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Minor lactone loa (23 mg, 2% from 3a) as a white solid, treated 
immediately with HC1-MeOH to give the hydrochloride: spec- 
troscopic data as for major lactone hydrochloride lob. 

Debenzylation of 8b/9b Mixture. The above procedure wm 
repeated using the 8b/9b mixture (1.15 g), 10% palladium on 
charcoal (0.75 g), and methanol (130 mL) to give the following: 

Major lactone 10b (240 mg, 28% from 3b) as a white solid: R, 
0.21; mp 128 "C; converted immediately by treatment with 
HCl-MeOH to its hydrochloride, obtained as white needles: mp 
164-166 "C dec (CHC1,-MeOH); [.]"D +49.7" (c 0.94, MeOH); 
IR (mull) 3060 w, 1770 cm-'; 'H NMR (D,O) 6 1.28 (t, 1 H, J = 
5.0 Hz), 1.63 (dd, 1 H, J = 5.0 and 8.3 Hz), 2.72 (m, 1 H), 4.10 
(d, 1 H , J  = 8.5 Hz),4.33 (dd, 1 H , J =  8.5 and 4.8 Hz);13C NMR 
(D20) 6 17.0 (t), 23.3 (d), 38.8 (s), 71.4 (t), 174.9 (5). Anal. Calcd 
for C5H8C1NO2: C, 40.15; H, 5.39; N, 9.36. Found: C, 40.26; H, 
5.35; N, 9.27. 

Minor ester l l b  (80 mg, 7% from 3b) as an oil: spectroscopic 
data as for major ester lla. 

Cyclodimerization of lob Free Base. A solid sample of major 
lactone 10b free base obtained by the above procedure was dis- 
solved in chloroform to give an approximately 1.5 M solution, 
which was set aside at ambient temperature for 10 days. Evap- 
oration of the solvent left a quantitative yield of 12b, as a white 
solid R 0.15 (10% MeOH in EtOAc); mp >250 "C; [ a ] % ~  +103.8" 
( c  0.27, heOH); IR (mull) 3270 br, 3160 sh, 1645 cm-'; 'H NMR 
(CD30D) 6 1.43 (dd, 1 H, J = 6.1 and 9.8 Hz), 1.61 (dd, 1 H, J 
= 6.1 and 7.6 Hz), 1.75 (m, 1 H), 3.44 (d, 1 H, J = 11.3 and 9.5 
Hz), 3.90 (dd, 1 H, J = 11.3 and 5.3 Hz); 13C NMR (CD30D) 6 
14.3 (t), 32.9 (d), 41.9 (s), 60.3 (t), 172.2 (5); MS (CI) mle 227 
(MHt). 
(lSfR)-2-(Hydroxymethyl)-ACC, trans-4a. A mixture of 

ester lla (105 mg, 0.723 mmol) and 1 M sodium hydroxide solution 
(1.5 mL) was stirred a t  ambient temperature for 4 h, chilled in 
an ice bath, acidified to pH 2 with concentrated hydrochloric acid, 
and then lyophilized. The resulting white solids were dissolved 
in a minimum of water, and the solution was applied to a 1 cm 
X 10 cm column of Amberlite IRN-77 cation exchange resin (Ht 
form), which was eluted with water until the eluent was neutral. 

The product was then eluted with 1 M ammonium hydroxide 
solution (60 mL). Evaporation to dryness left a white powder, 
which on double recrystallization from HzO-EtOH at 0 "C gave 
trans-la (71 mg, 75%) as fine white needles: fragment violently 
>195 "C, mp 232-234 "C dec; [@]%~-71.6~ (c  1.04, HzO); 'H NMR 

and 10.0 Hz), 1.77-1.94 (m, 1 H), 3.71 (dd, 1 H, J = 6.8 and 12.0 
Hz), 3.94 (dd, 1 H, J = 5.2 and 12.0 Hz); 13C NMR (DzO) b 16.3 
(t), 25.7 (d), 40.6 (s), 59.8 (t), 176.7 (9). Anal. Calcd for C&dO,: 
C, 45.80; H, 6.92; N, 10.68. Found: C, 44.91; H, 7.12; N, 10.41. 
(lS,2S)-2-(Hydroxymethyl)-ACC, cis-4b. The above pro- 

cedure was repeated using lactone hydrochloride 10b (70 mg, 0.468 
mmol) and 1 M sodium hydroxide solution (1.35 mL), and the 
crude product obtained as a fine white powder, recrystallized from 
H,O-EtOH at -20 "C to give cis-4b (42 mg, 68%) as a clump of 
plates: sinter >150 "C to slender needles, mp 198-200 "C dec; 

10.2 and 6.5 Hz), 1.42 (t, 1 H, J = 6.5 Hz), 1.72-1.82 (m, 1 H), 
3.75 (dd, 1 H, J = 11.5 and 7.2 Hz), 3.81 (dd, 1 H, J = 11.5 and 

(5). Anal. Calcd for C5HgN03J/zHz0 C, 42.85; H, 7.19; N, 10.00. 
Found: C, 42.54; H, 6.99; N, 10.27. 

