. D.; Painter, G. R., I11 J. Org. 
Chem. 1980,45,3989. (e) White, J. D.; Matsui, T.; Thomas, J. A. J .  Org. 
Chem. 1981,46,3376. (0 Pearson, A. J.; Ong, C. W. J. Am. Chem. SOC. 
1981, 103, 6686. 

(8) Tubhian, D. B.; Fraser-Reid, B. Tetrahedron Lett. 1980,21,4549. 
(9) Esmond, R.; Fraser-Reid, B.; Jarvis, B. B. J. Org. Chem. 1982,47, 

3358. 
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ployed a bond b disconnection (Scheme I) was difficult, 
and could not be extended to a synthesis of verrucarol.1° 
G~ldsmi th’~  and Kraus5g have utilized a bond c discon- 
nection via an intramolecular aldol condensation, this being 
particularly convenient since their target molecules were 
hydroxylated at C3 (Z = OH). 

Formation of bond d remained an unexplored possibility, 
and the conformational representations depicted in Ib and 
IC revealed two independent approaches, via the coun- 
terparts IIa and IIb, both of which emanate from D-glucose. 
Theoretically, IIa offered two options, i and ii, (Scheme 
I), depending on how the activated and leaving groups are 
positioned. Option ii was rejected since such activated 
C-glycopyranosides undergo ready based-catalyzed a - 
p “anomerization” initiated by a retro-Michael reacti0n.l’ 
The other possibility, option i, would require the prepa- 
ration of a precursor bearing a one-carbon, electrophilic 
substituent a t  C1 of the pyranose ring in an a-D orienta- 
tion. The equivalent precursor, IIb, seemed considerably 
more attractive, since the one-carbon electrophile would 
already be present in the guise of C6 of glucose. 

The ring closure arising from IIb is reminiscent of the 
formation of a 3,6-anhydro sugar12 in which the pyranoside 
ring is also required to adopt the unfavorable lCq confor- 

(10) Colvin, E. W.; Malchenko, S.; Raphael, R. A.; Roberts, J .  S. J. 

(11) Dawe, R. D.; Fraser-Reid, B. J. Org. Chem. 1984, 49, 522. 
(12) Peat, S. Ado. Carbohydr. Chem. 1945, 2, 37. 

Chem. SOC., Perkin Trans. I 1978,658. 
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(rather than oxygen) substituent at  the anomeric center. 
This reasoning dictated that the carbocyclic ring A (at the 
"front" of the sugar) should be developed first and that 
the sequence for assembling the rings should therefore be 

The readily obtained14 C-glycopyranoside 1 underwent 
hydroxylation exclusively from the 0-face, and the product 
was deesterified. The resulting tetrol was converted di- 
rectly into the bis(benzy1idene) ketone 2, from which the 
allyl methyl ether 3 was obtained by routine operations 
(Scheme 11). Chemo- and regiospecific cleavage of the 
dioxolane ring was effected by treatment with n-butyl- 
lithium, as prescribed by R~demeyer . '~  Attempts to 
carboxylate the intermediate enolate generated in this 
process led to 0-acylation;l6 however, isolation of ketone 
4 and subsequent carboxylation by application of Stiles' 
reagent17 afforded a carboxylic acid, from which ester 5 
was obtained in 65% overall yield. 

Attempts to effect ring closure of 5 via Pd(0) catalysis18 
were unavailing. Lewis acids were investigated as alter- 
native reagents, but the expected concomitant debenzyl- 
idination seemed to encourage decomposition. It tran- 
spired that specific combination of stannic chloride and 
acetic anhydride led smoothly to the bicyclic diacetate 6a. 

In order to provide the conformational rigidity necessary 
to ensure stereosele~tivity~~ in the upcoming Claisen re- 
arrangement, the benzylidene ring was reinstalled in 6b. 
In a modification of our previous protoc01,'~ 6b was reacted 
with vinylmagnesium bromide, and the resulting alcohol 
7 was rearranged and solvolyzed to give the allylic alcohol 
8. Application of the Eschenmoser modification20 of the 
Claisen rearrangement afforded amide 9 in 88% yield. 
After routine preparation of the sulfonate 10 the key step 
for the bond d disconnection (Scheme I) was readily 
achieved. Thus treatment of 10 with KN(SiMe3)2 led to 
the cyclized material, isolated as a single diastereomer. 

