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given reaction type as predicted by the principle of least 
motionsm Thus, 6 is large for reactions requiring relatively 
little molecular reorganization in changing from ground 
to transition state, such as proton transfers from cyano 
carbon acids and single-electron transfers, and decreases 
in size for reactions requiring more molecular reorganiza- 
tion, such as E2 reactions. 
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Formal Total Synthesis of Streptonigrin’ 
Summary: An efficient, formal total synthesis of strep- 
tonigrin (1) is detailed and is based on the implementation 
of two consecutive inverse electron demand Diels-Alder 
reactions: 1,2,4,5-tetrazine + S-methyl thioimidate 
(streptonigrin ABC ring construction) and 1,2,btriazine + morpholino enamine (streptonigrin CD ring construc- 
tion). 

Sir: Streptonigrin (1) was first isolated from the broth of 
Streptomyces flocculus by Rao and Cullen? and through 
the chemical degradative and spectral studies of Wood- 
ward, Biemann, and Rao,2b the correct structure was 
proposed in 1963 and later confirmed in an X-ray crystal 
study.% Since that time streptonigrin has been the subject 
of extensive biological and chemical studiesS3 It has been 
found to be active against Gram-positive and Gram-neg- 
ative bacteria as well as a number of tumors including 
herpes simplex I/III and mouse mammary tumors. Al- 
though the toxicity associated with the administration of 
streptonigrin has decreased the potential clinical use of this 
agent, reports of ita use in combination therapy with vin- 
cristine, prednisone, and bleomycin have been de~cribed.~ 
Moreover, recent studies on the chemical mechanism by 
which streptonigrin exerts its biological effects, efforts to 
define the essential structural requirements for activity, 
and investigations on the biosynthesis of streptonigrin have 
renewed interest in this and related antitumor  antibiotic^.^ 

(1) Presented in part a t  the 184th National Meeting of the American 

K. V.; Biemann, K.; Woodward, R. B. J.  Ar 

. .. 
(4) Typified by lavendamycin; see the following: Doyle, T. W.; Balitz, 

D. M.; Grulich, R. E. Nettleton, D. C.; Gould, S. J.; Tann, C.-H.; Moews, 
A. E. Tetrahedron Let t .  1981, 22, 4595. Balitz, D. M.; Bush, J. A,; 
Bradner, W. T.; Doyle, T. W.; O’Herron, F. A,; Nettleton, D. E. J.  An- 
tibiot. 1982, 36, 259. 
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The complex structural features of streptonigrin ( I ) ,  a 
substituted quinone quinoline possessing a pentasubsti- 
tuted pyridine, the chemical and biological interest in 
streptonigrin, and the potential application of structurally 
related analogues have provided the incentive for much 
synthetic work6 which has resulted in two reported total 
syntheses.6avb 

The synthetic utility of the inverse electron demand 
Diels-Alder reactions of heterocyclic azadienes has gone 
largely unrecognized due to the ambiguities concerning the 
mode of cycloaddition, the lack of useful, electron-rich 
dienophiles, and the lack of demonstrated or dependable 
synthetic procedures and applications. Herein, we disclose 
a short, convergent formal total synthesis of streptonigrin 
(1) based on the implementation of two consecutive inverse 
electron demand Diels-Alder reactions: the first for con- 
struction of the ABC ring system (1,2,4,5-tetrazine + S- 