(DzO) 6 1.14 (dd, 1 H, J = 6.2 and 7.0 Hz), 1.46 (dd, 1 H, J = 1.2 

[ c x ] ~ ~ D  +23.3" (C 0.95, HZO); 'H NMR (D,O) 6 1.38 (dd, 1 H, J = 

6.7 Hz); 13C NMR (DzO) 6 16.3 (t), 27.5 (d), 40.1 (s), 59.8 (t), 174.2 
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The excellent leaving ability of the nosylate group and the high, differentiated functional group density in 
2-(( @-nitrophenyl)sulfonyl)oxy)-3-keto esters, 1, suggested that they might serve as versatile precursors for the 
synthesis of other 1,2,3-trifunctionalized compounds. Reaction of 2-(nosyloxy)-3-keto esters with triethylamine 
gives 1,2,3-tricarbonyl compounds in high yields. The tricarbonyl compound can be reacted, without isolation, 
with nucleophiles to give heterocyclic products in excellent yields. 

Interest in 1,2,3-tricarbonyl compounds has risen dra- 
matically in the  last few years. The occurrence of this 
functionality in the powerful immunosuppressent FK-506l 
and related antibiotics2 has led to several strategies for its 
incorporation into target ~ t r u c t u r e s . ~  In addition, Was- 
serman has elegantly demonstrated the valuable reactivity 
patterns of vicinal tricarbonyl compounds in the synthesis 
of a variety of heterocyclic  system^.^ 

The best current methods for the  introduction of the  
1,2,3-tricarbonyl group include the singlet oxygen cleavage 
or ozonolysis of 2-enamino-3-keto the ozonolysis 
of 2-iodoniumyl-3-keto  ester^,^ the singlet oxygen cleavage 
or ozonolysis of 2-phosphorous ylide derivatives of 3-keto 
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 ester^,^ and the hydrolysis of 2-oximino-3-keto esters.4e 
We have recently found that 2-(((p-nitrophenyl)- 

(1) Tanaka, H.; Kuroda, A.; Marusawa, H.; Hanataka, H.; Kino, T.; 
Goto, T.; Hashimoto, M.; Taga, T. J. Am. Chem. SOC. 1987,109, 5031. 

(2) (a) Findlay, J.; Radics, L. Can. J. Chem. 1980,58,579. (b) Swin- 
dells, D.; White, P.; Findlay, J. Can. J. Chem. 1978,56,2491. (c) Findlay, 
J.; Liu, J.-S.; Burnell, D., Nakashima, T. Can. J. Chem. 1982,60, 2046. 

(3) See: Waserman, H. H.; Rotello, V. M.; Williams, D. R.; Benbow, 
J. W. J. Org. Chem. 1989,54,2785 and references therein for an excellent 
recent discussion. 

(4) (a) Wasserman, H. H. Aldrichimica Acta 1987,20, 63 and refer- 
ences therein. (b) Wasserman, H. H.; Amici, R.; Frechette, R.; van Duzer, 
J. H. Tetrahedron Lett. 1989,30,869. (c) Wasserman, H. H.; Kuo, G.-H. 
Tetrahedron Lett. 1989, 30, 873. (d) Wasserman, H. H.; Cook, J. D.; 
Fukuyama, J. M.; Rotello, V. M. Tetrahedron Lett. 1989,30,1721. (e) 
Wasserman, H. H.; Lombardo, L. J. Tetrahedron Lett. 1989,30,1725. (0 
Wasserman, H. H.; Fukuyama, J.; Murugesan, N.; van Duzer, J.; Lom- 
bardo, L.; Rotello, V.; McCarthy, K. J. Am. Chem. SOC. 1989,111, 371. 
(9 )  Wasserman, H. H.; Amici, R. M. J. Org. Chem. 1989, 54, 5843. 
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2-(((p-Nitrophenyl)sulfonyl)oxy)-3-keto Esters 

sulfonyl)oxy)-3-keto esters, 1, are readily prepared by the 
reaction of 3-keto esters with p-nitrobenzenesulfonyl 
peroxide6 (eq 1). The  excellent leaving ability of the no- 
sylate group and the high, differentiated functional group 
density in 1 suggested tha t  they might serve as versatile 
precursors for the synthesis of other 1,2,3-trifunctionalized 
compounds. We report that 2-(nosyloxy)-3-keto esters are 
easily converted to  1,2,3-tricarbonyl compounds in high 
yields. 