Systematic procedures for manipulating the richly 
functionalized intermediate 12 are currently being exam- 
ined and some encouraging results have already been ob- 
taineda3 Thus reaction with methyllithium occurred che- 
moselectively at  the amide to give the methyl ketone 12a. 
Confirmation of the exo orientation at C4 was gratifying21 
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a [a] ( i )  KMnO,, aqueous  EtOH, ( i i )  MeOH/H,O/E t ,N ,  
(iii) PhCH(OMe), ,  C S A  ( 5 5 % ) ;  [b] ( i )  CH,CHMgBr, ( i i )  
NaH, Me1 (80%); [c] n-BuLi, THF, -40 "C (85%); [d]  ( i )  
ref 15, ( i i )  HCl,  (iii) CH,N, ( 6 5 % ) ;  [ e ]  (i) SnCl,, Ac,O,  
CH,Cl,, ( i i )  NaOMe, MeOH, ( i i )  PhCH(OMe), ,  CSA ( 5 5 % ) ;  
[f] CH,CHMgBr, THF ( 9 5 % ) ;  [g] ( i )  SOCl, ,  py, T H F ,  ( i i )  
KOAc,  D M F ,  (iii) NaOMe, MeOH (90%). 
CH,C(OMe),NMe,,  PhCH,,  ref lux (88%); [i] ( i )  CSA,  
M e O H ; ( i i )  PhSO,Cl ,  py (83%); [j] ( i )  KN (Me,Si) , ,  T H F ,  
-78 "C - 2 5  "C, ( i i )  PhCH,Br ( 7 5 % ) ;  [k] CH,Li ,  E t ,O ,  

mation. However, for the case at  hand, we reckoned that 
the ring closure process would be facilitated if the pre- 
cursor did not have to overcome a substantial anomeric 
effect.l3 This could be ensured by the presence of a carbon 

[h] 

-40 "C (78%). 

(13) Lemieux, R. U.; Chu, P. J. Abstr. Pap.-Am. Chem. SOC. 1958, 
133th, 31N. Szarek, W. A., Horton, D., Eds. "The Anomeric Effect"; 
American Chemical Society: Washington, DC, 1979; ACS Symp. Ser. No. 
87. Kirby, A. J. 'The Anomeric Effect and Related Stereoelectronic 
Effects at Oxygen"; Springer-Verlag: New York, 1983. 

(14) Chmielewski, M.; BeMiller, J. N.; Cerretti, D. P. Carbohydr. Res. 
1981, 97, C-1. Grynkiewicz, G.; BeMiller, J. N. J.  Curbohydr. Chem. 1982, 
1 ,  121. 

(15) Klemer, A.; Rodemeyer, G. Chem. Ber. 1974, 107, 2612. 
(16) Tsang, R.; Fraser-Reid, B. J.  Chem. SOC., Chem. Commun. 1984, 

(17) Finkbeiner, H. L.; Stiles, M. J .  Am. Chem. SOC. 1963, 85, 616. 
(18) (a) For reviews, see: Trost, B. M.; Verhoeven, T. R. Compr. 

Organomet. Chem. 1982,8, 779. Trost, B. M. Pure Appl. Chem. 1981, 
53,2357. (b) Takahashi, K.; Miyake, A.; Hata, G. Bull. Chem. SOC. Jpn.  
1972, 45, 230. 

(19) Tulshian, D. B.; ?'sang, R.; Fraser-Reid, B. J .  Org. Chem. 1984, 
49, 2347. 

(20) Wick, A. E.; Felix, D.; Steen, K.; Eschenmoser, A. Helu. Chim. 
Acta 1964, 47, 2425. 