(5) (a) Kende, A. S.; Lorah, D. P.; Boatman, J. J. Am. Chem. SOC. 1981, 
103,1271. Kende, A. S.; Naegely, P. C. Tetrahedron Let t .  1978,4775. 
(b) Weinreb, S. M.; Basha, F. Z.; Hibino, S.; Khatri, N. A.; Kim, D.; Pye, 
W. E.; Wu, T.-T. J.  Am. Chem. SOC. 1982,104,536. Basha, F. Z.; Hibino, 
S.; Kim, D.; Pye, W. E.; Wu, T.-T.; Weinreb, S. M. Ibid. 1980,102, 3962. 
For studies on the construction of the streptonigrin CD ring system, see: 
Kametani, T.; Ogasawara, K.; Shio, M. Yakugaku Zasshi 1966,86,809. 
Kametani, T.; Ogaeawara, K.; Kozuka, A. Ibid. 1966,86,815. Kametani, 
T.; Ogasawara, A,; Kozuka, A.; Shio, M. Ibid. 1967, 87, 254, 260. Ka- 
metani, T,,; Ogasawara, K.; Kozuka, H.; Nyu, K. Ibid. 1967, 87, 1189. 
Kametani, T.; Ogasawara, K.; Kozuka, A. Ibid. 1967,87,1195. Kametani, 
T.; Kozuka, A,; Tanaka, 5. Ibid. 1970,90,1574; 1971,91,1068. Liao, T. 
K.; Wittek, P. J.; Cheng, C. C. J. Heterocycl. Chem. 1976, 13, 1283. 
Wittek, P. J.; Liao, T. K.; Cheng, C. C. J. Org. Chem. 1979,44,870. Rao, 
K. V.; Venkateswarlu, P. J. Heterocycl. Chem. 1978,12,731. Rao, K. V.; 
Kuo, H A .  J.  Heterocycl. Chem. 1979,16,1241. Martin, J. C. Ibid. 1980, 
17, 1111. Kim, D.; Weinreb, 9. M. J. Org. Chem. 1978, 43, 121, 125. 
Cushman, M.; Mathew, J. J.  Org. Chem. 1981,46, 4921. A related ap- 
proach employing 1,2,4-triazines for the construction of the streptonigrin 
CD ring system has been described Martin, J. C. J. Org. Chem. 1982, 
47,3761. For studies on the preparation of the AB/ABC ring system of 
streptonigrin, see the following: Kametani, T.; Ogaeawara, K. Yakugaku 
Zasshi 196S, 85,986; 1966,86,55. Liao, T. K.; Nybert, W. H.; Cheng, C. 
C. Angew. Chem., Ed.  Engl. 1967,6,82. Lown, J. W.; Sim, S. K. Cand. 
J. Chem. 1976,64,2563. Hibino, 5.; Weinreb, S. M. J. Org. Chem. 1977, 
42, 232. Rao, K. V.; Kuo, H.-S. J. Heterocycl. Chem. 1979, 16, 1241. 
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methyl thioimidate)sa and the latter for CD ring con- 
struction (1,2,4-triazine + morpholino Scheme 
I. This approach represents a simple, two-step assemblage 
of the entire carbon framework of streptonigrin (I) ,  il- 
lustrates the synthetic potential of such processes, and 
indicates that this approach may be additionally suited 
for the preparation of streptonigrin analogues and related 
antitumor  antibiotic^.^ 

The substrate for the first Diels-Alder reaction was 
prepared as shown in Scheme 11. Treatment of 6-meth- 
oxyquinoline (2)' with p-toluenesulfonyl chloride (1.6 
equiv), potassium cyanide (3.0 equiv) in CHzCl2-HzO8 for 
a prolonged reaction period (120 h, 25 "C) afforded 2- 
cyano-6-methoxyquinoline (3, 81 %)9 directly without iso- 
lation of the Reissert intermediate. Nitration cleanly 
yielded 49 (1.5 equiv of 70% HN03 in HZSO4, 82%) and 
conversion of the nitrile to the S-methyl thioimidate 69 
(H2S, dioxane, 78%; 2.0-4.0 equiv of CHJ, CH3CN, 80 "C; 
NaHC03, HZO-CHCl3, 56%)1° completed the preparation 
of the required dienophile. 

Communications 

(6) (a) Boger, D. L.; Panek, J. S. Tetrahedron Lett., submitted. 
Roffey, P.; Verge, J. P. J. Heterocycl. Chem. 1969,6,497. Figeys, H. P.; 
Mathy, A. Tetrahedron Lett. 1981,22,1393. Seitz, G.; Overheu, W. Arch. 
Pharm. (Weinheim, Ger.) 1979,312, 452; 1981,314,376. (b) Boger, D. 
L.; Panek, J. S. J. Org. Chem. 1982,47, 3763. Boger, D. L.; Panek, J. S.; 
Meier, M. M. Zbid. 1982,47, 895. Boger, D. L.; Panek, J. S. Ibid. 1981, 
46. 2179. --, ~~ - 

(7) Available from Aldrich Chemical Co. 
(8) Wefer, J. M.; Catala, A.; Popp, F. D. J.  Org. Chem. 1965,30, 3075. 
(9) All new compounds gave satisfactory C, H, N analysis (&0.40%) 

or high-resolution mass spectral information and exhibited the expected 
lH NMR, 13C NMR, IR, and mass spectral characteristics consistent with 
the assigned structure. 