0 0  

R l  mR3 + (P-N0zCsH4S020)2 0.c- CHzC'p R , V R 3  

1 
(1) 

Treatment of 2-(nosyloxy)-3-keto esters la-d with tri- 
ethylamine in benzene a t  room temperature led to  the 
rapid disappearance of the starting material. Attempts 
to isolate the tricarbonyl products 2a-d were unsuccessful, 
as only low yields could be separated by column chroma- 
tography. This was not completely unexpected since 
1,2,3-tricarbonyl compounds are often difficult to isolate 
in a pure 

The tricarbonyl product could be trapped in situ as the 
quinoxaline derivative 3a-d by the  addition of o- 
phenylenediamine to  the crude product mixture and re- 
fluxing for 2 h (eq 2). The generally high yields shown in 
eq 2, which are isolated yields of pure product, indicate 
tha t  nosylates la-d give tricarbonyl compounds 2a-d and 
hence the quinoxalines 3a-d very efficiently. 
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reaction mixture in low yields; however, addition of ben- 
zylamine (1 equiv) to  the crude product mixture followed 
by silica gel gave the pyrrole derivative 6 (58%), which is 
known to be produced by the reaction of benzylamine with 
5.4f Alternatively, treatment of 4 with benzylamine (3 
equiv) gave 6 directly (68%). Thus benzylamine is suf- 
ficiently basic to promote the conversion of 4 to  5, in ad- 
dition to  trapping 5 as i t  is produced. Similar behavior 
is expected for other trapping agents with pK,'s > 9. 

la :  Rl  =CHI; R2 = Et 
b: R1 =CH3; R 2 = M e  
C: R1 = CH(CH3)2: R2 = El 
d: R1 = Phi R2 = Et 

2a-d 

3a: 74% 

c: 84% 
b: 94% 

d: 92% 

The  conversion of keto ester nosylates 1 to  the tri- 
carbonyl products 2 probably occurs by base-promoted, 
reductive elimination of p-nitrobenzenesulfinate from the 
anion of 1, a process which has been previously observed 
in 2-sulfonyloxy esters.8 Simply treating la with o- 
phenylenediamine a t  room temperature fails to  give 3a, 
presumably because the pK, of o-phenylenediamine is too 
low to  remove the proton a t  C-2 to  a significant extent. 
Other processes between la and o-phenylenediamine which 
might give 3a, but which do not involve tricarbonyl2a, are 
also ruled out. 

Chloro keto ester nosylate 4, prepared from tert-butyl 
5-chloro-3-oxopentanoate~ underwent a double elimination 
in the  presence of triethylamine to  the vinyl tricarbonyl 
5 (eq 3).4f This product could be crystallized from the 

( 5 )  Schank, K.; Lick, C. Synthesis 1983, 392. 
(6) Hoffman, R. V.; Wilson, A. L.; Kim, H.-0. J.  Org. Chem., in press. 
(7) (a) Rubin, M. B. Chem. Rev. 1975, 75, 177. (b) Schonberg, A.; 

Singer, E. Tetrahedron 1978, 34, 1285. 
(8) (a) Creary, X. Acc. Chem. Res. 1985,18, 3 and references therein. 

(b) Prof. Gerald F. Koser has communicated unpublished observations 
of similar reductive eliminations in Z-(tosyloxy)-3-keto esters. 

(9) Ohta, S.; Shimabayashi, A.; Hatano, S.; Okamoto, M. Synthesis 
1983, 715. 

4 5 

0,t-B~ (3) 

Bn 
6 

Analogous to  the results for keto ester nosylates la-d 
and 4, /3-diketonosylate 7 underwent smooth elimination 
to triketone 8, which was trapped as the quinoxaline 9 
(97%) (eq 4). 