(21) (a) For 12a: [aID -177'; 'H NMR (250 MHz, CDCl,, Me4Si) 6 1.59 
(br s, 3, 9-CH3), 1.98 ( 8 ,  3, COCH3), 1.97-2.07 (m, 2, H3,,, HlO), 2.16 (dt, 

J,,8 = 6.8 Hz, H7), 2.48 (br d, 1, Jlo,lo, = 18 Hz, HlO'), 3.46 (br d, 1, H79, 
3.72 (9, 3, C0,CH3), 3.70-3.78 (m, 2, H12, H4), 4.41 (d, 1, J = 12 Hz, 
OCHH'Ph), 4.47-4.54 (m, 2, H11, H2), 4.75 (d, 1, OCHH'Ph), 5.06 (d, 1, 
J = 17 Hz, CH-CHH'), 5.21 (d, 1, J = 12 Hz, CH=CHH?, 5.32 (br s, 
1, Ha), 5.91 (dd, 1, CH=CH2), 7.20-7.33 (m, 5, Ph). (b) For 12b: [aID 
-218'; 'H NMR (250 MHz, CDC13, Me,Si), 6 1.65 (s, 3, 9 CH3), 1.8C-2.10 
(m, 4, H3,, H7, H8, H8'), 1.96 (8, 3, COCM3), 2.17 (dt, 1, JR,,,J,, = 15 Hz, 
J Z 3  = J ,  = 10 Hz, H4), 
3.7%(s, 3,e&f502CH3), 3.76 (d, 1, J2 12 = 3.0 Hz, H12), 4.40 (8, 1, J = 12 Hz, 
OCHH'Ph), 4.50 (dd, 1, HZ), 4.57 (d, 1, Jloll = 5.0 Hz, H l l ) ,  4.77 (d, i, 
OCHH'Ph), 5.09 (dd, 1, J = 18 Hz, 1.5 Hi, CH=CHH'). 5.24 (dd, 1, J 
= 11 Hz, 1.5 Hz, CH=CHH'), 5.49 (d, 1, HlO), 6.02 (dd, 1, CH=CH,), 
7.20-7.33 (m, 5 ,  Ph). For t r i~hodermol:~ H2, 6 3.81 (d, J2,3e = 0.2 Hz, 
J2,3, = 5.0 Hz); H3,, 6 2.60 (dd, J 3 ,  ,3e = 15.5 Hz, J3m,4 = 8 k z ) ;  H3,, 6 
1.9 (dd, J3er,4 = 3.5 Hz); H4, li 4.32 Id$). 

60. 

1, J3..,3. = 15 Hz, J 2 , 3  = J3,,,4 = 5.0 Hz, H3,,), 2.30 (dd, 1, 57.7' = 18 Hz, 

= 5 Hz, H3,,), 2.77 (m, 1, H7), 3.51 (dd, 1, J3  
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since a Baeyer-Villiger reaction can now be used to install 
the C4 oxygen. A serendipitous result provides a mecha- 
nism for the isomerization 12a - 12b. Thus treatment 
of 12a with ethylene glycol and camphorsulfonic acid led 
not to a ketal but to a 3:2 mixture of the readily separated 
isomers 12b and 12a, respectively. 

The work described herein outlines the second route5f 
to provide the trichothecane system in optically active 
form. The dense functionalization of 12a and 12b should 
permit the preparation of a wide array of trichothecanoid 
analogues. 

Raymond Tsang? Bert Fraser-Reid* 
P a u l  M. Gross Chemical Laboratories 

Duke  University 
Durham, North Carolina 27706 

Received June  14, 1985 

Arylation of Diethyl Phosphate by 
N-( Su1fonatooxy)acetanilides: A Model for a 
Possible in Vivo Reaction of Carcinogenic 
Metabolites of Aromatic Amides 

Summary: N-(Sulfonatooxy)acetanilides, which serve as 
models for the carcinogenic metabolites of aromatic am- 
ides, arylate diethyl phosphate in aqueous solution. 