3: mo 175-176 OC: 'H NMR (CDCl,) 6 8.70 (2 H. t. J = 12 Hz. 
a romaG,  7.68 (1 H, s,' aromatic), 7.67-7:07 (2 H, m, aromatic), 3.96 (3 
H, s, Ar OCH,); I3C NMR (CDCI,) 6 160.0 ((2-61, 144.6 (C-h),  135.6 (c-4), 
131.5 (C-S), 130.8 (C-4a/C-2), 130.3 (C-2/C-4a), 124.6 (C-51, 123.8 (C-31, 
117.9 (-CN), 104.7 (C-7); 55.8 (Ar OCH,).' Anal. Calcd for CI1H8N2O C, 
71.72: H. 4.38: N. 15.21. Found C. 71.45: H. 4.21: N. 15.00. 

4: 'mp 1401142 dec; 'H NMR (CDCI,) a 8.26 (2'H, 5, J = 12 Hz, 
aromatic), 7.75 (1 H, d, J = 12 Hz, aromatic), 7.67 (1 H, d, J = 12  Hz, 
aromatic), 4.14 (3 H, I,  Ar OCH,); I3C NMR (Me2SO-d,) 6 151.2 (C-6), 
141.2 ( M a ) ,  134.4 (C-4), 133.2 (C-5), 131.9 (C-2), 130.8 (C-8), 126.3 (C-3), 
121.2 (C-4a), 119.7 (C-7), 114.1 (CN), 57.8 (Ar OCH,). Anal. Calcd for 
CllH1N303: C, 57.64; H, 3.08; N, 18.34. Found: C, 57.28; H, 3.00; N, 
18.45. 

5 mp 236-246 OC dec; 'H NMR (Me2SO-d6) 6 10.20 (2 H, br 8,  NH2), 
8.43 (1 H, d, J = 9 Hz, aromatic), 8.31 (2 H, t ,  J = 11 Hz, aromatic) 8.03 
(1 H, d, J = 9 Hz, aromatic), 4.12 (3 H, 8, Ar OCH,); l3C NMR (MefiO-d,) 
6 194.0 (Ar C=S), 150.4 (C-6), 150.1 (C-2), 139.2 (C-8a), 134.5 (C-4), 133.6 
(C-5), 129.5 (C-8), 123.7 (C-3), 120.9 (C-4a), 118.6 (C-7), 57.7 (Ar OCH,). 
Anal. Calcd for C,,H.N,O,S: C. 50.19: H. 3.44: N. 15.97. Found: C. " "  I 

50.00; H, 3.42; N, k f 0 .  
6: mp 190-192 "C; 'H NMR (CDCI,) 6 8.28 (1 H, d, J = 12  Hz, 

aromatic), 8.25 (1 H, d, J = 12  Hz, aromatic), 8.18 (1 H, s, NH), 8.07 (1 
H, d, J = 12 Hz, aromatic), 7.60 (1 H, d, J = 12  Hz, aromatic), 4.09 (3 
H, s, Ar OCH,), 2.45 (3 H, s, SCHJ; I3C NMR (Me2SO-d6) 6 169.4 (C= 
NH), 153.3 ( C 4 ,  149.8 (C-2), 140.2 (C-Sa), 134.2 (C-4), 133.5 (C-5), 130.0 
(C-8), 121.1 (C-4a), 120.9 (C-3), 118.2 (C-7), 57.5 (Ar OCH,), 11.4 (SCH,). 
Anal. Calcd for C12HllN3S02: C, 51.98; H, 3.98; N, 15.16. Found: C, 
51.58; H, 4.04; N, 14.89. 

8: mp 230-235 "C; 'H NMR (CDCl,) 6 8.77 (1 H, d, J = 11 Hz, 
aromatic), 8.28 (1 H, d, J = 11 Hz, aromatic), 8.21 (1 H, d, J = 12 Hz, 
aromatic), 7.67 (1 H, d, J = 12 Hz, aromatic), 4.17 (3 H, s, CO~CHS), 4.13 
(3 H, s, CO,CH,), 4.10 (3 H, s, Ar OCH,); NMR (Me2SO-d8) 164.9 

6'/C-2), 149.0 (C-2/C-6'), 140.3 (C-Sa), 134.4 (C-4), 133.5 (C-5), 131.1 
(C-S), 122.2 (C-4a), 121.5 (C-3), 119.3 (C-7), 57.7 (Ar OCH,), 53.5 (COP- 
CH,), 53.3 (COPCH3); high-resolution MS m / e  for CI7Hl3N5O7 requires 
399.0814, found 399.0787. 