7 0 

9 (97%) 

The  method reported here is an attractive alternative 
to  other methods for the preparation of 1,2,3-tricarbonyl 
compounds since i t  is a simple, two-step process from 
readily available 3-keto esters. While i t  is difficult to  
isolate the tricarbonyl product from the reaction mixture, 
the tricarbonyl compound can be reacted without isolation 
with nucleophiles to give the derived products in generally 
excellent yields. For instance, the conversion of tert-butyl 
5-chloro-3-oxopentanoate to hydroxypyrrole 6 can be ac- 
complished in two steps in 48% yield. For comparison 
purposes, the same starting material has been converted 
to 6 by ozonolysis of an enamine derivative, dehydro- 
chlorination, and condensation with benzylamine in 27 % 
overall yield after four steps. Alternatively 6 can be pre- 
pared in 38% yield via a phosphorous ylid derivative in 
four steps.4f 

Exper imen ta l  Sec t ion  
Melting points were obtained on a Me1 Temp apparatus and 

are uncorrected. Infrared spectra were taken on a Perkin-Elmer 
283 spectrophotometer. Proton NMR spectra were obtained on 
a Varian XL-200 instrument. Chemical shifts are reported for 
chloroform-d solution in ppm relative to Me4Si. Elemental 
analyses were performed by Desert Analytics, Tuscon, AZ. 
Thin-layer chromatography was performed on silica gel 60 Fm 
plates from EM Reagents and visualized by W irradiation and/or 
iodine. Flash column chromatography was performed using silica 
gel 60 (230-400 mesh).I0 The 2-(nosyloxy)-3-keto ester starting 
materials la-d and 4 were prepared as described in ref 6. 

General Procedure for the Preparation of Quinoxalines. 
To a stirred solution of a 2-(nosyloxy)-3-keto ester (1 mmol)O in 
benzene (80 mL) was added triethylamine (0.5 mL), and the 
mixture was stirred at room temperature for 1 h. o-Phenylene- 

(10) Still, C. W.; Kahn, M.; Mitre, A. J. Org. Chem. 1978, 43, 2923. 
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diamine (2 mmol) and p-TsOH (50 mg) was added to the resulting 
pale yellow solution which was then refluxed for 2 h and con- 
centrated on a rotary evaporator. The residue was dissolved in 
ethyl acetate (80 mL), washed with 1 N HCl(50 mL) and saturated 
NaHC03 (50 mL), passed through a short pad of MgSO, and silica 
gel 60, and concentrated to provide a pale yellow oil. Purification 
by flash column chromatography (hexane-ethyl acetate, 9O:lO) 
gave the quinoxaline as a white solid. 

Quinoxaline 3a was prepared from la (1 mmol) by the above 
general procedure in 74% yield: mp 65-66 "C; NMR (CDCl,) 

OCHzCH3), 7.75-8.30 (m, 4 H, aromatic CH); IR (CHzClZ) 3040, 
2970, 1720, 1550 cm-'. Anal. Calcd for C12HlzNz02: C, 66.67; 
H, 5.56; N, 12.96. Found: C, 66.29; N, 5.55; N, 12.74. 

Quinoxaline 3b was prepared from lb by the same general 
procedure in 94% yield: mp 79-80 "C; NMR (CDC13) 6 2.87 (s, 
3 H, C(=N)CH3), 3.98 (s, 3 H, OCH,), 7.60-8.1 (m, 5 H, aromatic 
CH). Anal. Calcd for Cl,HloNzOz: C, 65.34; H, 4.95; N, 13.86. 
Found: C, 64.83; H, 4.86; N, 13.59. 

Quinoxaline 3c was prepared from IC by the same general 
procedure in 84% yield: mp 178-182 "C dec; NMR (CDC1,) 6 

(sept, 1 H, J = 6.8 Hz, CH(CH3)z), 4.57 (4, 2 H, OCH2CH3), 7.77 
(m, 2 H, aromatic CH), 8.13 (m, 2 H, aromatic CH); IR (CHzClz) 
3100,2980,1725,1525 cm-'. Anal. Calcd for Cl4Nl6N2OZ: C, 68.85; 
H, 6.56; N, 11.48. Found 69.11; H, 6.74; N, 11.35. 

Quinoxaline 3d was prepared from Id by the same general 
procedure in 92% yield: mp 51-53 "C; NMR (CDCl,) 6 1.17 (t, 
3 H, OCHzCH3), 4.33 (q, 2 H, OCHzCH3), 7.50 (m, 3 H, aromatic 
CH), 7.82 (m, 4 H, aromatic CH), 8.20 (m, 2 H, aromatic CH); 
IR (CHzClz) 3050, 2970, 1730, 1540 cm-'. Anal. Calcd for 

N, 9.82. 
Quinoxaline 9 was prepared from 2-(nosyloxy) P-diketone 7 

by the same general procedure in 97% yield mp 83-86 "C; NMR 

7.76 (m, 2 H, aromatic CH), 8.05 (m, 2 H, aromatic CH); IR 
(CHzClz) 1690, 1540 cm-'. Anal. Calcd for CllHloN20: C, 70.97; 
H, 5.38; N, 15.05. Found: C, 70.73; H, 5.48; N, 15.01. 