Sir: Sulfuric acid esters of N-hydroxy-N-arylacetamides 
have been implicated as important carcinogenic metabo- 
lites of polycyclic N-arylacetamides.1,2 Almost all the 
investigations concerned with the in vivo activity of these 
species have concentrated on their reactions with the pu- 
rine and pyrimidine bases of DNA and RNA.ls3 Although 
a number of alkylating and arylating agents have been 
shown to react with the phosphate backbone of DNA to 
form stable triesters or cause chain ~leavage,~ the possi- 
bility that the N-(su1fonatooxy)-N-arylacetamides may 
undergo a similar reaction has been given scant consid- 
e r a t i ~ n . ~  Since such a reaction may be important to the 
in vivo activity of these reagents, we have investigated the 
reactions of the model compound N-(su1fonatooxy)-p- 

(1) Several recent reviews include: Miller, J. A. Cancer Res. 1970,30, 
559-576. Kriek, E. Biochim. Biophys. Acta 1974,355,177-203. Miller, 
E. C. Cancer Res. 1978,38,1479-1496. Miller, E. C.; Miller, J .  A. Cancer 
(Philadelphia) 1981,47, 2327-2345. 

(2) DeBaun, J. R.; Miller, E. C.; Miller, J. A. Cancer Res. 1970, 30, 
577-595. Weisburger, J. H.; Yamamoto, R. S.; Williams, G. M.; Grant- 
ham, P. H.; Matsushima, T.; Weisburger, E. K. Ibid. 1972,32, 491-500. 
Kadlubar, F. F.; Miller, J. A.; Miller, E. C. Ibid. 1976, 36, 2350-2359. 
King, C. M.; Philipps, B. J. Bioi. Chem. 1969, 244, 6209-6216. 

(3) Kriek, E.; Reitsema, J. Chem.-Biol. Interact. 1971, 3, 397-400. 
Scribner, J. D.; Naimy, N. K. Cancer Res. 1973,33,1159-1164; 1975,35, 
1416-1421. Westra, J. G.; Kriek, E.; Hittenhausen, H. Chem.-Biol. In- 
teract. 1976,15, 149-164. Scribner, N. K.; Scribner, J. D.; Smith, D. L.; 
Schram, K. H.; McCloskey; J. A. Ibid. 1979, 26, 27-46. Saffhill, R.; 
Abbott, P. J. Ibid. 1983,44,95-110; Beland, F. A.; Dooley, K. L.; Jackson, 
C. D. Cancer Res. 1982, 42, 1348-1354. Kennelly, J. C.; Beland, F. A.; 
Kadlubar, F. F.; Martin, C. N. Carcinogenesis 1984, 5, 407-412 and 
references therein. 

(4) Singer, B. h o g .  Nucleic Acid Res. Mol. Biol. 1975,15,219-284 and 
references therein. Gamper, H. B.; Tung, A. S.-C.; Straub, K.; Bartho- 
lomew, J. C.; Calvin, M. Science (Washington, D.C.) 1977,197,671474. 

(5) We are aware of only one report that indicates that  N-acetoxy-4- 
acetamidostilbene reacts with the phosphate backbone of RNA, although 
no triester derivatives were isolated: Scribner, N. K.; Scribner, J. D. 
Chem.-Biol. Interact. 1979, 26, 47-55. It is not clear whether strand 
breaks induced in RNA and DNA by derivatives of N-hydroxy-N-aryl- 
acetamides are caused by triester formation, depurination, or some other 
mechanism: Vaught, J. B.; Lee, M.-S.; Shayman, M. A.; Thissen, M. R., 
King, C. M. Chem.-Biol. Interact. 1981,34,109-124. Drinkwater, N. R.; 
Miller, E. C.; Miller, J. A. Biochemistry 1980,19, 5087-5092; Kadlubar, 
F. F.; Melchior, W. B.; Flammang, T. J.; Springgate, C.; Moss, A. J.; 
Nagle, W. A. J. Supramol. Struct. Cell. Biochem., Suppl. 1981,5, 457. 
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Figure 1. Observed (upper) and calculated (lower) 'H NMR 
spectra for 2 in the methylene resonance region. Parameters used 
to generate the calculated spectrum are shown in Table I. 

chloroacetanilide (116 with diethyl phosphate in aqueous 
solution. Two ring-phosphorylated products, 2 and 3, have 
been isolated from these reactions and characterized. 