Spectra of compound 10 were identical in all respects with spectra of 
authentic 10 provided by Professor A. S. Kende. 10: 'H NMR (CDClJ 
6 8.64 (1 H, d, J = 11 Hz, aromatic), 8.35-8.02 (2 H, m, aromatic), 7.48 
(1 H, d, J = 11 Hz, aromatic), 7.20-6.95 (5 H, m, Ph), 6.86 (1 H, d, J = 
11 Hz, aromatic), 6.72 (1 H, d, J = 8 Hz, aromatic), 5.06 (1 H, d, J = 13 
Hz, CH2), 4.81 (1 H, d , J  = 13 Hz, CH2), 4.06 (3 H, s, CO2CH,/Ar OCH,), 
4.02 (3 H, s, C02CH3/Ar OCH,), 3.93 (3 H, s, Ar OCH,), 3.90 (3 H, s, Ar 
OCH,), 3.62 (3 H, 8, C02CH3), 2.26 (3 H, 5, Ar CH,); high-resolution MS 
m/e for C35H31010N3 requires 653.2007, found 653.2019. 

(10) Boon, W. R. J. Chem. SOC. 1945,601, Reyraud, P.; Moreau, R. C.; 
Thu, N. H.; Delepine, M. M. C. R. Hebd. Seances Acad. Sci. 1961,253, 
1968. 

(C=O), 161.8 (C=O), 155.7 (C-2'), 151.6 (C-5'), 151.0 (C-6), 150.9 (C- 
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2 3, R' = C N ;  RZ = H 
4, R1 = CN;  RZ = NO, 
6, R' = C(=S)NH, ; R' = NO, 
6, R' = C(=NH)SCH, ; R2 = NO, 

a ( a )  1 .6  equiv o f  p-TsC1, 3.0 equiv of KCN, CH,CI,- 
H,O, 1 2 0  h, 25 "C, 81%; ( b )  1.5 equiv of 70% HNO,, 
H,SO,, 2 5  'C, 82%; ( c )  H,S, cat. Et,NH, dioxane, 0-25 "C, 
2 4  h ,  75-80%; (d )  2-4 equiv o f  CH,CN, 2 h ,  80 "C; 
saturated aqueous  NaHCO, -CHCl,, 1 5  min ,  2 5  "C, 56%. 

Table I. Cycloaddition Reaction of 1,2,4-Triazine 8 
wi th  Morpholino Enamine 9 

conditions:  equiv of 9, % yielda 
solvent, temp ( t ime)  (10/11) 

4.0, CH,CN, 80 "C (12-24 h )  

2.0-6.0, CHCl,, 45-80 "C (12-48 h)  

15-26 ( 4 ~ 1 ) ~  

d 
2.0, CH,CN, 1 2 0  " C  ( 1 6  h ) C  

2.0, CHCl,, 120 "C (16 h ) C  
4.0, CHCl,, 1 2 0  " C  ( 4 2  h)  

30 ( 1 : l )  

30 (1:l) 
6 8  (1 :1) 

a Yield of purified material  isolated by  co lumn chroma- 

Reac t ion  run in a sealed reaction vessel. 
tography (SiO,). 

detected chromatographically.  

35-45% 1,2,4-triazine 8 recovered. 
Trace of  10 

Construction of the streptonigrin ABC ring system was 
accomplished by employing the inverse electron demand 
Diels-Alder reaction of dimethyl 1,2,4,5-tetrazine-3,6-di- 
carboxylate (7)" with S-methyl thioimidate 66a (80 "C, 
dioxane, 22-24 h) and gave the quinoline substituted 
1,2,4-triazine 89 (72%). In contrast to the results of related 
studies, aryl S-methyl thioimidates, e.g., 6,  behave as de- 
pendable heterodienophiles with 7 and no trace of com- 
peting reactions or cycloadditions could be detected.6a 
Treatment of 8 with the morpholino enamine of 2-(ben- 
zyloxy)-3,4-dimethoxypropiophenone 912 afforded 10 and 
finished the construction of the pentasubstituted pyridine 
and completed the assemblage of the tetracyclic carbon 
skeleton of streptonigrin (Scheme 111). The conversion 
of 10 to 12, a key intermediate in the synthesis of strep- 
tonigrin (1) described by Kende and c o - ~ o r k e r s , ~ ~  com- 
pleted the formal synthesis. 