tert-Butyl 5-chloro-3-oxopentanoate was prepared by a 
slight modification of the literature pro~edure.~ To a stirred and 
cooled (0 "C) solution of N-isopropylcyclohexylamine (3.3 mL, 
20 mmol) in dry THF (10 mL) was added 2.5 M of n-BuLi in 
hexane (8 mL, 20 mmol). After being stirred for 10 min, the 
mixture was cooled to -78 "C. tert-Butyl acetate (3.0 mL, 22 
mmol) was added, and the mixture was stirred at  -78 "C for 30 
min. A solution of ethyl 3-chloropropionate (1.37 g, 10 mmol) 
in THF (20 mL) was cooled to -78 "C, and the solution of the 
lithium enolate of tert-butyl acetate prepared above was added 
via syringe. After stirring at  -78 "C for 5 min, the reaction was 
quenched with acetic acid (10 mL) and poured into a mixture of 
ethyl ether-water (15050 mL). The organic phase was separated, 
washed with 20% aqueous potassium carbonate (3 X 50 mL) and 
brine (100 mL), dried (MgSO,), and concentrated to provide 

6 1.50 (t, 3 H, OCHZCHJ, 2.96 (s, 3 H, CH3), 4.57 (q, 2 H, 

1.43 (d, 6 H, J = 6.8 Hz, CH(CH&, 1.49 (t, 3 H, OCHZCHJ, 3.70 

CI,Hl,N,Oz: C, 73.38; H, 5.04; N, 10.07. Found: C, 73.67; H, 4.89 

(CDCl3) 6 2.82 (s, 3 H, C(=N)CH3), 2.94 (s, 3 H, C(=O)CH,), 

Hoffman e t  al. 

tert-butyl5-chloro-3-oxopentanoate (100%): NMR (CDC13) 6 1.48 

3.75 (t, 2 H, CICHzCHzCO). The crude product was used for the 
next reaction without further purification. 

tert -Butyl 5-Chloro-2-( ((p-nitrophenyl)sulfonyl)oxy)-3- 
oxopentanoate (4). To a cooled (0 "C) solution of tert-butyl 
5-chloro-3-oxopentanoate (2.07 g, 10 mmol) in ethyl acetate (200 
mL) was added p-nitrobenzenesulfonyl peroxide (4.04 g, 10 
"01)" and powdered anhydrous potassium carbonate (1.0 g). 
The reaction was stirred for 3 h at 0 "C and was allowed to warm 
to room temperature overnight. The resulting suspension was 
washed with 1 N HCl(3 X 100 mL) and brine (100 mL), passed 
through a short pad of MgSO, and silica gel 60, and concentrated 
to give a white solid. Purification by flash chromatography 
(hexane-ethyl acetate, 80:20) provided 4 as a white solid (2.90 
g, 71%) with mp 88-89 "C: NMR (CDCl,) 6 1.44 (2 s, 9 H, 

COCHzCH2C1), 5.33 (s, 0.6 H, CHONs). The 'H NMR spectrum 
was consistent with a 5:3 ratio of kehenol tautomers. Anal. Calcd 
for Cl,Hl,N08SCl: C, 44.17; H, 4.42; N, 3.44. Found: C, 43.95; 
H, 4.28; N, 3.54. 

tert -Butyl l-Benzyl-3-hydroxypyrrole-2-carboxylate (6). 
To a stirred, cooled (0 "C) solution of tert-butyl 5-chloro-2- 
(((p-nitrophenyl)sulfonyl)oxy)-3-oxopentanoate, 4 (230 mg, 0.57 
mmol), in dichloromethane (50 mL) was added triethylamine (0.3 
mL) slowly, followed by water (0.1 mL). After the mixture was 
stirred for 1 h at 0 "C, benzylamine (70 pL, 0.6 mmol) was added, 
and the mixture was stirred at  room temperature for 1 h. Silica 
gel (3.0 g) was added, and stirring was continued overnight. The 
resulting suspension was filtered on short pad of silica gel 60, and 
the filtrate was concentrated. Purification by preparative silica 
gel TLC (hexane-ethyl acetate, 955) provided 6 as colorless oil 
(90 mg, 58%) which slowly solidified. The spectral data of 6 
matched the literature values.12 

Altematively 3 equiv of benzylamine were added to a solution 
of 4, followed by water (0.1 mL), and the mixture stirred for 1 
h at room temperature. Addition of silica gel as above and normal 
workup gave 6 (68%). 
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