M) at  40 OC in 5% 
CH3CN-H20 containing 0.5 M diethyl phosphate a t  pH 
3.1 follows a first-order pattern when monitored by UV 
spectroscopic methods.' The rate constant for the de- 
composition of l under these conditions is (8.4 f 0.1) X 

h-l, which is comparable to the rate constant for its 
decomposition under similar conditions in the absence of 
diethyl phosphatee6 When the decomposition of 1 
[(1.25-2.50) X MI in the presence of diethyl phosphate 
is monitored by HPLC (p-Bondapak C-18 reverse-phase 
column, 1/1 MeOH/H,O solvent) two products, which are 
not observed in the absence of diethyl phosphate, can be 
detected. These materials can be separated from the other 
solvolysis products6 by extraction into CH2C12, followed 
by preparative layer chromatography on silica1 gel (4/1 
CH2C12/EtOAc eluent). The two compounds, which elute 
as a single band under these conditions, can then be sep- 
arated from each other by preparative HPLC (Altex U1- 
trasphere-0DS 10 mm X 25 cm, 1/1 MeOH/H,O solvent). 

All spectral data obtained for these compounds indicate 
that they are ring-phosphorylated  isomer^.^,^ The major 

The decomposition of 1 (5 X 

(6) Novak, M.; Pelecanou, M.; Roy, A. K.; Andronico, A. F.; Plourde, 
F. M.; Olefirowicz, T. M.; Curtin, T. J. J .  Am. Chem. SOC. 1984, 106, 
5623-5631. 

(7) The diethyl phosphate was titrated with 1.0 N KOH to achieve a 
base/acid ratio of ea. 20/1. 

(8) 2 was isolated as a white, waxy solid mp 69.0-70.5 "C; IR (KBr) 
3300,3260,2950,1695,1600, 1530,1265,1050 cm-'; 'H NMR (250 MHz, 
CD2ClZ) 6 8.4 (1 H, s, br), 8.17 (1 H, d, J = 8.8 Hz), 7.23 (1 H, dd, JPH 
= 1.35 Hz, JHH = 2.25 Hz), 7.17 (1 H, m, JPH = 1.0 Hz, JHH = 2.25, 8.8 

1.34 (6 H, td, 4JpH = 1.10 Hz, 3 J H H  = 7.11 Hz); MS, m/e (relative inten- 
sity) 321 (M+, 42.3), 323 (M + 2+, 13.8), 281 (35.0), 279 (loo), 253 (13.6), 
251 (39.8), 225 (17.4), 223 (51.2); high-resolution MS, m e 321.0532 
(C1ZH17N06P35C1 requires 321.0534), 323.0484 (C12H17N05PdC1 requires 
323.0504). 

HZ), 4.23 (2 H, m, 3JpH = 8.55 HZ, 3 J H H  = 7.11 HZ, *JHH = 10.09 HZ), 4.20 
(2 H, m, 3JpH = 8.55 HZ, 3JHH = 7.11 HZ, 'JHH = 10.09 HZ), 2.15 (3 H, S), 

(9) 3 was isolated as a clear oil: IR (neat) 3270,3000,1690,1600,1530, 
1270, 1030 cm-'; 'H NMR (250 MHz, CDZClz) 6 8.28 (1 H, d,  J H H  = 9.4 
Hz), 7.5 (1 H, S, br), 7.30 (1 H, dd, JPH = 1.1 Hz, JHH = 2.8 Hz), 7.12 (1 
H, m, JPH = 0.9 Hz, JHH = 2.8, 9.1 Hz), 4.19 (4 H,quintet, JPH = JHH 

m/e (relative intensity) 321 (M+, 51.2), 323 (M + 2+, 18.5), 286 (76.3), 281 
(34.6), 279 (loo), 253 (12.9), 251 (45.4), 225 (19.5), 223 (56.9); high-reso- 
lution MS, m e 321.0541 (C1zH17N05P36C1 requires 321.0534), 323.0504 
(Cl2HI7NO6Pi7C1 requires 323.0504). 
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= 7.1 Hz), 2.19 (3 H, s), 1.34 (6 H, td, JPH = 1.0 Hz, JHH = 7.1 Hz); MS, 