Table I summarizes representative details of our in- 
vestigation of the pyridyl biaryl CD ring construction of 
streptonigrin. In agreement with the results of our pre- 
liminary study probing the mode of cycloaddition of 
3,5,6-tricarboethoxy-1,2,4-triazine with aryl pyrrolidine 

the morpholino enamine 9l2 cycloadds exclu- 
sively across C-3/C-6 of 1,2,4-triazine 8 and the nucleo- 
philic carbon of the electron-rich dienophile prefers attack 
at  C-3. However, the decreased reactivity of 8 towards 
cycloaddition and the relative instability of the morpholino 
enamine 9l2 dictate a select set of reaction conditions for 
cycloaddition (Table I). Although the factors governing 
the regioselectivity are not completely understood, the 

(11) Sauer, J.; Mielert, A.; Lang, D.; Peter, D. Chem. Ber. 1965, 98, 
1435. Spencer, G. H., Jr.; Cross, P. C.; Wiberg, K. B. J. Chem. Phys. 1961, 
35, 1939. 

(12) 2-(Benzyloxy)-3,4-dimethoxypropiophenone was prepared as de- 
scribed: Liao, T. K.; Wittek, P. J.; Cheng. C. C. J.  Heterocycl. Chem. 
1976,13,1283. Morpholino enamine 9 was prepared with the aid of T ic4 ;  
see White, W. A.; Weingarten, H. J.  Org. Chem. 1967, 32, 213. The 
instability of the pyrrolidine enamine of 2-(benzyloxy)-3,4-dimethoxy- 
propiophenone precluded its use in a successful cycloaddition with 
1,2,4-triazine 8. 
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(a)  dioxane, 80 "C, 2 4  h,  2 .0  equiv of  7 , 72%; ( b )  see 
Table 1. (c) 1 2 . 0  equiv of PhSeNa, THF-HMPA, 7 0  "C, 
36 h;  CH,OH, HCI cat., 25 'C, 18-22 h ;  (d)  5.0 equiv of 
(PhO),P(O)N,,  benzene, reflux, 2 .5  h ;  H,O, reflux, 2 .5  h ;  
( e )  excess CHJ, K,CO,, THF, 65 "C, 22 h, 16% from 10. 

results in Table I indicate a clear trend, illustrating that 
the vigorous reaction conditions required for complete 
reaction eliminate the observed regioselectivity and as such 
the choice of reaction conditions13 can determine the 
relative amount of 11. 

(13) All attempts to catalyze the cycloaddition reaction of 8 with 9 by 
the addition of conventional Lewis acid catalysts (AlCI,, BF,.OEh, an- 
hydrous FeCIs, Cu(BF,),, Cu(AcAc)p, CO(ACAC)~, and Ni(AcA&) lead to 
decomposition of enamine 9. 

(14) Chicago Community Trust Co./Searle Scholar recipient, 
1981-1985. 

11 

Thus, the successive implementation of two inverse 
electron demand Diels-Alder reactions of heterocyclic 
azadienes provided the basis for a simple, convergent 
formal total synthesis of streptonigrin (I). A continued 
study of the factors governing the mode and regioselec- 
tivity of the cycloaddition reactions of 1,2,4-triazines, ef- 
forts to improve this approach to streptonigrin (l), and 
extension of this methodology to the synthesis of related 
antitumor antibiotics will be reported in due course. 
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N-Acyl-@-enamino Ketones: Versatile Heterocyclic 
Synthons' 

Summary: N-Acyl-@-enamino ketones are readily prepared 
from the potassium enolates of methyl ketones and diethyl 
N-(substituted)dithiocarbonimidates in tetrahydrofuran 
at room temperature; use of the corresponding isothiourea 
allows introduction of an NEt2 substituent into the 3- 
position of the enamino ketone. 1,3-Oxazinium and 1,3- 
thiazinium salts are readily formed from these N-acyl-@- 
enamino ketones on treatment with 70% HCIOl in AczO 
or CF3S03H. 

Sir: In recent papers2 a versatile synthesis of function- 
alized 1,benediones and their application in pyridine 
syntheses were described. We now report an equally 
versatile route to their nitrogen-containing analogues, 
N-acyl-@-enamino ketones, and the application of these 
enamino ketones in the synthesis of functionalized six- 
membered heterocyclic systems such as 1,3-0xazinium and 
1 ,&thiazinium salts. N-Acyl-&enamino ketones have been 

(1) (a) Partial support of this work by NSF Grant CHE 79-01704 is 
gratefully acknowledged. (b) Abstracted in part from the Ph.D. thesis 
of G.R.T. (1980). 

(2) Potts, K. T.; Cipullo, C.; Ralli, P.; Theodoridis, G. J. Am. Chem. 
SOC. 1981,103,3584,3585; J. Org. Chem. 1982,47,3027. 
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